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Introduction

 

(This introduction is not a part of IEEE Std 62-1995, IEEE Guide for Diagnostic Field Testing of Electric Power
Apparatus.)

 

The condition of power apparatus is of prime importance for the successful operation of a power system.
During transportation, installation, and service operation, the apparatus may be exposed to conditions that
adversely affect its reliability and useful life. One of the principal aims of the maintenance engineer is to
detect defects at an early stage and take appropriate corrective measures. The detection is usually achieved
by means of diagnostic evaluation in the Þeld that is performed at regular intervals as necessary. This guide
describes most of the diagnostic procedures and measurements that are common practice and provides addi-
tional information in the case of more specialized techniques. Each test has an interpretation section that is
provided, not to establish a standard, but merely to guide the user. There is not necessarily any direct rela-
tionship between these Þeld tests and factory tests. For tests performed within the warranty period, the mea-
surements should agree with the manufacturerÕs data when performed under similar conditions. When
measurements are performed outside the warranty period on service-aged equipment, there may be some
deviation between Þeld and factory data. Interpretation of measured results is usually based on a comparison
with data obtained previously on the same unit or by comparison with similar units. Many of the levels spec-
iÞed in this guide are not standardized; however, the values quoted have been found to be practical and are
commonly used. The frequency of the tests will vary depending upon the type, size, age, and operating his-
tory of the unit. It is recommended that the user of the power apparatus establish a maintenance schedule
based on these conditions and on original equipment manufacturer recommendations. The test results
obtained during the periodic checks should be systematically Þled in order to provide a diagnostic data base.

This guide was Þrst published as IEE Std 62-1958, Recommended Guide for Making Dielectric Measure-
ments in the Field. It was revised and republished as IEEE Std 62-1978, Guide for Field Testing Power
Apparatus Insulation. This present revision contains more detailed descriptions of test procedures than the
previous editions and also includes guidance covering visual inspection. It will therefore be published in dif-
ferent parts with each part covering a speciÞc type of power apparatus.

This revision was prepared by the Diagnostic Testing Working Group under the sponsorship of the IEEE
Power System Instrumentation and Measurements Committee with signiÞcant contributions from the IEEE
Transformers Committee. The information in annex B is copyrighted by the Doble Engineering Company
and used with permission.
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IEEE Guide for Diagnostic Field Testing of Electric 
Power ApparatusÑPart 1: Oil Filled Power 
Transformers, Regulators, and Reactors

1. Overview

1.1 Scope

This guide describes diagnostic tests and measurements that are performed in the Þeld on oil-immersed
power transformers and regulators. Whenever possible, shunt reactors are treated in a similar manner to
transformers. The tests are presented systematically in categories depending on the subsystem of the unit
being examined. A diagnostic chart is included as an aid to identifying the various subsystems. Additional
information is provided regarding specialized test and measuring techniques.

Interpretive discussions are also included in several areas to provide additional insight on the particular test,
or to provide guidance on acceptance criteria. These discussions are based on the authorsÕ judgement of
accepted practice. It should be noted that sometimes the results of several types of tests should be interpreted
together to diagnose a problem. ManufacturerÕs acceptance criteria should also be consulted as it may take
precedence over the criteria in this guide.

2. References

This guide shall be used in conjunction with the following publications. When the following standards are
superseded by an approved revision, the revision shall apply.

ASTM D 117-89, Guide to Test Methods and SpeciÞcations for Electrical Insulating Oils of Petroleum
Origin.1

ASTM D 877-87, Test Method for Dielectric Breakdown Voltage of Insulating Liquids Using Disk
Electrodes.

ASTM D 923-91, Test Method for Sampling Electrical Insulating Liquids.

ASTM D 924-92(b), Test Method for Dissipation Factor (or Power Factor) and Relative Permittivity
(Dielectric Constant) of Electrical Insulating Liquids.

1ASTM publications are available from the Customer Service Department, American Society for Testing and Materials, 1916 Race
Street, Philadelphia, PA 19103, USA.
1



 

IEEE
Std 62-1995 IEEE GUIDE FOR DIAGNOSTIC FIELD TESTING OF ELECTRIC POWER APPARATUSÑ

         
ASTM D 971-91, Test Method for Interfacial Tension of Oil Against Water by the Ring Method.

ASTM D 974-92, Test Method for Neutralization Number by Color-Indicator Titration.

ASTM D 1298-85 (Reaff 1990), Practice for Density, Relative Density (SpeciÞc Gravity), or API Gravity of
Crude Petroleum and Liquid Petroleum Products by Hydrometer Method.

ASTM D 1500-91, Test Method for ASTM Color of Petroleum Products (ASTM Color Scale).

ASTM D 1524-84 (Reaff 1990), Method for Visual Examination of Used Electrical Insulating Oils of Petro-
leum Origin in the Field.

ASTM D 1533-88, Test Method for Water in Insulating Liquids (Karl Fischer Method).

ASTM D 1698-84 (Reaff 1990), Sediment and Soluble Sludge in Service-Aged Insulating Oils.

ASTM D 1816-84a (Reaff 1990), Standard Test Method for Dielectric Breakdown Voltage of Insulating Oils
of Petroleum Origin Using VDE Electrodes.

ASTM D 2285-85 (Reaff 1990), Test Method for Interfacial Tension of Electrical Insulating Oils of Petro-
leum Origin Against Water by the Drop-Weight Method.

ASTM D 3487-88 (Reaff 1993), SpeciÞcation for Mineral Insulating Oil Used in Electrical Apparatus.

ASTM D 3612-93, Test Method for Analysis of Gases Dissolved in Electrical Insulating Oil by Gas
Chromatography.

ASTM D 3613-92, Test Methods of Sampling Electrical Insulating Oils for Gas Analysis and Determination
of Water Content.

ASTM D 4059-91, Test Method for Analysis of Polychlorinated Biphenyls in Insulating Liquids by Gas
Chromatography.

ASTM F 855-90, SpeciÞcation for Temporary Grounding Systems to be Used on De-Energized Power Lines
and Equipment.

IEEE Std 4-1995, IEEE Standard Techniques for High-Voltage Testing.2

IEEE Std 510-1983 (Reaff 1992), IEEE Recommended Practices for Safety in High-Voltage and High-
Power Testing (ANSI).3

IEEE Std 637-1985 (Reaff 1992), IEEE Guide for the Reclamation of Insulating Oil and Criteria for Its Use
(ANSI).

IEEE Std C57.12.00-1993, IEEE Standard General Requirements for Liquid-Immersed Distribution, Power,
and Regulating Transformers (ANSI).

2As this standard goes to press, IEEE Std 4-1995 is approved but not yet published. The draft standard is, however, available from the
IEEE. Anticipated publication date is September 1995. Contact the IEEE Standards Department at 1 (908) 562-3800 for status
information.
3IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA.
2
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IEEE Std C57.12.80-1978 (Reaff 1992), IEEE Standard Terminology for Power and Distribution
Transformers (ANSI).

IEEE Std C57.12.90-1993, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and Regu-
lating Transformers and IEEE Guide for Short-Circuit Testing of Distribution and Power Transformers
(ANSI).

IEEE Std C57.19.00-1991, IEEE General Requirements and Test Procedures for Outdoor Power Apparatus
Bushings (ANSI).

IEEE Std C57.19.100-1995, IEEE Guide for Application of Power Apparatus Bushings.4

IEEE Std C57.104-1991, IEEE Guide for the Interpretation of Gases Generated in Oil-Immersed Transformers
(ANSI). 

IEEE Std C57.106-1991, IEEE Guide for Acceptance and Maintenance of Insulating Oil in Equipment
(ANSI). 

IEEE Std C57.113-1991, IEEE Guide for Partial Discharge Measurement in Liquid-Filled Power Trans-
formers and Shunt Reactors. 

3. DeÞnitions

3.1 apparent charge (terminal charge): That charge that, if it could be injected instantaneously between
the terminals of the test object, would momentarily change the voltage between its terminals by the same
amount as the partial discharge itself. The apparent charge should not be confused with the charge transferred
across the discharging cavity in the dielectric medium. Apparent charge, within the terms of this guide, is
expressed in coulombs (C). One pC is equal to 10Ð12 C.

3.2 bushing (power and distribution transformer): An insulating structure including a central conductor,
or providing a central passage for a conductor, with provision for mounting on a barrier, conducting or other-
wise, for the purpose of insulating the conductor from the barrier and conducting current from one side of
the barrier to the other.

3.3  diagnostic Þeld tests and measurements (power apparatus): Procedures that are performed on site on
the complete apparatus or parts thereof in order to determine its suitability for service.

NOTEÑThe parameters measured differ from apparatus to apparatus and may include electrical, mechanical, chemical,
thermal, etc., quantities. Interpretation of the results is usually based on a change in the measured characteristics and/or
by comparison with pre-established criteria. The tests are normally carried out at regular intervals based on usersÕ expe-
rience and/or manufacturersÕ recommendations. These tests may also be performed on defective apparatus in order to
determine the location and/or cause of failure.

3.4 dissipation factor (dielectric): The cotangent of the phase angle between a sinusoidal voltage applied
across a dielectric (or combinations of dielectrics) and the resulting current through the dielectric system.

3.5 partial discharge (PD): Electric discharge that only partially bridges the insulation between conductors. 

3.6 power factor (dielectric): The cosine of the phase angle between a sinusoidal voltage applied across a
dielectric (or combinations of dielectrics) and the resulting current through the dielectric system.

For deÞnitions of other terms concerning transformers see IEEE Std C57.12.80-1978.5

4As this standard goes to press, IEEE Std C57.19.100-1995 is approved but not yet published. The draft standard is, however, available
from the IEEE. Anticipated publication date is September 1995. Contact the IEEE Standards Department at 1 (908) 562-3800 for status
information.
5Information on references can be found in clause 2.
3
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4. Diagnostic chart

For the purpose of this guide, the diagnostic tests are described with reference to principle categories of
systems that constitute the transformer (e.g., windings, bushings, insulating ßuids, tap changers, core, tanks,
and associated devices). For each category, the quantities measured are shown in the diagnostic test chart
(Þgure 1) for ease of reference. In some cases further subdivision is necessary.

Not all the tests are necessarily performed by any single user. In addition, the speciÞc tests carried out vary
according to the regular practice of the user and may depend on the history of the apparatus.

The establishment of benchmark values on a new piece of electrical equipment is very important when
considering evaluation of future test results. Benchmark values are the Þrst measurements taken on a piece
of new or used equipment. Subsequent test results from tests on the same unit or from similar tests on similar
equipment, when compared to these initial values and similar tests on similar equipment, may indicate a
trend. 

5. Safety

5.1 General

Considerations of safety in electrical testing apply not only to personnel but also to the test equipment and
apparatus being tested. The following guidelines cover many of the fundamentally important procedures that
have been found to be practical. Since it is impossible to cover all aspects in this guide, test personnel should
also consult IEEE Std 510-1983, manufacturersÕ instruction manuals, union, company, or government
regulations.

Prior to performing any test of power apparatus, there should be a meeting of all people who will be involved
or affected by the test. The test procedure should be discussed so there is a clear understanding of all aspects
of the work to be performed. Particular emphasis should be placed on personnel hazards and the safety pre-
cautions associated with these hazards. In addition, procedures and precautions should be discussed to
ensure the production of meaningful test results without subjecting the test specimen to unnecessary risks.

Responsibilities for the various duties involved in performing the test should be assigned.

5.2 Personnel

5.2.1 Hazards

Insulation tests in the Þeld present a hazard to personnel unless suitable precautions are taken. Apparatus or
circuits to be tested shall be disconnected from the power system. Typical safety procedures call for a visual
check of the disconnection or, when this is not possible, a check with a voltage indicator. Grounds are then
applied. Personnel shall be instructed to treat all ungrounded apparatus as energized. 

5.2.2 Ground connection

Use of working grounds should comply with established company guidelines. For further information see
ASTM F 855-90.
4
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Figure 1ÑDiagnostic test chart
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5.2.3 Precautions

When testing, precautions shall be taken to prevent personnel from contacting energized circuits. An
observer may be stationed to warn approaching personnel and may be supplied with means to de-energize
the circuit. The means may include a switch to shut off the power source and ground the circuit until all
stored charges are dissipated.

5.2.4 Warning signs and barriers

The test area may be marked off with signs and easily visible tape. Warning signs shall conform to the
requirements of governing bodies such as the Occupational Safety and Health Administration (OSHA) in the
United States.

5.2.5 Atmosphere inside tank

Prior to entry, conÞrmation should be made that the atmosphere inside the tank is adequate to support life.
This should be checked according to company guidelines and procedures or manufacturerÕs instructions.

5.3 Apparatus

5.3.1 Consequences of failure

Certain test procedures could result in Þre; therefore, noncontaminating Þre-Þghting equipment should be
available before beginning tests that apply dielectric stress to the transformer insulation system.

5.3.2 Overvoltage

The voltage may accidentally exceed the desired maximum during the conduction of high-voltage tests. A
sphere gap, adjusted to spark over at a voltage slightly above the desired maximum, may be connected
across the voltage source (refer to IEEE Std 4-1995). By selecting the proper value of series resistor, the gap
may be used to provide a warning signal, to inhibit further rise in the test voltage, or to activate an overcur-
rent circuit breaker in the power supply circuit.

5.3.3 Graded insulation

When the insulation level of the winding is graded from one end to the other, the magnitude of the applied
test voltage should correspond to the lowest insulation level.

5.3.4 Testing under vacuum

Under no condition shall tests be performed on the transformer while the equipment is under vacuum. The
dielectric strength of the system is signiÞcantly reduced under these conditions.

5.3.5 Surge arresters

If the test voltage is expected to approach or exceed the operating voltage of any transformer-mounted surge
arresters the arresters should be disconnected before energizing the transformer. This avoids arrester damage
and limitation of the test voltage due to arrester operation.
6
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6. Tests and test techniques

6.1 Windings

In general, the windings are checked for evidence of physical displacement or distortion, broken connections
or strands, short circuited turns, or defects in insulation. The parameters that are usually checked are
described in this clause together with an indication, where possible, of acceptable limits for the quantities
being measured. For the tests and measurements on windings, the oil pumps should be switched off.

6.1.1 Winding resistance

Transformer winding resistances are measured in the Þeld in order to check for abnormalities due to loose
connections, broken strands, and high-contact resistance in tapchangers. Interpretation of results is usually
based on a comparison of measurements made separately on each phase in the case of a wye-connected
winding or between pairs of terminals on a delta-connected winding. Comparison may also be made with
original data measured in the factory. Agreement to within 5% for any of the above comparisons is usually
considered satisfactory. It may be necessary to convert the resistance measurements to values corresponding
to the reference temperature in the transformer test report. The conversions are accomplished by the follow-
ing formula: 

where 

Rs is resistance at desired temperature Ts 

Rm is measured resistance

Ts is desired reference temperature (°C)

Tm is temperature at which resistance was measured (°C)

Tk is 234.5 °C (copper) 

is 225 °C (aluminum) 

NOTEÑThe value of Tk may be as high as 230 °C for alloyed aluminum.

Determination of the transformer winding temperature is important in making a resistance measurement.
However, it is very difÞcult to measure the temperature of the winding accurately under Þeld conditions.
Some methods commonly used include the following:

a) Place a thermometer in contact with the tank wall. This will not give an accurate indication of the
real winding temperature if the transformer has been recently removed from service.

b) Use values obtained from the permanently installed temperature indicators. If the transformer has
recently been removed from service, this may be the only means available for estimating the wind-
ing temperature.

c) For nitrogen blanketed transformers a thermometer may be placed in the main tank by inserting it in
openings in the top of the tank or in the wells for the permanent temperature indicators. Inserting a
thermometer into the main tank usually requires breaking the hermetic seal on the transformer and
relieving a positive nitrogen pressure. This may introduce moisture into the transformer and carries
the risk that a conductive object could accidentally be dropped into the winding. Mercury thermom-
eters should not be used inside a transformer tank due to the results of breakage. Use of the wells for
the permanent temperature indicators requires removal of the permanent sensor from the wells.

Rs Rm

T s T k+

T m T k+
-------------------=
7
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Normally there will be some variation in the values indicated by the different sensors. If the trans-
former has been out of service for long enough to have a uniform temperature throughout its mass,
averaging of values from all the indicators may yield better results than using a single indicator.

6.1.1.1 Conductor resistance measurement techniques

Transformer winding resistance is usually measured using either bridge techniques, the voltmeter-ammeter
method, or a micro-ohmmeter. When bridges are used, a Wheatstone bridge is preferred for resistance values
of ³1 W. A Kelvin bridge or a micro-ohmmeter is preferable for resistance values of <1 W.

Temperature correction of winding resistance is not normally required on site because measurement compar-
ison is made between phases. 

6.1.1.1.1 Voltmeter-ammeter method

The voltmeter-ammeter method is sometimes more convenient than the bridge method. It should be
employed only if the rated current of the transformer winding is >1 A. Digital voltmeters and digital
ammeters of appropriate accuracy are commonly used. Measurement is made with direct current, and
simultaneous readings of current and voltage are taken using the connections of Þgure 2. The required
resistance is calculated from the readings in accordance with OhmÕs law.

A 12 V battery is normally used as the power supply. However, a regulated electronic power supply may also
be used providing its ripple content is <1% of mean voltage.

In order to minimize measuring errors the following precautions should be taken:

a) The measuring instruments should have such ranges that the readings may be made as near full scale
as possible and in any case above 70% of full scale.

b) The polarity of the core magnetization should be kept constant during all resistance measurements.

NOTEÑA reversal in magnetization of the core can change the time constant and result in erroneous readings.

c) The voltmeter leads should be independent of the current leads and should be connected as closely
as possible to the terminals of the winding to be measured. This avoids including the resistances of
current-carrying leads and their contacts and the resistances of extra lengths of leads in the reading.

In general, the winding will exhibit a long dc time constant. 

Figure 2ÑResistance measurement using voltmeter-ammeter method

WINDING
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Readings should not be taken until after the current and voltage have reached steady-state values. To reduce
the time required for the current to reach its steady-state value, a noninductive external resistor should be
added in series with the dc source. The resistance should be large compared to the resistance of the winding.
It will then be necessary to increase the source voltage to compensate for the voltage drop in the series
resistor. The time will also be reduced by ensuring that all other transformer windings are open circuited
during these tests.

The currents used for these measurements normally do not exceed 15% of the rated current. This avoids
heating the winding and thereby changing its resistance. Resistance variation should not exceed 5% from
phase to phase.

Precautions: If the current is suddenly switched off, a high voltage will be generated across the winding.
The current should be switched off by a suitably insulated switch before personnel contact the test circuit.
Alternatively, the transformer winding should be short-circuited before switching the current off providing
this does not result in damage to the power supply or any series connected resistor. 

To prevent the voltmeter from damage it should be disconnected from the circuit before switching the cur-
rent on or off.

6.1.1.1.2 Bridge or micro-ohmmeter method

Connection of both the bridge and the micro-ohmmeter to the circuit under test is basically the same. Using
the instruction manual as a guide, the four leads should be connected to the circuit being measured. Two
leads, one potential and one current, should be connected to each end of the circuit to be measured. Care
should be taken to ensure good contact of all lead connections and to ensure that all test leads are the same
(i.e., length, gauge, and material).

Care should be taken to connect the current leads outside of the voltage leads at the points of connection to
the test circuit (see Þgure 3).

When using a bridge, it should be balanced, starting with the most signiÞcant digit setting followed by the
next most signiÞcant etc., until the bridge null meter is balanced. The measured conductor resistance is read
directly from the bridge settings. When using the micro-ohmmeter, only a ÒrangeÓ selection needs to be
made and the measured reading is displayed directly on the instrument. After obtaining the ÒmeasuredÓ
resistance, Rm, from the bridge settings or the micro-ohmmeter, that value should be corrected for tempera-
ture using the procedure given in 6.1.1.

This ÒcorrectedÓ resistance value can now be compared with previous values that were corrected to the same
standard conditions.

Interpretation: The interpretation of results is very dependent on the type of conductor being measured.
Some conductors consist of several parallel paths of stranded wires and detecting a problem with only one
strand may be beyond the resolution of the bridge or micro-ohmmeter. If more than one strand is broken or
there is a high-resistance internal connection, the Kelvin bridge or micro-ohmmeter should detect the
resulting higher resistance circuit.

Comparison of readings with other phases, duplicate transformers, or previous measurements under Þeld
conditions are recommended. Variations under Þeld conditions should not exceed 5%.
9
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6.1.2 Ratio/polarity/phase

6.1.2.1 General

The turns ratio of a transformer is the ratio of the number of turns in a higher voltage winding to that in a
lower voltage winding. The voltage ratio of a transformer is the ratio of the rms terminal voltage of a higher
voltage winding to the rms terminal voltage of a lower voltage winding under speciÞed conditions of load.
For all practical purposes, when the transformer is on open circuit, its voltage and turns ratios may be con-
sidered equal.

The polarity of a transformer is determined by the internal connections and is indicated by the nameplate
markings. Polarity is of interest if the transformer is to be connected in a parallel manner with one or more
other transformers.

Results of the polarity and transformation ratio tests are absolute, and may be compared with the manufac-
turerÕs nameplate speciÞcations.

Transformer winding ratios, polarity, and phase connections should be checked before energizing the trans-
former for the Þrst time on site. The ratio in particular is checked during regular (e.g., annual) inspections
and it is recommended that it also be checked before returning the transformer to service if the unit has been
subjected to a through-fault.

6.1.2.2 Measurement of transformer polarity

There are a number of commercial transformer turns ratio test sets available from manufacturers serving the
power industry. These instruments, when operated in accordance with the manufacturerÕs instructions, pro-
vide convenient and accurate readings of ratio and polarity of power transformers.

If a commercial test set is not available, then transformer polarity may be measured and interpreted using the
procedures in 6.1.2.2.1 and 6.1.2.2.2.

Figure 3ÑTypical low-resistance measurement connection
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6.1.2.2.1 Measurement of transformer polarity by inductive kick

Polarity by inductive kick may be measured using two dc voltmeters and a source of dc current. For safety rea-
sons it is preferable to apply the dc source across the high-voltage winding. Figure 4 illustrates the technique.

A dc voltmeter should be placed across the H1ÐH2 leads, with the positive lead connected to the H1 terminal.

A dc voltmeter should be placed across the XlÐX2 leads, with the positive lead connected to the X1 terminal.

A low-voltage source, such as a battery, should be connected to the H1ÐH2 terminals, thus causing a small
but noticeable deßection of the dc voltmeter connected across the H1ÐH2 terminals. The connection of the dc
source should be such that the dc voltmeter indication is positive. The magnitude of the deßection is not of
concern.

The direction of the deßection of the dc voltmeter connected across terminals XlÐX2 should be observed as
the excitation is broken. If the deßection is positive then the transformer is additive. If the deßection is nega-
tive then the transformer is subtractive. The polarity, not the magnitude of deßection, is of concern.

This test should be repeated for each phase of a polyphase transformer.

6.1.2.2.2 Measurement of transformer polarity by alternating voltage

If the transformer ratio is <30 then polarity may be measured by using a convenient source of ac with an ac
voltmeter, as shown in Þgure 5.

The transformer should be connected as shown in Þgure 5.

A small alternating voltage (as measured in the tens of volts), supplied by a fused variable transformer,
should be applied to the H1ÐH2 leads.

If the ac voltmeter indicates a value less than the source voltage then the polarity is subtractive. If the volt-
meter indicates a value greater than the source voltage then the polarity of the transformer is additive.

Figure 4ÑPolarity by inductive kick
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Figure 5ÑPolarity by ac method
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6.1.2.2.3 Polarity of polyphase transformers

Each phase of a polyphase transformer should have the same relative polarity when tested in accordance
with either of the methods described in 6.1.2.2.1 and 6.1.2.2.2 or with a commercial instrument.

6.1.2.3 Transformer turns ratio test set

There are a number of commercial transformer turns ratio test sets available from manufacturers serving the
power industry. These instruments, when operated in accordance with the manufacturerÕs instructions, pro-
vide convenient and accurate readings of ratio and polarity of power transformers.

If the transformer has load taps, the turns ratio should be determined for all of these taps with the tap changer
for de-energized operation in one speciÞc position such as the nominal or the maximum turns position. In
addition, with the load tap changer (LTC) in the neutral position, the turns ratio should be determined for all
positions of the tap changer for de-energized operation.

If a commercial test set is not available, then transformation ratio may be measured and interpreted using the
procedures in 6.1.2.3.1 and 6.1.2.3.2.

6.1.2.3.1 Voltmeter method

Two ac voltmeters are used, one connected to the high-voltage winding and the other connected to the low
voltage winding. The high-voltage winding is excited to a voltage not exceeding the rating of the voltmeter.
Both voltmeters are read simultaneously. A second set of readings should be taken with the instruments
interchanged. The values indicated should be averaged to calculate the ratio.

A meaningful ratio measurement may be made using only a few volts of excitation. The transformer should
be excited from the highest voltage winding in order to avoid possibly unsafe high voltages. Care should be
taken during the application of voltage and during the measurement. It is important that simultaneous read-
ings of both voltmeters be made.

The voltmeters used should have accuracies commensurate with the requirements of a 0.5% ratio calculation.

6.1.2.3.2 Ratio measurement using a capacitance and power factor bridge

Transformation ratio may be measured with a capacitance and power factor bridge (sometimes called a dis-
sipation factor bridge). This method will provide good results with power transformers as well as with
potential transformers where the phase angle error can also be measured. In addition, higher voltage tests
may be performed, up to the rating of the instrument, which is frequently 10 kV or 12 kV.

There are several excellent instruments available for this purpose. The manufacturerÕs instructions should be
consulted for the exact procedure for the bridge used.

6.1.2.4 Interpretation of the transformer ratio test

The turns ratio tolerance should be within 0.5% of the nameplate speciÞcations for all windings. For three-
phase, Y-connected windings, this tolerance applies to the phase-to-neutral voltage. If the phase-to-neutral
voltage is not explicitly indicated on the nameplate, then the rated phase-to-neutral voltage should be calcu-
lated by dividing the phase-to-phase voltage by .

From time to time it may be observed that the measured ratios of the outer phases of a three-phase trans-
former will be slightly different. Unless the differences are >0.5% there is no cause for rejection of this
transformer.

3
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Infrequently, it will be found that the ratio will be different from that speciÞed on the transformer nameplate.
This condition may occur when a very large transformer is equipped with a low-voltage winding having a
relatively small number of turns. In this case, the turns ratio should be expressed to the nearest complete
turn. This error is one of resolution, since the number of turns may be less than 200 turns (200 turns being
required to provide 0.5% resolution). For further information see IEEE Std C57.12.00-1993.

It should also be noted that transformers with load taps in the low-voltage winding, may not have an equal
number of turns between taps due to the overall low number of turns in the low-voltage winding. In such
cases, the voltage variation with tap changer operation will not be uniform. All three phases should have the
same measured ratio, although it may not be in exact agreement with the nameplate.

6.1.3 Exciting current

6.1.3.1 General

The single-phase exciting-current test is very useful in locating problems such as defects in the magnetic
core structure, shifting of the windings, failures in the turn-to-turn insulation, or problems in the tap chang-
ing devices. These conditions result in a change in the effective reluctance of the magnetic circuit, which
affects the current required to force a given ßux through the core.

6.1.3.2 Test methods

The test comprises a simple measurement of single-phase current on one side of the transformer, usually the
high-voltage side, with the other side left ßoating (with the exception of a grounded neutral). Three-phase
transformers are tested by applying a single-phase voltage to one phase at a time. The tests should be per-
formed at the highest possible test voltage without exceeding the voltage rating of the excited winding. The
instrumentation should, whenever possible, exclude from the measurement the capacitive currents between
the excited winding and the other windings, the core, or the tank. For purposes of comparison, the subse-
quent tests should be performed at the same value of test voltage and use the same test connections.

6.1.3.3 Analysis of test results

The usual approach to the analysis of the exciting-current test results is to compare the results with the
previous tests, or with similar single-phase transformers, or with phases of a given three-phase transformer.
For the great majority of three-phase transformers, the pattern is two similar high readings on the outer
phases and one lower reading on the center phase. The recommended initial tests include measurements at
half of the LTC positions, the neutral position, and one step in the opposite direction. The results may differ
for various LTC positions, but the relationship between the phases is expected to remain unchanged. The
understanding of how the LTC affects the current magnitude of individual phases is essential for developing
proper analysis.

6.1.3.4 Effect of residual magnetism

The transformer core may have residual magnetism present as a result of being disconnected from the power
line, or as is frequently the case, as a result of dc measurements of winding resistance. The residual magne-
tism results in the measurement of higher than normal exciting current.

There is no widely accepted Þeld method for distinguishing between the effect of residual magnetism and
the effect of a problem present in the transformer. However, experience shows that although some residual
magnetism is almost always present in the core, in most cases it has no signiÞcant effect on test results.

In most of the problems detected by using this procedure, the difference between the individual phase
currents in the case of three single-phase transformers or between the currents of the outer phases of a three-
phase transformer has exceeded 10%. This also applies when comparing with previous measurements.
13
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However, smaller changes in relative currents may also be indicative of problems associated with the core
and should be investigated.

If a signiÞcant change in the test results is observed, the only known reliable method of excluding the effect
of residual magnetism is to demagnetize the transformer core.

It is recommended that the dc measurements of the winding resistance be performed after the exciting
current tests.

6.1.3.5 Methods for demagnetization

There are two techniques that can be used to demagnetize the transformer core. The Þrst method is to apply
a diminishing alternating current to one of the windings. For most transformers, due to high voltage ratings
involved, this method is impractical and involves safety hazards.

A more convenient method is to use a direct current. The principle of this method is to neutralize the
magnetic alignment of the core iron by applying a direct voltage of alternate polarities to the transformer
winding for decreasing intervals. The interval is usually determined when the demagnetizing current reaches
a level slightly lower than the previous level, at which time the polarity of the voltage is reversed. The
process is continued until the current level is zero. On three-phase transformers the usual practice is to per-
form the procedure on the phase with the highest exciting current reading. In most cases, experience has
demonstrated that this procedure is sufÞcient to demagnetize the whole core.

6.1.4 Short-circuit impedance

6.1.4.1 General

The short-circuit impedance (%Z) of power transformers is sometimes measured on site and it can be
compared to the nameplate or factory test values. It is used to detect winding movement that may have
occurred since the factory tests were performed. Winding movement usually occurs due to heavy fault
current or mechanical damage during transportation or installation.

The measurements are usually performed on one phase at a time. Changes of more than ±3% of the short-
circuit impedance should be considered signiÞcant.

6.1.4.2 Test methods and procedures

Method: A convenient method to measure the short-circuit impedance of a transformer is the voltmeter-
ammeter method. This method is applicable to testing either single-phase or three-phase transformers. A
power source is used to drive a current through the impedance. The current and the voltage across the imped-
ance are measured simultaneously. The impedance is then given by the ratio of the measured voltage and
current.

Preparation: Conductors used for short circuiting the transformer windings should be low-impedance con-
ductors having a cross-section equal to, or greater than No. 1 AWG. They should be as short as possible and
be kept away from magnetic masses. Contacts should be clean and tight. These precautions are of impor-
tance in avoiding extraneous impedance voltages and losses that might otherwise be introduced into the
measurements.

True rms responding meters (voltmeter and ammeter) with accuracies of at least 0.5% and a sinusoidal
60 Hz (rated frequency) adjustable power source should be used for the measurements. The adjustable
power source could be derived from the station service transformer through a variable autotransformer rated
0Ð280 V and at least 10 A. Alternatively a completely isolated power ampliÞer with an internal 60 Hz oscil-
lator rated at least 250 VA may be used. The adjustable power source should not be obtained directly from a
portable gasoline engine generator since the output waveform is usually distorted and its frequency is not
sufÞciently stable.
14
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6.1.4.3 Impedance test of a single-phase transformer

One of the two windings of the transformer (usually the low-voltage winding) is short-circuited with a low-
impedance conductor, and voltage at rated frequency is applied to the other winding. The energizing voltage
is adjusted to circulate current in the order of 0.5Ð1.0% of rated current in the windings or 2Ð10 A depending
on the rating of the transformer under test. Care should be taken to limit the test current so that it will not
cause the energizing voltage waveform to become distorted due to overloading the power source. An oscillo-
scope should be used to observe the voltage waveform during testing. The energizing voltage can be
extremely small in comparison with the rated voltage of the winding without introducing signiÞcant errors.
A typical arrangement is shown in Þgure 6.

For accurate measurements, the voltmeter should be connected directly to the transformer terminals to avoid
voltage drop in the current carrying leads. Meter ranges should be chosen so that their readings are in the
upper half of full scale. The current and voltage readings should be read simultaneously. 

The %Z of the single-phase transformer can be calculated using the following formula:

where 

Em is measured test voltage
Im is the current
kVAr is the rating of the transformer in kilovoltamperes
kVr is the rating of the winding being energized in kilovolts

6.1.4.4 Impedance test of an autotransformer

An autotransformer may be tested for impedance with its internal connections unchanged. The test is made
by short-circuiting its low-voltage terminals and applying voltage at rated frequency to the high-voltage ter-
minals. The same procedure is followed as that used for a single-phase transformer.

6.1.4.5 Impedance test of a three-phase, two-winding transformer

A three-phase transformer may be tested for impedance using a single-phase power source regardless of
winding connection. The neutral terminals, if any, are not used. The test is made by short-circuiting the three

Figure 6ÑShort-circuit impedance measurement on single-phase transformer
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line-leads of the low-voltage windings and applying a single-phase voltage at rated frequency to two termi-
nals of the other winding. Three successive readings are taken on the three pairs of leads, (e.g., H
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 and H

 

2

 

,
H

 

2

 

 and H

 

3
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3

 

 and H

 

1

 

), with the test current adjusted to the same level for each reading. Then the 
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 of the
three-phase transformer is given by:
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is the rated line-to-line voltage of the energized windings

 

6.1.4.6 Impedance test of a three-winding transformer

 

A three-winding transformer, which may be either single-phase or three-phase, may be tested for impedance
by making two-winding impedance measurements with each pair of windings (which means three different
impedance measurements) following the same procedure as that used for a two-winding transformer. The
individual equivalent impedance of the separate windings may then be determined using the following
expressions:

where  

Z

 

12

 

, 

 

Z

 

23

 

, 

 

Z

 

31

 

 are the measured impedance values between pairs of windings, as indicated, all expressed
on the same kVA base.

 

6.1.4.7 Impedance test of an autotransformer with tertiary winding

 

An autotransformer with tertiary winding, which may be either single-phase or three-phase, may be tested
for impedance using the same procedure as that used for a three-winding transformer.

 

6.1.4.8 Interpretation of the impedance test

 

A change in the short-circuit impedance of the transformer indicates a possible winding movement within
the transformer. Since the overall measurement accuracy is no better than 1%, using 0.5% accuracy meters,
changes of ±2% of the short-circuit impedance are usually not considered signiÞcant. Changes of more than
±3% of the short circuit impedance should be considered signiÞcant. For example, a short-circuit impedance
change from 5.0Ð5.4% should be considered signiÞcant since it indicates a change of 8%. For further infor-
mation on impedance testing, see IEEE Std C57.12.90-1993.

%Z   three-phase 1 60 ¤( ) E 12 E 23 E 31 + + ( ) I m ¤[ ] kV A 3 r kV 1 r ( ) 
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6.1.5 Insulation resistance

6.1.5.1 General

 
Insulation resistance measurements are usually performed in order to verify that the state of dryness of the
insulation of the various windings and the core are of acceptable values. Insulation resistance testing may
also reveal important information about concealed damage to bushings. Results of insulation resistance test-
ing may be misleading unless taken in the context of tests of similar apparatus or tests on the same piece of
apparatus taken over a lengthy time period.

It is known that three components of current may be measured upon application of voltage to an insulation
system. 

a)

 

Capacitance charging current

 

: This Þrst component of current is caused by charging the geometric
capacitance of the apparatus being tested. Depending on the size and type of the unit being tested,
this current may be quite large upon Þrst application of voltage. The magnitude of this current will
diminish with time, however, and eventually will become zero as the apparatus becomes fully
charged. 

b)

 

Absorption current

 

: This second component of current is caused by molecular changes within the
insulation material. These molecular changes cause a current which may exist for an extended period
of time, typically in the range of several seconds to several minutes, in transformers. 

c)

 

Leakage current

 

: This third component of current rises and becomes stable immediately. The
leakage current is the quotient of the applied voltage and the insulation resistance in accordance with
OhmÕs law.

Ideally, in order to have exact results from an insulation resistance test it is necessary that readings of
leakage current not be taken until the capacitance charging current and the absorption current have become
negligible (see 6.1.5.2).

Insulation resistance measurements on transformers are normally performed at dc voltages up to 5000 Vdc.
Low-voltage insulation resistance tests may be carried out using a hand-held test set that may be line oper-
ated, battery operated, or operated by a crank type generator. These testers are available in voltage ranges up
to 5000 V and will provide a direct reading of insulation resistance on either an analog or digital meter.

Tests at voltages >5000 V can be conducted using higher voltage megohmmeters or dielectric test sets.
These instruments, available with output voltages to several hundred kilovolts, may sometimes be equipped
with microammeters instead of reading directly in megohms. In this case, the insulation resistance is calcu-
lated using OhmÕs law.

There are several excellent instruments available for the measurement of insulation resistance. Test
connections are very important, and a guard circuit may be utilized for accurate readings. The instrument
manufacturerÕs instruction manual should be consulted for further guidance.

It is very important that the temperature of the insulation system be known when performing the insulation
resistance test. Insulation resistance is very sensitive to insulation temperature and varies inversely with tem-
perature. In some insulation systems an increase of 10 

 

°

 

C will cause the insulation resistance to drop approx-
imately in half. Insulation resistance measurements are generally corrected to a standard temperature
(usually 20 

 

°

 

C) using nomographs or tables that have been prepared for this purpose.
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The tank and core should be grounded for this test and the windings should be short-circuited. The windings
not being tested should be grounded. The bushings should be carefully wiped to remove traces of condensa-
tion or contamination.

 

Interpretation:

 

 No speciÞc absolute values of acceptable insulation resistance can be given; however,
reference should be made to previous test history to establish a trend.

 

6.1.5.2 Polarization index test

 

When apparatus such as large transformers are tested, long charging times due to the absorption current may
be encountered. The polarization index test is a ratiometric test which may be used to predict insulation
system performance even if the charging currents have not diminished to zero. A very important aspect of
this test is its temperature insensitivity. Since the test is ratiometric in nature, results do not need to be
temperature corrected.

The polarization index test is an insulation resistance test that lasts for 10 min. The insulation resistance is
recorded after 1 min, then again after 10 min. The polarization index is the quotient of the 10 min and 1 min
readings as shown below:

where

 

PI

 

is polarization index

 

R

 

is resistance

After insulation resistance readings have been made, the test voltage is returned to zero and the insulation is
discharged.

 

Interpretation:

 

 For small transformers the polarization index will be equal to 1 or slightly higher. Larger
transformers may exhibit a polarization index of 1.1Ð1.3. In general, a high value of polarization index
indicates that the insulation system is in good condition. A polarization index of <1 indicates that immediate
corrective action is required.

If the value of polarization index obtained is less than desired or compares unfavorably with previous tests,
cleaning and drying will frequently restore it to acceptable values.

 

6.1.5.3 Safety

 

The capacitance charging current and absorption current generated by application of the test voltage are
reversible. Upon removal of the test voltage source the test specimen will remain charged and will be a hazard.

It is recommended that the test specimen be discharged by short-circuiting for a period at least four times as
long as the test voltage was applied. Before bare hand contact, the absence of voltage shall be conÞrmed by
measurement.

The insulation resistance measurements should be performed with windings and leads completely immersed
in oil. The appropriate temperature correction factors should be used. Under no conditions shall tests be
made while the equipment is under vacuum.

PI R10 R1¤ (dimensionless)=

CAUTION
 
The energy stored within the test specimen may be lethal and must be discharged safely.
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6.1.6 Capacitance, power factor, and dissipation factor

6.1.6.1 Capacitance

 

The electrical equipment considered in this guide is very much like a simple capacitor. Both contain a dielec-
tric material (insulation) between two electrodes (conductors). The capacitance is dependent on the charac-
teristics of the dielectric material, and on the physical conÞguration of the electrodes. In electrical apparatus,
if the insulating material characteristics or the conductor conÞgurations change, a difference in the measured
capacitance will occur. These changes are caused by deterioration of the insulation, contamination, or physi-
cal damage.

 

6.1.6.2 Power factor and dissipation factor

 

The dielectric loss in an insulation system is the power dissipated by the insulation when subjected to an
applied alternating voltage. All electrical insulation in power apparatus has a measurable quantity of
dielectric loss, regardless of condition. Good insulation usually has a very low loss. A high loss may indicate
problems in the insulation structure.

Normal aging of an insulating material will cause dielectric loss to increase. Contamination of insulation by
moisture or chemical substances may cause losses to be higher than normal. Physical damage from electrical
stress or other outside forces also affects the level of losses.

Loss factor is a dimensionless ratio expressed in percent which gives an indication of the condition of insula-
tion. It is measured in terms of dissipation factor (tan 

 

D

 

) or power factor. When an ac voltage is applied to
insulation, current ßow occurs in the insulation (see Þgure 7). The total current has two components, one
resistive and the other capacitive, which can be measured separately. Very simply, dissipation factor is the
ratio of resistive current to capacitive current, and power factor is the ratio of  current to total current ßowing
through insulation. For most applications involving power apparatus insulation, both quantities are very
similar.

 

6.1.6.3 Application

 

A dielectric loss testing program provides several important beneÞts. Initial tests on new equipment as it
arrives from the manufacturer determine the presence of manufacturing defects or shipping damage, and
also provide benchmark test values for future comparison. Periodic tests performed during the service life of

Figure 7ÑSimple vector diagram for loss factor test
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the equipment can indicate that the insulation is either aging normally or deteriorating rapidly. Diagnostic
tests on suspect or failed equipment may disclose the location of a fault, or the reason for failure.

Dielectric loss tests provide greatest beneÞt when performed periodically as part of a complete maintenance
program.

 6.1.6.4 Test equipment  

Dielectric loss is usually determined by a bridge measuring instrument, such as the Schering bridge or
transformer ratio-arm bridge. Instruments of this type normally have the means for determining the
capacitance value as well as the loss factor of the insulation under test.

Along with the bridge, an ac power supply and standard capacitor (or equivalent) are required for measure-
ment of loss factor. Portable test systems that include bridge, power supply and capacitor in one enclosure
are available for Þeld testing.

Portable instruments suitable for Þeld measurements are available from a number of test equipment
manufacturers. These instruments vary in physical size, circuitry, test voltage, and operating procedures.

The operator of the test equipment should be completely familiar with the operation of the instruments and
all safety procedures before attempting to perform these measurements.

 

6.1.6.5 Test voltage

 

Dielectric loss tests can be performed at any voltage within the normal operating range of the equipment
under test. It may not be practical to perform a power factor test at rated voltage on high-voltage equipment
in the Þeld. To keep power supply requirements to a minimum, the test equipment is usually designed to
perform the tests at reasonable voltage and current levels allowing the test equipment to be portable.

Test voltages for a typical Þeld test set range from below 100 V to as high as 12 kV. Field tests on most elec-
trical equipment, however, are usually performed at rated voltage or a maximum of 10 kV. ManufacturerÕs
instruction manuals and appropriate test standards should be consulted for operating procedures. 

 

6.1.6.6 Environmental factors

 

It is important to record ambient conditions at the time of testing for reference when comparing test records.
The loss factor of an insulation can be sensitive to variations in temperature, in which case a correction
factor will need to be applied to measured values. This is done to allow comparison of tests performed at
different temperatures. The reference temperature commonly used is 20 

 

°

 

C. Correction factors are available
from equipment manufacturers, testing companies, test equipment manufacturers, and consensus standards
for various types of electrical apparatus and insulation.

Testing at temperatures below freezing should be avoided, since this could signiÞcantly affect the measure-
ment. Among the primary reasons for performing this test is the capability of detecting moisture in insulation.
The electrical characteristics of ice and water are quite different and it is much more difÞcult to detect the
presence of ice than it is to detect water; sometimes it is impossible.

Other environmental factors, such as relative humidity and precipitation at the time of testing, should also be
recorded for future reference. A very small amount of water vapor on the surface of external insulation could
increase the amount of leakage current and will appear as increased loss in the test results. This is especially
a factor for lower voltage equipment where the bushing creepage distance is short. For this reason, testing
during periods of high humidity or precipitation should be done with care; otherwise, it will make proper
evaluation of the test results very difÞcult.
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6.1.6.7 Measurements

 

Each capacitor (insulation section) in a complex insulation system should be tested separately. The determi-
nation of the characteristics of the individual components of a complex system is valuable in detecting and
locating defective insulation in the system. Individual components can be tested using a combination of
measurements and calculations; however, direct measurement of each component is recommended for
greatest accuracy. Refer to annex A for recommended test connections.  

6.1.6.8 Test procedure

 

The electrical apparatus to be tested shall be isolated.

A visual inspection of the apparatus should be performed to identify external damage or unusual conditions.

The type of insulating system that will be tested (simple or complex) should be determined, along with the
appropriate connections to the test equipment that will be required.

The desired measurements should be performed following the operating instructions supplied with the test
equipment. The lead connections may have to be changed several times, depending on the complexity of the
apparatus and the test equipment.

Apparatus nameplate data and all measurements should be recorded.

 

Interpretation

 

: While standard or accepted values for dielectric loss have not been established for all types of
electrical apparatus, there are established values for some apparatus such as oil-impregnated paper-insulated
systems. Even with this, one of the most useful methods of evaluating test results is by comparison.

A meaningful evaluation will include comparison to previous test results on the same equipment, whenever
available. This may include manufacturerÕs results taken at the factory and/or nameplate data. Comparison
of test results to those for similar pieces of equipment, especially those tested under the same conditions, is
also beneÞcial.

In the case of new oil-Þlled transformers and reactors, the power factors should not exceed 0.5% (20 

 

°

 

C).
There should be reasonable justiÞcation by the supplier for values in excess of this. If the higher values are
caused by materials with an inherently high power factor, their replacement should be encouraged because
of their masking effect on an otherwise valuable test. It is not advisable to energize a transformer received
with a power factor in excess of 0.5% without complete internal inspection, consultation with the manufac-
turer, and drying or other correction, as indicated.

The power factors recorded for routine overall tests on older apparatus provide information regarding the
general condition of the ground and interwinding insulation of transformers and reactors. They also provide
a valuable index of dryness, and are helpful in detecting undesirable operating conditions and failure hazards
resulting from moisture, carbonization of insulation, defective bushings, contamination of oil by dissolved
materials or conducting particles, improperly grounded or ungrounded cores, etc. While the power factors
for most older transformers will also be <0.5% (20 

 

°

 

C), power factors between 0.5% and 1.0% (20 

 

°

 

C) may
be acceptable; however, power factors >1.0% (20 

 

°

 

C) should be investigated.

 

6.1.7 Induced voltage test

6.1.7.1 General

 

This test may be, but seldom is, performed following installation to determine the suitability of a power
transformer for service with regard to its dielectric strength and to detect the existence of partial discharge
(PD) if present. This test may be performed on transformers that have undergone repairs or modiÞcations.
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Generally speaking, an induced voltage test is restricted to large extra-high voltage transformers, but may be
performed on any class of transformers. This is due primarily to the time and cost involved with performing
the test. It is also due to the fact that transformers in the lower voltage classes do not experience the electrical
stresses to their insulation structures as do those of the higher voltage classes.

Field testing for diagnostic purposes may take place in a station, and it may not be possible to de-energize
adjacent equipment. The difÞculty in being able to achieve low enough ambient PD or radio inßuence
voltage (RIV) values to allow interpretation of results should be factored into the decision of whether to use
this costly procedure in the Þeld.

Errors in repairs or installation, if left undetected, may cause serious damage to power transformers when
energized. One of the requirements of an induced voltage test is to energize the unit at a higher than normal
voltage. This forces any PD source to become active, allowing it to be measured and located. To accomplish
this, it is necessary to perform the test at a frequency high enough above the normal operating frequency to
avoid core saturation.

Testing is done by utilizing a motor-generator set that provides the necessary voltage at a frequency typically
in the range of 180Ð400 Hz. Step-up transformers are used to increase the generator output to the appropriate
test levels for the transformer under test. The transformer under test usually represents a capacitive load at
the test frequency and, by incorporating a parallel compensating reactor in the test circuit, the power rating
of the rotating machine can be signiÞcantly reduced. In addition, if the reactor is adjusted so that the overall
load on the machine is lagging rather than leading, the risk of self-excitation of the machine due to armature
reaction can be avoided. This procedure is usually used for three-phase excitation but may also be used for
single-phase excitation. Instrumentation should preferably include a power factor meter to check the power
factor of the load on the machine. A wide-band PD detector, or, alternatively, one Þxed frequency RIV meter,
one ultrasonic detector, and an induced-voltage frequency meter may be used. Further information on test
equipment and procedures is given in IEEE Std C57.12.90-1993 and IEEE Std C57.113-1991.

An alternative procedure is based on the phenomenon of series resonance. In this method the transformer
under test is tested one phase at a time. The technique utilizes a variable tuning reactor connected in series
between the auxiliary step-up transformer and the low-voltage winding of the transformer under test. Since
large transformers usually present capacitive loads at the test frequency, the tuning reactor is adjusted until
resonance occurs. The voltage across the tuning reactor will, consequently, increase and, therefore, the
voltage applied to the transformer under test will also increase. By adjusting the generator output voltage,
the required test voltage is then induced in the winding under test. If the transformer under test is not
sufÞciently capacitive at the test frequency, the circuit can still be made to resonate by connecting a suitable
external capacitor across the low-voltage winding of the transformer.

6.1.7.2 Preliminary test procedures

Low-voltage tests (insulation resistance, power factor, ratio, oil dielectric, etc.) should be performed to
determine if the insulation of the transformer under test is suitable for energization. The insulating ßuid
should be sampled following prescribed procedures (refer to ASTM D 923-91) and its total dissolved gas-in-
oil level analyzed to ensure that it is acceptable. A moisture content test of the oil should be made to ensure
that excessive amounts do not exist. A turns ratio test should be performed to conÞrm that the transformerÕs
tap changer for de-energized operation is properly positioned and that shorted winding turns do not exist.

Interpretation: See table 1.

6.1.7.3 Special precautions before test

In preparation for the test, all high-voltage bushings should be Þtted with corona rings of sufÞcient size, so
as to eliminate all possibilities of air corona discharges. To prevent corona on the ground side, all sharp
edges and points on top of and close to the transformer tank should be masked by covering them with
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semiconductive inßated tire inner tubes or corona rings galvanically connected to the tank. The smaller
protrusions may also be covered with patches of semiconductive putty. All high-voltage bushings should be
carefully cleaned and dried. Immediately prior to the test, they should again be wiped dry. No conductive or
semiconductive objects should be left ungrounded on the transformer or close to it, as this would produce
discharges from ßoating objects. Therefore, they should either be taken away, when this is possible, or
carefully grounded. All current-carrying connections should be very carefully made to ensure good electrical
contact as contact arcing may produce unacceptably high PD interference levels.

Any transformer-mounted surge arresters should be disconnected before energizing the transformer in order
to avoid arrester damage and limitation of the test voltages due to arrester operation.

6.1.7.4 Power factor pre-test

After connecting the test set to the transformer under test, a pre-test to determine the power factor at the
source should Þrst be performed to ensure that the amount of inductive compensation is sufÞcient to
guarantee that the load on the generator is not capacitive as this could lead to dangerous overvoltages due to
generator self excitation. To perform this pre-test, a high-voltage bushing of the test transformer should Þrst
be temporarily Þtted with an external spark gap adjusted to operate at about 50% of the transformer nominal
voltage. During this pre-test, the voltage should not be raised above 30% or preferably only at a level high
enough to allow fairly accurate power factor measurement. Note that the generator is capable of driving a
slightly capacitive load provided that the power margin is sufÞcient; it is when this margin is exceeded that
generator runaway occurs. To be on the safe side, higher than required inductive compensation should Þrst be
used and it should be adjusted to a value that will allow the test to be done at full test voltage without exceed-
ing the generator limits as this would cause generator protection tripping. The user should therefore be
absolutely sure that the generator has a sufÞcient power margin to reach the maximum test level without
danger of tripping. It is also important that the ratio of the step-up transformer used to match the voltage out-
put of the generator to that of the transformer under test be as close as possible to the required value. This will
ensure maximum power transfer from the generator to the transformer under test. A variable ratio transformer
is recommended. After the pre-test has been performed and the reactive compensation has been adjusted
properly, the temporary spark gap should be removed and the voltage can then be taken to the test level.

6.1.7.5 Induced voltage test

This test should be performed on a clear day. All outside interferences such as operating cranes and
motorized vehicles should be kept clear of the test site for successful interpretation of test results.

The test voltage level and duration for Þeld tests are usually subject to negotiation and may vary from initial
factory levels for new transformers to lower levels depending on the age and history of the transformer.

Table 1ÑRecommended diagnostic characteristics

Procedure New transformer Service-aged transformer

Power factor < 0.5% < 2.0%

Total dissolved gasa < 0.5% < 0.8%

Moisture content < 10 ppm < 15 ppm

Turns ratio Within 0.5% of nameplate Within 0.5% of nameplate

aIf units are equipped with nitrogen blankets, total dissolved gas should not exceed 1.0%.
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After connecting the test set to the transformer under test and calibrating the instrumentation, the voltage
should be slowly raised to the test level. Instrumentation should be carefully observed throughout the test and
PD or RIV levels recorded at 5 min intervals. Peaks observed between recording times should also be noted.
Any wildly erratic readings may be cause to immediately terminate testing until the cause is determined.

If PD or RIV levels exhibit a tendency to continue to increase in latter stages of testing, continue the test
until the level stabilizes or begins a downward trend. 

Interpretation: PD levels above 500 pC or RIV levels above 100 µv may be indicative of a substantial
problem.

6.1.8 Partial discharge detection

6.1.8.1 General

PD (often referred to as corona) in an insulation system occurs when a local breakdown of the insulation
medium causes a redistribution of charge within the system. The breakdown is localized and does not bridge
the distance between the electrodes that set up the electric Þeld. Generally, the PD events of interest occur
within the insulation at the site of a void or foreign material such as water, or at a location where damage or
misuse has occurred. This type of discharge can cause further degradation of the insulation in its vicinity and
lead to eventual failure of the apparatus.

PDs generate low-amplitude current pulses that are of short duration. Two different techniques are in
common use to detect and measure these signals. One technique consists of measurements with a radio-
noise meter. Levels are measured in microvolts and are referred to as RIV signals. The other method consists
of measurements with a PD detector. These signals are measured in picocoulombs.

The RIV and PD signals can be thought of as very small (low-amplitude), high-frequency pulses
superimposed on the high voltage. Successful testing requires that suitable precautions be taken to ensure
that these small signals can be detected. All conducting objects that may be in the high-voltage Þeld should
be solidly grounded and any objects that have sharp points or corners (e.g., bolts, tank headers, etc.) should
be shielded with conductive material that has a smooth geometry. Current carrying connections should be
clean and secure.

6.1.8.2 Radio inßuence voltage (RIV)

The RIV signals are usually obtained from the bushing capacitance tap as shown in Þgure 8. The variable
inductance is tuned with the bushing tap-to-ground capacitance at the measuring frequency of the radio noise
meter. The coaxial cable, which may be of any suitable impedance, should be in the circuit when the tuning
is performed. The purpose of the tuning is to minimize the dividing effect of the bushing capacitance. The
coaxial cable need not be terminated in its characteristic impedance. The system has to be calibrated for each
test setup for accurate results. A common means of calibration is to apply to the high-voltage terminal a
radio-frequency signal of known amplitude whose frequency is equal to the mid-band frequency of the detec-
tor to be used. The calibration of the detector itself should be carried out according to the manufacturerÕs
recommendations. Mid-band frequencies in the range of 0.85Ð1.15 MHz are normally used. However, other
frequencies may be used if interference from radio broadcasting stations is present.

The circuit is calibrated before it is energized. The high-voltage source is normally turned on at zero to low
voltage and brought up to the desired test voltage slowly. The detector should be monitored as the voltage is
increased. Obtained readings should be recorded. Noise readings on the detector meter at low voltage
indicate interference, either radiated or coupled into the circuit from external sources. If this interference
cannot be eliminated, it sets the limit of sensitivity for meaningful test results. In practice, an experienced
operator can identify and ignore some noise if it originates from a known source other than the test object.
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Interpretation of RIV test results requires some experience with RIV tests in general and with the type of
device being tested in particular. Since this is a narrow-band test technique, it is subject to possible
resonances in the test object. The quasi-peak response of the detector also makes the response dependent on
the repetition rate of the RIV impulse (for repetition rates below about 1000 pps). Interpretation of the
results of this type of testing is best carried out in the context of previous measurements on the same piece of
apparatus, including factory tests. Standards on particular classes of apparatus may offer some guidance on
this subject.

6.1.8.3 Partial discharge (PD)

As in the case for RIV measurements, the PD signals to be measured are obtained from the bushing capaci-
tance tap. A typical circuit arrangement is shown in Þgure 9. The measurement impedance Zm is usually
complex and serves to Þlter out the test frequency from the signals to be measured by the PD detector.

The sensitivity of the system depends on the capacitance of the coupling capacitor, the capacitance of the
test object, and stray capacitances of the test circuit. This requires the system to be calibrated for each test
setup for accurate results. For this reason, commercial PD detectors are supplied with a pulse generator to
perform the calibration. A common means of calibration is to inject a known amount of charge into the high-
voltage terminal and adjust the PD detector sensitivity to provide the proper reading. In practice this is done
by coupling a voltage pulse to the high-voltage bus via a small (100 pF) capacitor.

The setup should be calibrated for the reasons discussed above. If a low voltage calibration capacitor is used,
the circuit should be calibrated before it is energized and the low voltage capacitor should be removed
during the test. The operatorÕs manual for the PD detector being used should be consulted for detailed
calibration procedures.

The high-voltage source is normally turned on at zero to low-voltage and brought up to the desired test
voltage slowly. The PD detector should be monitored as the voltage is increased and the readings obtained
should be recorded. Noise on the PD detector display at low-voltage indicates interference, either radiated or
coupled into the circuit from external sources. If this interference cannot be eliminated, it sets the limit of
sensitivity for meaningful test results. In practice, an experienced operator can identify and ignore some
noise if it originates from a known source other than the test object.

Figure 8ÑRIV measurement using bushing tap

A =Transformer under test C2  = High voltage bushing capacitance tap
B = Auxiliary step-up transformer Z1 = Variable inductance
C = Variable reactor R2  = Resistor
G = Supply generator CABLE = Shield cable
C1 = High voltage bushing capacitance NM = Radio noise meter
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Typically, PD signals will not be present at low voltage but will appear suddenly at a voltage known as the
PD inception voltage. As the voltage is raised beyond this inception voltage, more pulses will appear and
may grow in amplitude. When the voltage is reduced, a hysteresis effect may be noticed in which the PD
pulses do not extinguish until the voltage has been reduced signiÞcantly below the inception voltage. The
voltage at which PD has disappeared is known as the PD extinction voltage.

Interpretation of PD test results requires some experience with PD tests in general and with the type of
device being tested in particular. Some types of PD signals can be readily identiÞed and this is helpful in
troubleshooting the test setup. SpeciÞcally, PD-like signals that are in phase with the applied voltage are
probably caused by a faulty current-carrying connection in the circuit. This should be corrected before
proceeding. An unsymmetrical display on the PD detector cathode-ray tube usually indicates a corona
source discharging into the air. This is caused by a sharp point on the buswork or at ground potential.

These sources can usually be identiÞed by visual inspection of the area or with the aid of an ultrasonic
pickup device. 

IEEE Std C57.113-1991 should be consulted for additional guidance regarding calibration and measuring
techniques together with information on the interpretation of results.

6.1.8.4 Acoustic techniques

Acoustic detection of PD has been in use for testing transformers for many years. This method offers good
sensitivity to some types of PD sources and permits the site of the PD to be located in some situations.
Acoustic techniques have the advantage that they can be used on energized equipment and these methods are
not susceptible to interference from outside sources when properly applied. However, the sensitivity to
discharges originating deep within the insulation structure is low, for example, in the inner sections of a
transformer winding.

Acoustic signals are usually measured using a transducer that is coupled to the wall of the transformer tank.
Special attention should be given to the coupling method used since reßections at the interface between
enclosure and transducer can substantially reduce the transmitted signal.

Figure 9ÑPartial discharge measurement circuit using bushing tap
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The test equipment required for acoustic PD detection consists of a source of high voltage (if the test object
is not energized), an ultrasonic transducer, an ampliÞer, and a display device that constitutes the detector.

Self-contained, portable acoustic detectors are available for Þeld test applications. More specialized
measurements may require custom-designed equipment especially in the method of coupling the transducer
to the test object. Usually general purpose ampliÞers and/or oscilloscopes can be utilized for these
applications. Ultrasonic piezoelectric transducers with a response in the range of 20Ð200 kHz are usually
used as the pick-up device.

Procedures used and interpretation of results vary widely depending on the apparatus under test and the
intent of the test program. A quick go-no-go test program may require only the observation of the presence
or absence of acoustic signals in a particular piece of apparatus using a simple self-contained acoustic
transducer/detector. On the other hand, location of possible problems in large, expensive equipment may
require, and will justify, an extensive test program that is carefully designed based on a thorough understand-
ing of the behavior of acoustic waves in liquids, gases, and solids of various compositions.

6.2 Bushings

6.2.1 General

Bushings vary widely in construction and are essential elements of a transformer. They are relatively
inexpensive compared to the cost of a transformer. However, their failure may result in the total destruction
of the transformer. Bushings should therefore be checked regularly and if evidence of deterioration is found,
they should either be repaired or replaced depending on the type and degree of deterioration. Although there
are many different types of construction, many of the diagnostic tests are common and are described below.

6.2.2 Visual inspection

Some visual examination can be performed while the transformer is energized. The use of binoculars can
reveal such defects as cracked or broken porcelains, leaking gaskets, and oil level. It is helpful to note the
ambient temperature and if possible, the load current at the time of observation.

More detailed visual inspection can be carried out when the transformer is de-energized. In addition to the
items described above, closer examination can reveal hair-line cracks, deterioration of cemented joints, and
surface contamination. If the porcelain housing is broken, consideration of how it is broken should be made.
A simple shed break is of minor concern. Unglazed porcelain does not constitute any immediate danger,
since electrical grade porcelain is not porous and will not absorb moisture. If a crack or discontinuous,
broken surface appears to enter or point to the main body of the bushing housing, closer examination is
recommended. Cracks appearing to extend into the main body can grow and eventually cause failure. In such
a case, the bushing should be replaced as no effective Þeld repair is possible.

6.2.3 Oil level

A check should be made of the oil level in the sight glass or oil gauge. Consideration of ambient temperature
should be made for proper assessment of oil level. A common mistake is to add oil in colder temperatures to
bring the oil level to normal levels. The normal level is usually made for ambient temperatures of 20 °C. Add-
ing oil at lower temperatures results in overfull conditions when temperatures increase to summertime con-
ditions. All oil Þll plugs, etc., should be replaced after the inspection to prevent the entrance of contaminants.
If the sight glass allows, an examination of the insulating ßuid for waxing or contamination should be made.

6.2.4 Capacitance, power factor, and dissipation factor

The capacitance and power factor (or dissipation factor) of the C1 and C2 capacitors should be measured (see
annex B). Short-circuited capacitor sections can be detected by an increase in capacitance. The presence of
moisture or other contaminants can usually be detected by an increase in power factor. Temperature
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corrections should be made during the measurements. When performing tests on the C2 capacitance, care
should be taken not to exceed the test voltage of the tap. It should be noted that the power factors of the C1
and C2 capacitances may be considerably different from each other and it is not uncommon for the C2
capacitance to be ten times greater than that of the C1 capacitance. Note that moisture or surface contamina-
tion should be removed before performing power factor measurements. The hot collar test is a particularly
useful procedure that can be used to assess the condition of a speciÞc small section of the bushing insulation
between an area of the upper porcelain and the central current-carrying conductor. It is performed by
energizing one or more temporary electrodes (collars, usually of semiconducting rubber) placed around the
outside of the porcelain with the central conductor grounded. This type of test may be used to locate cracks
in porcelain, degradation of insulation inside the upper section of the bushing, low compound or liquid level,
and voids in the compound.

Power factor limits are published by the manufacturers and many bushings have the factory power factors
stamped on the nameplate. Field measurements should be compared with the nameplate values. Bushings
that exhibit a continued increase in power factor over a period of several years should be investigated further
and possibly removed from service. In practice, if the power factor of capacitance-graded bushings
exceeds 1%, the user should seek further specialized help.

6.2.5 Partial discharge (PD)

6.2.5.1 General

Prolonged PD activity in the internal insulation of a bushing will gradually reduce its dielectric strength and
eventually result in failure. The presence of corona is detected by either PD or RIV, measurements which, of
necessity, are performed at high voltage, usually line-to-ground voltage or higher (e.g., 130Ð150%).

These measurements may be made during an induced voltage test on the transformer. However, if PD is
detected during this test, it cannot be determined if it originates from the bushing or from within the trans-
former. For this reason, if PD or RIV measurements are required, it is preferable to remove the bushing from
the transformer and test it alone. This test is performed with the bushing in a special tank using a high-voltage
test source.

6.2.5.2 Test equipment

The test equipment required for a PD test on the bushing by itself consists of a source of high voltage, a PD
detector or radio-noise meter, a coupling capacitor to couple the measuring instrument to the high voltage
bus, and a calibration system.

The high-voltage source may be a transformer or a series-resonant test set that is free of PD. 

The purpose of the coupling capacitor is to separate the low-level PD pulse from the high voltage on the bus
and couple this pulse to the detector. This capacitor should be rated for the voltage at which the test is
performed and should be discharge-free. Values of 1000 pF have been found to be satisfactory.

PD activity can be measured by means of a PD detector or a radio-noise meter. Both types of instruments are
commercially available. However, PD detectors are usually supplied with an oscilloscope display on which
the PD pulse activity can be observed. This type of display also gives relative phase information, which may
be useful in interpreting the results. Radio-noise meters are narrow-band instruments that measure the
quasipeak amplitude of the discharge signal. The detector normally used is a tuned radio frequency micro-
voltmeter. The mid-band frequency of the detector is usually approximately 1 MHz but other frequencies can
be selected to eliminate local sources of interference (e.g., AM radio broadcast stations). The bandwidth
normally used is 9 kHz.
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6.3 Insulating ßuids (transformer-grade mineral oil)

6.3.1 General

Mineral oil is used as an insulating ßuid in most types of electrical power equipment. Besides acting as an
insulating ßuid, in many situations it also acts as a heat transfer medium to carry off excess heat generated
by the losses of the power equipment. Tests cover the determination of certain qualities, primarily degrada-
tion constituents, in service-aged oil and the diagnosis of these results with respect to the condition of the
power equipment it is contained in (see IEEE Std C57.106-1991 and ASTM D 117-89).

Sampling techniques for these test methods (refer to ASTM D 923-91) should ensure that the specimen
taken is representative of the insulating ßuid contained within the equipment. Natural contaminants exist
within the body of sampling valves; therefore the valves should be ßushed before the extraction is performed
in order to ensure that sample integrity is maintained.

ConÞrmation that a positive tank pressure exists should be made before attempting to obtain a sample.
Failure to do so may result in a gas bubble entering the tank and becoming lodged between turns in the wind-
ings. This condition may result in the premature failure of the equipment.

A sufÞciently large sample should be withdrawn to cover all of the tests described in 6.3. Typically 1 L
should be enough. See ASTM D 923-91 and ASTM D 3613-92 for information regarding containers and
sampling procedures. For tests where only some of the oil characteristics are to be checked, the quantities in
table 2 are suggested. 

Table 2ÑMinimum volumes of ßuids for each test

Test Standard Quantity of ßuid (mL)

Acidity ASTM D 974-92 20

Color (Þeld) ASTM D 1524-84 10

Dielectric ASTM D 877-87 75

Dielectric ASTM D 1816-84a 500a

aThe quantities listed above have generally been found to be needed for the test procedures.
Since some equipment manufacturers make larger containers, the test laboratory should be
consulted prior to sampling to ensure that the sample volume is adequate.

Dissolved gas ASTM D 3612-93 50a

Interfacial tension ASTM D 971-91 20

Interfacial tension ASTM D 2285-85 15

Particle count N/A 100 

Power factor ASTM D 924-92 250

Polychlorinated biphenyl ASTM D 4059-91 10

Sludge ASTM D 1698-84 50

Water content ASTM D 1533-88 50

Visual Same as color above

SpeciÞc gravity ASTM D 1298-85 125a

Color (lab) ASTM D 1500-91 125

Total: 1400
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In most cases, the sample should be transported to the laboratory in a clean, dry container. Prolonged
exposure to direct sunlight or contamination by excessive atmospheric moisture should be avoided. Many of
the levels for measurements speciÞed in 6.3 are not standardized. However, the values quoted have been
found to be practical and are commonly used.

Oils in service may be placed in the following classiÞcations based upon the evaluation of the following sig-
niÞcant characteristics: 

a) Group I. Oils that are in satisfactory condition for continued use
b) Group II. Oils that require only reconditioning for further service
c) Group III. Oils in poor condition (such oil should be reclaimed or disposed of depending upon

economic considerations)
d) Group IV. Oils in such poor condition that it is technically advisable to dispose of them

All tests should be performed at least annually, but more often if the equipment is strategically located in the
system.

6.3.2 Acidity, neutralization number (NN)

This test is performed to determine the acidic degradation constituents in service-aged oil.

This test should be used to indicate the relative change in an oil during use under oxidizing conditions.
Acidity (neutralization) is gauged by a neutralization number (NN), which is expressed in the number of
milligrams of potassium hydroxide required to neutralize the acid in a gram of oil. Transformer grade
mineral oil contains only trace levels of acidic constituents when new and its NN increases as degradation of
the oil occurs. A used oil having a high NN indicates that the oil is either oxidized or contaminated with
materials such as varnish, paint, or other matter. This condition may be indicative of sludge formation. There
should be no direct correlation between the NN and the corrosive tendency of the oil towards metals in
electrical power equipment. Organic acids are detrimental to insulation systems and can induce oxidation of
metals when moisture is also present. Changes occur over long periods of time. Levels are not indicative of a
problem in the equipment, but of a potential threat to the internal components of the equipment. Empirical
values exist with respect to condemning limits for operation of the equipment, as well as continued use of
the oil (refer to ASTM D 974-92).

In a laboratory environment, a color indicator titration test should be performed, following ASTM D 974-92.
The NN of the sample should be calculated according to this same procedure. Maximum recommended
values of NN for different categories of oil are given in table 3.

Table 3ÑSuggested limits for in-service oils by group and voltage class

Type of oil Voltage class (kV) Acid number 
(mg KOH/g, max)

New oil as received from reÞnery 0.03

Serviced aged oilÑGroup I

<69 0.2

69Ð288 0.2

>345 0.1

Serviced aged oilÑGroup II 0.2

Serviced aged oilÑGroup III 0.5
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6.3.3 Color

This test is performed to determine the color of service-aged oil.

This test should be used to indicate the relative change in an oil during use. Color is expressed by a numeri-
cal value (also, a color description) based on comparison with a series of color standards. There should be no
direct correlation between a change in the color of the oil and a speciÞc problem within the equipment.
Changes normally occur over long periods of time. A rapidly increasing number should be indicative of a
dramatic change in operating condition and generally precedes other indications of a problem. A high color
number occurs in combination with the presence of oil deterioration or contamination or both. Empirical val-
ues exist with respect to condemning limits for operation of the equipment, as well as relative condition
(refer to ASTM D 1500-91).

A visual test should be performed, following ASTM D 1524-84. The ASTM color for the sample should be
determined using this procedure.

Interpretation: See table 4. 

6.3.4 Dielectric strength

This test is performed to determine the dielectric breakdown voltage of service-aged oil.

There are two commonly used methods to determine the dielectric breakdown voltage of oil. ASTM D 1816-
84a, which utilizes spherical capped electrodes of the Verband Deutscher Elektroechniker (VDE) type in its
test cell, is recommended primarily for Þltered, degassed, and dehydrated oil prior to and during Þlling of
electrical power equipment rated above 230 kV, or for testing samples of such oil from this equipment after
Þlling. ASTM D 877-87, which utilizes ßat electrodes, is recommended for all other apparatus, which is by
far the majority of all electric power equipment. For this reason, 6.3.4 will concentrate primarily on this
latter test. By-products of contamination and deterioration generally reduce the dielectric strength of oil. The
dielectric breakdown voltage of oil is important to measure the oilÕs ability to withstand electrical stress
without failure. High dielectric strengths do not indicate the absence of all contaminants. There should be no
direct correlation between a certain breakdown voltage and failure, except in extreme cases. Empirical
values exist with respect to condemning limits for operation of the equipment, as well as, relative condition
(refer to ASTM D 877-87 and ASTM D 1816-84a).

Table 4ÑRelative condition of oil based on color

Color comparator 
number ASTM color Oil condition

0.0Ð0.5 Clear New oil

0.5Ð1.0 Pale yellow Good oil 

1.0Ð2.5 Yellow Service-aged oil

2.5Ð4.0 Bright yellow Marginal condition

4.0Ð5.5 Amber Bad condition

5.5Ð7.0 Brown Severe condition (reclaim oil)

7.0Ð8.5 Dark brown Extreme condition (scrap oil)a

aRetest to confirm reading prior to scrapping oil.
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This test may be satisfactorily performed in the Þeld, but is more controllable in a laboratory environment. A
visual test should be performed to ensure that the sample does not contain free water or air bubbles caused
by agitation during transport. Either ASTM D 877-87 or ASTM D 1816-84a should be followed as
appropriate. The breakdown voltage for the sample should be determined using this procedure. See also
IEEE Std 637-1985.

Interpretation: ASTM D 877-87

Interpretation: ASTM D 1816-84a, (0.040 in gap)

6.3.5 Dissolved gas

This test is performed to determine the dissolved gas components in service-aged oil.

This test should be used to determine the amount of speciÞc gases generated by an oil-Þlled in-service
transformer. Certain combinations and quantities of these generated gases are frequently the Þrst indication
of a possible malfunction that may eventually lead to failure if not corrected. Arcing, PD, low-energy
sparking, severe overloading, and overheating in the insulation system are some of the mechanisms that can
result in chemical decomposition of the insulating materials and the formation of various combustible and
noncombustible gases dissolved in the oil. Normal operation may also result in the formation of some gases,
but not to the same extent as when a malfunction exists. Empirical values exist with respect to condemning
limits for operation of the equipment, but these values are not necessarily conclusive of an impending
failure. Diagnostic routines also exist to help interpret the probable cause of the gassing (refer to ASTM D
3612-93 and IEEE Std C 57.104-1991).

Precautions: The sample should preferably be obtained using a clean, moisture-free, gas-tight container to
isolate it from excessive atmospheric moisture and to maintain its quantity of dissolved gases. Care should
be taken to purge the container of all free gas at the time the sample is taken. See ASTM D 36l3-92 for
additional guidance.

This test should be performed in a laboratory environment. ASTM D 3612-93 should be followed for extrac-
tion and analysis of key dissolved gases. After determining the quantities of key dissolved gases from the
sample using this procedure, a prescribed diagnostic routine to assist in interpretation of the analysis should
be followed.

Minimum dielectric 
breakdown voltage (kV)

Equipment class
(kV)

26 £69

26 >69Ð288

26 ³345

Minimum dielectric 
breakdown voltage (kV)

Equipment class
(kV)

23 £69

26 >69Ð288

26 ³345
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Interpretation: Refer to IEEE Std C57.l04-1991, tables 1, 2, and 3.

It can be difÞcult to determine whether or not a transformer is operating normally if it has no previous
dissolved gas history. Also, considerable differences of opinion exist for what is considered a Ònormal
transformerÓ with acceptable concentrations of gases.

6.3.6 Interfacial tension (IFT)

This test is performed to determine the interfacial tension of service-aged oil against water.

This test method should be used to indicate the interfacial tension between an electrical insulating oil and
water. This is a measurement of the molecular attractive force between their unlike molecules at the interface.
This test provides a means of detecting soluble polar contaminants and products of deterioration in the oil.
There is a unique relationship between IFT and NN in that the NN of the oil increases and the IFT decreases
as an oil oxidizes. To a certain extent the IFT is a measure of the remaining useful life of the oil, short of its
being reclaimed. Levels are not indicative of a problem in the equipment, but of a potential threat to the future
operating condition of the equipment. Empirical values exist with respect to condemning limits for operation
of the equipment as well as continued use of the oil (refer to ASTM D 971-91 and ASTM D 2285-85).

This test may be satisfactorily performed in the Þeld, as well as in a laboratory environment. Generally
ASTM D-971 should be followed in the laboratory and should determine the interfacial tension for the
sample using the procedure. ASTM D 2285-85 should be followed in the Þeld. See also IEEE 57.106-1991.

Interpretation: Recommended minimum levels of IFT for different conditions of oils are shown in table 5.

6.3.7 Particle count

This test is used to determine the number, size and, to a degree, the composition of particles present in
service-aged oil.

This test may be used to indicate contamination of the oil with particulate matter. The quantity of the
particles in an oil can be correlated with such factors as dielectric breakdown voltage and can affect the oilÕs

Table 5ÑSuggested limits for in-service oils by group and voltage class

Type of oil Voltage class
(kV)

Interfacial tension, 
dynes/cm, min

New oil as received 40

New oil received in new equipment 35

New oil after Þlling and standing, 
prior to energizing

35

Service aged oil

£69 24

69Ð288 26

>345 30

Oil to be reconditioned or 
reclaimedÑGroup II

24

Oil to be reconditioned or 
reclaimedÑGroup III

16
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power factor. The type of particles and the quantity present will also inßuence these characteristics. The
presence of excessive metal particles has been used as an indicator of bearing wear when the equipment
utilizes cooling pumps. There are no empirical values that exist with respect to condemning limits for
operation of the equipment or continued use of the oil.

Precautions: The sample should be taken when the relative humidity is <50% and should be obtained prefer-
ably using a clean, moisture-free container to isolate the sample from excessive atmospheric moisture and
outside particle contamination.

After obtaining the sample in a clean 50Ð100 mL container, it should be transported to a laboratory for
analysis. Special containers are available that have been cleaned to reduce particulate contamination. This
test cannot be performed in the Þeld. Determination of the particle count of a sample can be obtained using a
light-scattering beam device. The device manufacturerÕs instructions should be followed for proper analysis.
If diagnosis of the type of particles in the sample is desired, the use of a particle counter is preferred;
however, an optical microscope may be helpful in identifying particles. Elemental analysis can be performed
by complementary methods. Other tests should be made to determine if the particles are metallic and if they
are magnetic. This analysis can be performed in a number of ways including the use of ferrography. 

Interpretation: The number of particles in the range of 3Ð150 µm/10 mL of oil are counted. The following
table indicates approximate particulate contamination levels for different ranges of particle counts. 

NOTEÑMany believe that the quantity of particles and their composition are signiÞcant only in their relation to
previous levels and types. Trends observed may be signiÞcant to determine if excessive cooling pump bearing wear is
being experienced. Other types of deterioration, such as may be indicated by the presence of cellulosic particles, copper,
etc., may be less indicative of problems within the equipment since generally only those particles that are small enough
to remain in suspension in the oil will be observed. Larger (heavier) particles are rarely ever seen since they have a
tendency to fall to the bottom of the equipmentÕs tank and are not available to be sampled or are removed in the ßushing
of the valve. Some agitation by ultrasonic techniques is recommended before performing the particle count.

6.3.8 Power factor

This test covers the determination of the power factor of new and service-aged oil.

This test should be used to indicate the dielectric losses in oil when used in an alternating electric Þeld and to
indicate the energy dissipated as heat. Power factor is the ratio of the power dissipated in the oil in watts to
the product of the effective voltage and current in voltamperes, when tested with a sinusoidal Þeld under pre-
scribed conditions. A low power factor indicates low dielectric losses. It is useful as a means to ensure that
sample integrity is maintained, and as an indication of changes in quality resulting from contamination and
deterioration in service or as a result of handling. Oil samples that are defective often pass other standard
electrical and chemical tests, yet fail this test. Empirical values exist with respect to condemning limits for
operation of the equipment (refer to ASTM D 1524-84).

This test may be satisfactorily performed in the Þeld, as well as in a laboratory environment. A visual test
should be performed to ensure that the sample does not contain air bubbles due to agitation during transport.
After allowing the specimen to settle in the test cell, ASTM D 924-82b should be followed in a laboratory. In

Relative number of particles 
per 10 mL of oil

Relative
condition

<1500 Normal

1500Ð5000 Marginal

>5000 Contaminated
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the Þeld, the recommendations of the test equipment manufacturer should be followed. The percent power
factor value for the sample should be determined using these procedures and should be corrected to 20 °C
for a Þeld test. In a laboratory, tests are typically performed at 25 °C and 100 °C.

Interpretation: The maximum recommended levels of percent power factor for different categories of new
and service aged oils are shown in table 6.

The power factor limits given for oil are based upon the understanding that power factor is an indicator test
for contamination by excessive water (in combination with particulate matter) or polar or ionic materials in
the oil. Most in-service oils have a power factor at 25 °C of <0.2%.

High levels of power factor (>0.5% at 25 °C) in oil are of concern because contaminants may collect in areas
of high electrical stress and concentrate in the winding, making cleaning of the transformer difÞcult and
masking changes in winding power factor due to other causes such as changing water content. Very high
power factor (>1.0% at 25 °C) in oil may be caused by the presence of free water, which could be hazardous
to the operation of a transformer. Whenever there is high power factor in oil the cause should be sought.
Oxidation, free water, wet particles, contamination, and material incompatibility are all possible sources of
high power factor in oil. 

For further information refer to IEEE Std C57.106-1991.

Table 6ÑMaximum suggested power factors for different categories of
new and service aged oils

Type of oil Voltage class
(kV)

% Power factor
at 25 °C

% Power factor
at 100 °C

New oil as received 0.05 0.30

New oil received in new 
equipment

<69 0.15 1.50

69Ð230 0.10 1.00

New oil after Þlling and 
standing, prior to energizing

0.10 Ñ

Service aged oilÑGroup I

<69 0.5

69Ð288 0.5

³345 0.5

Service aged oilÑGroup II

<69 0.5

69Ð288 0.5

³345 0.3

Service aged oilÑGroup III

<69 1.0

69Ð288 0.7

³345 0.3
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6.3.9 Polychlorinated biphenyl (PCB) content

This test covers the determination of the PCB content of service-aged oil.

PCBs are regulated substances in many countries. For this reason it is important to know the present
condition of all power equipment with regard to its PCB concentration. A low PCB concentration (<50 ppm)
generally indicates an extremely low risk (according to the U.S. EPA) and the oil is classiÞed as non-
contaminated. A moderate PCB concentration (³50 ppm but <500 ppm) causes the oil to be classiÞed as
contaminated. Any concentration ³500 ppm is considered as if it were pure PCB. Because most laws deal
with the PCB concentration of the involved ßuid, it is most important to be aware of the PCB concentration
of all insulating ßuids on any given system. Local governmental regulations may require speciÞc values of
even <50 ppm.

This testing may be satisfactorily performed in the Þeld, as well as in a laboratory environment. ASTM
D 4059-91 should be followed in a laboratory. In the Þeld, there are a number of commercially available
screening kits. The expiration date should be checked before proceeding with the test. These types of tests
only estimate the PCB concentration and do not give exact numerical values. It is essential that the manufac-
turerÕs recommendations be followed precisely when performing the Þeld screening test. This type of test
will give a positive indication for all chlorinated compounds whether they are PCB or not. Therefore, care
should be taken not to introduce other chlorinated compounds into the procedure.

Interpretation: PCB regulations vary from area to area and state to state. Local regulators should be
consulted for appropriate guidelines for particular areas.

6.3.10 Sludging condition

This test covers the determination of pentane-insoluble sludge present in service-aged oil. This test is gener-
ally not performed unless IFT is <.026 N/m (<26 dyn/cm) or the NN is >0.15 mg KOH/g oil.

Sludge is a resinous, polymeric-type substance that is partially conductive, hygroscopic, and a heat insulator.
If there is water in the transformer, it will be attracted to the sludge. The presence of soluble sludge should be
an indication of deterioration of the oil, presence of contaminates, or both. It serves as a warning that there
may be formation of sediment. This test should be generally applicable to service-aged insulating oils and
the speciÞc test, a portion of ASTM D l698-84, is intended to determine the extent to which the insulating oil
has begun to sludge. The test has value in determining the proper procedure for performing maintenance on
a transformer. If the oil has not started to sludge or is only sludging slightly, the transformerÕs oil may be
circulated through a Þltering (reclaiming) system, thus extending the life of the oil and the transformer. If the
oil has progressed into sludging such that sediment exists, more dramatic maintenance procedures may be
required, including the removal of the transformer from service and a thorough washing down of the insula-
tion system, tank, and cooling system. This is necessary since sludge (sediment) and moisture will become
trapped in cooling systems reducing effective cooling. There is also a possibility that the moisture-laden
sludge will collect in critical regions of electrical stress and result in premature failure or, at the least,
reduced heat transfer efÞciencies.

A 50 mL sample of the transformerÕs oil should be obtained. Two mL from each sample should be drawn
into 20 mL shell vials. The 10 ´ 1.8 cm size generally will give the best results. Ten mL of n-pentane should
be added to the sample which should then be well stoppered and shaken. The sample should then be stored
in a cool dark area for 24 h. After storage it should be examined for traces of sludge. The examination is
performed by slowly tilting the vial so that a bubble of air runs along the vial to the bottom and causes
turbulence. If sludge is present it normally will appear as a dark or cloudy mass at the bottom of the vial.
Most sludges are gelatinous clumps or Þne particles. If tiny solid particles are visible at the Þrst instant of
turbulence in the bottom of the vial, the test is considered positive. If none is observed, the test is negative.

Record as: A) No sludge, B) Light sludge, C) Heavy sludge

NOTEÑTiny, solid particles may not be sludge. They could be clay Þnes or artifacts.
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Interpretation: The following table indicates the action required depending on the degree of sludge in the oil.

6.3.11 Visual

This test covers the determination of free water or sediment such as metal particles, insoluble sludge, carbon,
Þbers, dirt, etc., in service-aged oil, and the analysis and diagnosis of these Þndings.

If insoluble contaminants are present in the oil, valuable information concerning the condition of the trans-
former and its components may be obtained by Þltering the oil and identifying the residue. This test method
may ultimately incorporate a number of other tests such as ASTM D 1500-91 to help in the diagnosis of the
potential problem.

This test is primarily designed for estimating, during a Þeld inspection, the color and condition of a sample
of oil. Follow procedure ASTM D 1524-84 to obtain results.

Interpretation: Visual examination of oil for ASTM color and the presence of sediment. The oil should be
sparkling, bright, and clear.

The observation of cloudiness, particles of insulation, products of metal corrosion, or other undesirable
suspended materials, as well as any unusual change in color should be followed up with more precise
laboratory examination and analysis for proper diagnosis.

6.3.12 Water content

There is always some moisture present in any practical transformer. In addition, since the paper in the
insulation system has a great afÞnity for water, most of the moisture present will be in the paper.

The dielectric strength of the paper is very sensitive to the presence of moisture as is the oil. Therefore, it is
important that the moisture content be known and its concentration controlled. An estimate of the moisture
content of the paper is determined by measuring the moisture content of the oil.

Water migrates between the solid and liquid insulation in a transformer with changes in load and, therefore,
temperature. Consequently, the concentration of water-in-oil alone expressed in parts per million does not
provide sufÞcient information to obtain an adequate evaluation of the insulation system dryness. Relative sat-
uration provides a better evaluation under a wide range of operating conditions and temperatures. Even using
percent saturation to evaluate insulation system dryness has some inherent biases due to the fact that water
never reaches equilibrium in the solid and liquid insulation. The further from equilibrium the system is when
the sample is taken, the greater the bias. The bias may be either positive or negative and can be affected by
short-term transients at solid/liquid surfaces or by longer-term transitions within the thicker insulation. 

Further insight concerning the relative amounts of moisture in the oil and paper insulation may be gained
from Þgures 10 and 11. After measuring the moisture content of the oil sample in the laboratory, the percent-

Level of soluble sludge/
sediment in sample Required action

None No action is required. Continue to monitor.

Light Reclaim the oil.

Heavy The oil should be scrapped. The system should thoroughly 
ßushed and new (or reclaimed) oil should be added.
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age saturation at any temperature may be determined from Þgure 9. It is important that the percentage
saturation does not approach 30% at the lowest temperature that the transformer may be exposed to. 

Once the moisture content of the oil is determined for a given temperature, the corresponding moisture
content for the paper may be estimated from Þgure 11. Some general guidelines for interpreting data
expressed in percent saturation of water in oil and in percent moisture by dry weight of paper are presented
in tables 7and 8, respectively.       

          

Table 7ÑGuidelines for interpretation of % saturation of water in oil

% Water saturation
of oil Condition

0Ð5 Dry insulation

6Ð20 Moderate to wet.
Lower numbers indicate fairly dry to moderate 
levels of water in the insulation, whereas values 
towards the upper limit indicate moderately wet 
insulation.

21Ð30 Wet

>30 Extremely wet

Table 8ÑGuidelines for interpretation of % moisture by dry weight of paper

% Moisture by dry 
weight in paper Condition

0Ð2 Dry paper

2Ð4 Wet paper

>4.5 Excessively wet paper
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Figure 10ÑMoisture saturation curves for mineral oil
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Figure 11ÑPercent moisture by dry weight of cellulosic insulation

Correlation multiplier

To determine the % moisture by dry weight (% M/dw) of cellulosic insulation:
1) Determine PPM of H2O.
2) Determine temperature of the bottom sample.
3) Add 5 °C to item 2.
4) Determine the correlation multiplier from graph using temperature from item 3.
5) Multiply PPM of H2O by correlation multiplier to get % moisture by dry weight of cellulosic insulation

Redrawn with the permission of S.D. Meyers, Inc.
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6.3.13 SpeciÞc gravity

This test determines the relative density of the transformer oil which is the ratio of the mass of a given
volume of oil to the mass of an equal volume of water at the same temperature (15.6 °C).

The speciÞc gravity of a mineral insulating oil inßuences the heat transfer rates and may be pertinent in
determining suitability for use in speciÞc applications. In cold climates ice may form in a de-energized unit
so the maximum speciÞc gravity of the dielectric oil should be at a value that will ensure that ice will not
ßoat in the unit. The oilÕs range should be from 0.84Ð0.91 (refer to ASTM D 3487-88). Water has a speciÞc
gravity of 1.0. Ice is typically 0.91. Thus in a water, oil, ice scenario both water and ice will be heavier than
the oil. 

This test can also be helpful in determining if the insulating ßuid is oil, silicone, or askarel as the densities
vary widely from ßuid to ßuid. ASTM D 1298-85 should be followed in the laboratory.

6.4 Tap changers

6.4.1 General

The two types of tap changers in a power transformer are tap changers for de-energized operation and LTCs.
The construction of tap changers for de-energized operation is such that they shall only be operated with the
transformer de-energized. Failure to do so will result in severe equipment damage, personal injury, and
possible loss of life. They are normally located in the higher voltage winding of a power transformer. LTCs
are designed to be operated while the transformer is energized. LTCs may be located in either the high-volt-
age winding or the low-voltage winding, depending on the requirements of the user, the cost effectiveness of
the application, and tap changer availability.

6.4.2 General inspection procedures for LTCs

In the operating cycle of all LTCs, adjacent taps should be connected together at the point of transferring
current from one tap to another. In an LTC, an impedance is introduced between these taps to control the
circulating current at the point where the taps are connected together. In early designs, reactors were used as
the transition impedances, while newer designs use resistors. In the load transfer operation, current is
interrupted by a diverter switch. This switch may be an arcing-in-oil switch or a vacuum switch.

Equipment that is utilized as a current-interrupting device requires periodic inspection and maintenance. The
frequency of inspections should be based on time in service, range of use, and number of operations. The
inspection intervals described below are indicative of frequently used values. However, the actual intervals
to be used are those speciÞed by the manufacturer unless previous operational experience indicates that more
frequent inspections are necessary. An initial inspection should be made on a tap changer at the end of the
Þrst year of operation. Subsequent inspections should be based on the results obtained from the initial
inspection at the end of the Þrst year of service. Regardless of the measured contact wear, the inspection
interval should not exceed Þve years.

LTCs may be supplied in a separate compartment, which is welded or bolted to the transformer tank, or they
may be located within the transformer tank. Generally, reactor transition tap changers, whether with arcing
diverter switches or vacuum diverter switches, are built into a separate compartment. Resistor transition tap
changers are sometimes located in a separate tank and sometimes within the main transformer tank. Those
tap changers located within the transformer tank have two main components. The Þrst is a separate cylindri-
cal insulating tank that contains the diverter switches and transition resistors. This tank is sealed, so that the
oil within it cannot mix with the main transformer oil. Directly under the sealed diverter switch tank will be
the tap selector and changeover selector switch. Since no arcing occurs on these switches, they may be
located in the main transformer oil. However, since they are located within the main transformer tank,
inspection of these contacts cannot be made without removing the oil in the transformer tank. However, the
diverter switches can be removed from this cylindrical tank for inspection without removing oil from the
transformer tank.
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While still in service, a separate LTC compartment may be inspected with an infrared scanner (see annex C).
Normally the temperature of the compartment may be a few degrees Celsius less than the main tank. Any
temperature approaching or above that of the main tank indicates an internal problem. Prior to opening the
LTC compartment, it should be inspected for external symptoms of potential problems. Such things as integ-
rity of paint, weld leaks, oil seal integrity, pressure-relief device, and liquid level gauge are all items that
should be inspected prior to entering the LTC.

Following de-energization, the separate LTC compartment should be drained of oil for internal inspection.
Upon opening the LTC compartment, the door gasket should be inspected for signs of deterioration. The
compartment ßoor should be inspected for debris that might indicate abnormal wear, and sliding surfaces
should be inspected for signs of excessive wear.

6.4.3 SpeciÞc inspection procedures for LTCs

The following checkpoints should be addressed and the manufacturerÕs manual should be consulted for
details to ensure the absence of problems and ensure proper operation in the future.

a) Inspection and maintenance of resistance-type and reactance-type load tap changing equipment
(arcing type) mounted in a separate compartment

1) Function of control switches
2) LTC stopping on position
3) Fastener tightness
4) Signs of moisture such as rusting, oxidation, or free-standing water
5) Mechanical clearances as speciÞed by manufacturerÕs instruction booklet
6) Operation and condition of tap selector, changeover selector, and arcing-transfer switches
7) Drive mechanism operation
8) Counter operation
9) Position indicator operation and its coordination with mechanism and tap selector positions
10) Limit switch operation
11) Mechanical block integrity
12) Proper operation of hand-crank and its interlock switch
13) Physical condition of tap selector
14) Freedom of movement of external shaft assembly
15) Extent of arc erosion on stationary and movable arcing contacts
16) Inspection of barrier board for tracking and cracking
17) After Þlling with oil, a manual cranking throughout the entire range
18) Oil dielectric breakdown voltage

Finally, the tap selector compartment should be ßushed with clean transformer oil. All carbonization
that may have been deposited should be removed.

b) Inspection and maintenance of reactance-type load-tap changing equipment (vacuum type) mounted
in a separate compartment

The checklist for inspection and maintenance of resistance-type load tap changing equipment
(arcing type) should be followed. In addition, the following should also be checked:

1) Vacuum interrupterÕs wear (contact erosion) and presence of vacuum
2) Vacuum monitoring system operation
3) Coordination of vacuum bottles with selector mechanism

There should be only very minor amounts of carbon. The dielectric strength of the oil should be tested (see
6.3.4 for details) and it should be generally clear if the LTC has been operating properly. Refer to the manu-
facturerÕs instruction book for details on oil Þlling of the compartment. Most vacuum LTCs require oil Þlling
under vacuum using degassed oil.
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6.4.4 Tap changers for de-energized operationÑgeneral inspection procedures

The tap changer for de-energized operation is normally located in the higher voltage winding of a power
transformer. Its purpose is to adjust the turns ratio between the primary and secondary windings. Since this
device is basically a switch, few tests are available with regard to its proper operation. Malfunction is
generally indicated by the generation of excessive combustible gasses in the oil. These gasses would be
indicative of hot metal-in-oil without cellulosic involvement.

De-energized tap changers are located within the transformer tank. Therefore, to inspect these devices, it is
necessary to drain the oil to such a level that the tap changer is available for inspection.

Diagnostic checks normally involve veriÞcation of contact alignment, contact pressure, and visual
inspection. Tests involving operation of the tap changer for de-energized operation shall be performed with
the equipment de-energized. Failure to do so will result in violent equipment failure and may cause severe
personal injury. The diagnostic checks are performed as follows:

a) Alignment: After operation, correct positioning should be veriÞed by performing a turns ratio test.
This check is to determine the proper alignment of the contacts of the tap changer for de-energized
operation without entering the transformer tank. Improper alignment of the contacts may cause high
contact temperature and ultimately result in failure of the power transformer. This is normally the
Þrst test to be performed on the tap changer.

A transformer turns ratio tester is connected to the high voltage and low voltage windings of the
phase to be tested. After nulling the meter, the tap changer operating handle is slowly moved in one
direction until the null is lost. The position of the handle is marked on the face of the selector plate.
The operating handle is then moved in the opposite direction until the null reappears and is
subsequently lost again. This new position is also marked on the selector plate. The operating handle
is then restored to the ON position. The Þnal location of the handle should be halfway between the
marks. Any signiÞcant deviation is indicative of misalignment and will require repairs before the
transformer is re-energized. The above procedure should be repeated for all tap settings.

b) Contact pressure: Any of the techniques described in 6.1.1 may be used to measure the resistance.
The measured resistance values should be corrected to factory values. Any substantial deviation
(increase over factory values) could be indicative of improper contact pressure. In addition, if the
transformer also has a LTC, the LTC switch should be in the NEUTRAL position in order to
compare the measured resistance readings with factory values. In single-phase or wye-connected
transformers, any phase which has a signiÞcantly higher resistance has a suspect contact. In a delta
conÞguration, the single winding between the bushings where the signiÞcantly higher reading was
obtained has a suspect contact. The other readings in the delta will be affected, but to a lesser degree.
The measurements should be performed on each tap position of the tap changer for de-energized
operation.

If any of the resistance measurements are abnormal, the oil should be removed and the tap changer
switch should be isolated. Resistance measurements should be repeated across the isolated switch in
order to conÞrm the suspected defect before undertaking repair.

c) Visual: Failure of alignment and contact pressure tests to reveal a problem with a tap changer for de-
energized operation will require the performance of a visual inspection. This test should be
performed as a last resort since oil is removed from the transformer. Extraordinary efforts may be
required to observe the tap changer if access is difÞcult. For example, a ßexible Þber-optic viewing
device may be required to view the tap changer. The tap changer should be examined for signs of
burning or tracking. Any such damage should be corrected before restoration.
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6.4.5 Voltage regulators

A regulator is a device that will maintain a pre-selected voltage level on a regulated system regardless of
load ßuctuations within its rated capabilities. The main components in a step-voltage regulator are a tapped
autotransformer, an under-load tap changer, and a control.

Maintenance checks are normally performed in two stages, while the equipment is energized and while the
equipment is de-energized. The details of these checks are described below.

a) Energized. While still in service, the following checks may be made:

1) The oil level which can be read from the oil level gauge on the side of the unit.
2) The operation of the regulatorÕs control system may be checked by using the manual mode of

operation and running the regulator to a position outside the voltage bandwidth in the raise
direction. The controls should then be switched to the AUTOMATIC setting. After the time
delay programmed into the control expires, the regulator should return within bandwidth (which
is normally the same as the starting position unless the incoming voltage is constantly varying).
In order to check the lower direction, the above procedure should be repeated.

3) The temperature of the regulator should be checked by means of the top oil thermometer and
winding temperature indicator (if supplied) or by infrared scanning techniques (see annex C). A
comparison can be made between identical units on different phases.

4) If water leaks into the tank are suspected, the moisture content of the oil and its dielectric
strength should be checked.

b) De-energized. After disconnecting from service, the following measurements should be made:

1) Insulation resistance of winding
2) Insulation power factor
3) Winding ratio
4) Winding resistance
5) Dielectric breakdown strength of oil

A visual check of bushings for signs of cracks and/or oil leaks should also be performed. This is difÞcult
when energized.

If the regulator has to be untanked following the above procedures, the items listed below should be checked.

Ñ All connections should be examined for tightness.
Ñ All contacts should be examined for wear following guidelines from the manufacturerÕs manual.
Ñ The manufacturerÕs guidelines should be followed for the retanking procedure.

6.5 Core

6.5.1 General

Transformer core types are designated as core-form or shell-form. In a core-form transformer, the windings
are wound on cylinders and placed around the core legs. In a shell-form transformer, the core is formed like
a shell around the windings after the windings are set in the tank. In both types, the core is insulated from the
tank and other grounded items. In addition, a single-point ground is installed to prevent a voltage rise from
occurring on the core during operation. Should an inadvertent ground occur while the transformer is in
service, a circulating current may be generated in the core. The magnitude of the circulating current will be
inversely proportional to the resistance of its path. Severe damage may occur to the core if this condition is
allowed to persist. The heat produced by this condition may generate large quantities of ethylene gas, and
under severe conditions, quantities of acetylene. Under most extreme conditions, winding insulation can be
destroyed, thus causing the transformer to fail. To ensure proper operation of the core system, a check should
Þrst be made to determine if an inadvertent core ground exists. In the absence of an inadvertent core ground,
the core insulation resistance should be measured to determine its adequacy.
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6.5.2 Core insulation resistance and inadvertent ground tests

The resistance of the coreÕs insulation system should be measured at regular intervals. Trends are important
to indicate the rate of deterioration of a coreÕs insulation system. This test should be performed prior to a unit
being placed in service or following modiÞcations to the transformer that could affect the integrity of its core
insulation. This test may also be performed at other times, usually during a major inspection.

In addition to measuring the core insulation-to-ground resistance, the technique may also be used to detect
the presence of inadvertent grounds.The only way to be sure that an inadvertent core ground exists is to
remove the equipment from service and perform a resistance-to-ground test on the core itself. This test can
be successfully performed only after the core grounding strap is disconnected from ground. On shell-form
equipment, the ground strap is generally not easily accessible. In this case, the manufacturer or a qualiÞed
consultant should be contacted. Many devices have more than one core or have the core divided into separate
units. All cores and/or units may be tested together, but if an inadvertent core ground is indicated, their straps
should be separated for independent testing.

This test should be performed prior to a unit being placed in service or following modiÞcations to the trans-
former that could affect the integrity of its core insulation. At other times, this test should be performed
when indicated by gas chromatography or during a major inspection.

Test procedure: For insulation resistance and inadvertent ground tests the voltage should not exceed 1000 V.
The following sequence should be performed:

a) The core grounding strap should be located. On modern core-form transformers, the core ground
connection may be brought through the cover by means of a small bushing. Thus the transformer
need not be opened.

b) The strap should be disconnected from where it is bolted to the frame, tank, etc. 

Precautions: Care should be taken to secure all hardware as the strap is disconnected. Sometimes the
fastener is not captive. The dropping of a lockwasher or nut down into the windings may lead to fail-
ure of the transformer. Care should be taken to secure all hand tools and hardware.

c) A test should be made between the strap and its grounding point to determine if an inadvertent
ground exists. This is usually performed by utilizing a dc high-resistance meter. Readings <10 MW
should be read on a lower scale for accuracy.

d) The temperature of the core should be estimated to give a corrected reading.

Interpretation: See table 9.

Table 9ÑTypical insulation resistance ranges for various conditions of core insulation

Type of equipment Core insulation 
resistance Condition of insulation

New >1000 MW

Service-aged

>100 MW Normal

10Ð100 MW Indicative of insulation deterioration

<10 MW SufÞcient to cause the generation of 
destructive circulating currents and need 
to be investigated
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6.5.3 Location of an inadvertent core ground

If an inadvertent core ground exists, decisions on whether detection or location and repairs are to be
performed in the Þeld depend on the circumstances involved. Visual inspections may typically reveal the
source of the inadvertent core ground if that inadvertent ground is along the top core yoke of a core-form
transformer. Otherwise, locating it and determining a remedy can be quite difÞcult. The severity of the
problem, importance of the equipment, its size, type of construction, and other factors should be considered.
On shell-form equipment the ground strap is generally not easily accessible. In this case, the manufacturer or
a qualiÞed consultant should be contacted for assistance. 

The following procedure should be followed to locate inadvertent core grounds:

a) The core grounding strap should be located.

b) The strap should be disconnected from where it is bolted to the frame, tank, etc. 

Precautions: Care should be taken to secure all hardware as the strap is disconnected as failure to do
so may result in failure of the transformer.

c) A 12 V battery or equivalent isolated dc source should be connected across the core from side to
side. This connection should cause the batteryÕs voltage to bridge all of the coreÕs laminations.

d) The negative lead of a dc voltmeter should be connected to a convenient point of ground inside the
tank.

e) Contact should be made with the positive lead of the voltmeter to the coreÕs lamination, starting at
one side of the core. A voltage should be observed. If not, the contact should be moved to the other
side of the core. The contact should be moved gradually across the core, moving at right angles to
the coreÕs laminations, until the voltmeter reads zero.

Interpretation: The lamination plane at the zero point is the location of the inadvertent core ground. A visual
examination of this plane may reveal the source of the inadvertent ground and its remedy may be self-
evident. If not, the core ground strap can be moved to this plane. Relocation of the strap will not eliminate
the inadvertent core ground, but will reduce the core circulating current to an insigniÞcant level.

Alternatively, if the core is grounded externally to the tank, the circulating current may be reduced by
connecting a resistor between the ground connection and the tank. The resistor will limit circulating currents
to a safe level. This provides an opportunity for in-service monitoring by measuring the voltage across the
resistor. This technique should only be used after consultation with the manufacturer.

6.6 Tanks and associated devices

6.6.1 General

Almost all electrical equipment is contained in some type of tank. This tank provides mechanical protection
for the equipment and also acts as a reservoir for the insulating liquid surrounding the equipment. Attached
to the tank are a number of bushings, Þttings, and associated devices. The types and number of these devices
attached to the tank vary with the size, voltage class, and use of the equipment. Generally a device provides
one of three or more functions. The most common of these are

a) Visual indication of a condition or state

b) An alarm indication of some abnormality

c) A beneÞt to the electrical performance of the equipment
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6.6.2 Conservators

Conservators are vessels normally located at an elevation higher than the cover of the tank. They can,
however, be located on a structure immediately adjacent to the tank. The bottom of the conservator is
elevated above the top of the tank and is connected to the tank by piping. This positioning allows the oil in
the tank to always remain at a positive pressure with respect to the atmosphere, thus preventing the possibil-
ity of tank moisture inception. There is usually a valve on the pipe and an oil level indicator on the side of the
vessel. The purpose of a conservator is to act as a reservoir for the tankÕs oil as the equipmentÕs operating
temperature rises. It functionally acts as an expansion vessel for the tankÕs oil.

There are basically three types of conservator systems. The Òfree-breathingÓ system is the older of these
types. The oil level rises and falls with the temperature of the equipment, and the oil is constantly exposed to
the atmosphere. Some free-breathing conservators may employ dehydrating breathers of either the desiccant
or refrigerant type. Both of the other two types of conservators prevent the oil from coming in contact with
the atmosphere. The newer type uses an air-cell (sometimes referred to as a ÒbladderÓ), which is a large
balloon-like envelope located inside the conservator. As the oil level in the conservator rises and falls, air is
expelled or drawn into the air-cell. The older type has a diaphragm attached to the inside of the conservator
vessel wall that rises with the expansion of the equipmentÕs oil.

Checks should be carried out according to the procedure described below:

Procedure: The oil level indicated on the liquid level gauge on the side of the conservator vessel should be
recorded. This reading should be made with respect to the 25 °C mark on the gauge. The top oil temperature
of the equipment should then be recorded. The top oil temperature reading should be used to correct the oil
level gauge reading. The resulting corrected level should be in the normal (25 °C) range.

Interpretation: If the corrected level is normal, no additional action should be required. If the corrected level
is substantially above or below the normal level, the measurements and calculations should be rechecked. If
the results are the same, it may be necessary to add or remove, as the case may be, some of the equipmentÕs
oil. The user should refer to the manufacturerÕs recommendations. In addition, the cause of any incorrect
level should be determined and corrective steps should be taken prior to taking any other action. Generally
the corrected level should remain fairly constant unless there is an oil leak, etc.

Precautions: Oil sampling for diagnostic testing is typically performed on an energized transformer.
Otherwise, oil should never be added or removed from an energized transformer, except in the most extreme
circumstances, and then only with great knowledge and care.

6.6.3 Cooling system

Large power transformers are Þtted with some type of cooling system. Cooling systems generally consist of
combinations of radiators, pumps, and fans. 

6.6.3.1 Cooling fan controls

Cooling fan controls are designed to operate both manually and automatically. The automatic function is
generally related to load or energization (or both). If the transformer is single rated, the cooling equipment
should operate when the transformer is energized, since this type of transformer has no self-cooled rating
and will otherwise severely overheat. Triple-rated transformers have a self-cooled rating, as well as two
other stages of cooling. These stages of cooling can be initiated by either oil temperature controlled switches
or a device that is sensitive to the transformer loading such as a winding temperature indicator, which has
become the preferred method.

Checks should be carried out according to the procedure described below.
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Procedure: The type of cooling control system installed on the transformer should be determined in order to
ascertain what inspections or tests are required. Running of high speed pumps by manual control in some
cooling systems, may, under certain conditions, result in static electriÞcation failure of a power transformer.
The manufacturerÕs up-to-date recommendations should be referred to.

Manual control: This should be turned on for a brief period to ensure that each stage has sufÞcient voltage to
operate. Fan operation should be observed. Oil pumps should be checked by observing their ßow gauges.
The manufacturerÕs recommendations should be referred to.

Temperature control: The temperature bulb should be removed from its well on the side of the transformer.
The master control should be set to the AUTOMATIC position. Using a temperature controlled calibration
instrument, the temperature of the bulb should be slowly raised and observed for proper calibration
(operation).

Load control: The secondary current of the controlling current transformer (CT) should be checked to ensure
that it is operating properly. After shorting out the secondary of the CT (if transformer is energized) the
secondary lead should be removed from the control circuit. Current should then be injected into the control
circuit and the level of this current varied in order to observe proper operation.

Interpretation: Any improper operation should be corrected to ensure satisfactory performance of the
transformer.

6.6.3.2 Rotation of cooling fans

Cooling fans are designed to move air at ambient temperature across the radiator or cooler and provide heat
transfer from the equipmentÕs insulating liquid to the surrounding atmosphere.

The rotation of the fan blades should be observed to ensure that the air ßow is in the proper direction for the
type of device involved. Observation may be facilitated if it is performed at a lower-than-normal speed,
either during start-up or immediately after switching off.

Interpretation: Corrections to rotation should be made as indicated by inspection.

6.6.3.3 Visual inspection of cooling fans

Cooling fans are designed to enhance the transfer of heat generated by electrical equipment to the
atmosphere. Assuming that the fans are properly dimensioned with respect to the design of the cooling
system, it is only important to ensure that they are operating at their design speed, that airways are not
blocked, and that guards and blades are not damaged.

CAUTION 

Extreme caution should be observed when performing operations or with the secondary 
of an energized CT. If the secondary of the CT becomes open circuited (no burden) while 
the CT is energized, catastrophic results can occur without warning.

CAUTION 

When examining fans, care should be taken not to come into contact 
with the blades while they are rotating
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At least two fans should be observed while they are running. Any fan that is running at less than its design
speed will be obvious to the naked eye. For more precise measurements, a tachometer or other type of timing
device may be used, but this is rarely necessary. Visual inspection should be made for any trash or debris that
could reduce the air ßow onto the heat exchanger surface. The fan guard and blade should be examined for
signs of distortion or other damage.

Interpretation: Improper air ßow can reduce cooling system efÞciency, cause overheating, and result in dam-
age to electrical equipment. All fans that are not running at design speed should be replaced. After stopping
fans, any obstructions to air ßow should be removed and any damaged fan guards or blades should be
replaced or repaired.

6.6.4 Cooling system heat exchangers

There are basically three types of heat exchangers used to dissipate heat generated by power transformers. 

a) Water cooler: This heat exchanger consists of a set of tubes installed inside the equipmentÕs tank and
immersed in the insulating liquid of the equipment. Fresh water is pumped through these tubes to
carry off excess heat from the insulating liquid. 

b) Oil-water cooler: This heat exchanger is a type of cooler found on older style equipment at generat-
ing plants. 

c) Forced-air, forced-oil cooler: This heat exchanger is found primarily at generating plants and on
large EHV transformers. It is characterized by small, usually vertical tubes wrapped with thin Þns.
The tubes are encased in a shell that is open on one side and has a fan shroud on the other side. Due
to the closeness of the Þns, this type of device is very efÞcient, but is also susceptible to clogging by
debris. Reduced air ßow has a dramatic effect on the deviceÕs efÞciency.

All other transformers are equipped with radiators. This type of cooling is characterized by long, broad, ßat,
hollow tubes mounted between two large pipes called headers. The insulating oil ßows into the upper header,
is cooled, and ßows naturally back through the lower header into the equipmentÕs tank.

The type of cooling device the equipment is Þtted with should be identiÞed and the appropriate instructions
below should be followed.

Water coolers: Water ßow rate should be observed to ensure that this type of cooler is operating at its
maximum efÞciency. Inadequate water ßow or higher water temperatures will reduce the efÞciencies of this
type of system. Oil samples should be taken from the equipmentÕs tank quite often (weekly) with this type of
cooler to determine if they are leaking water into the equipmentÕs tank.

Interpretation: The pressure regulator or water pump output (or both) should be adjusted to ensure proper
water ßow. Any amount of visible water found in the oil sample calls for immediate removal of the equipment
from service until the water leak has been repaired and the spilled water removed from the equipmentÕs tank.

Air coolers: Visual observation should be made through the cooler from one side to the other. It may be
necessary to hold a strong light source on the opposite side to allow for inspection of trapped debris. The
surfaces of the cooler Þns should be examined for signs of contamination. On coolers where the fan action
pulls air through the cooler, a single sheet of typing paper (standard weight) should be placed on the air inlet

CAUTION 

When examining fans, care should be taken not to come into contact 
with the blades while they are rotating
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side. The paper should be held in place by the force of the air ßow. For more precise measurements, an
anemometer may be used to measure air ßow at several points on the cooler for comparison with a service-
able cooler of the same speciÞcations and size.

Radiators: Air ßow is generally not a problem due to the relatively wide spacing between the tubes.

Interpretation: Care should be taken to remove any debris that becomes lodged between the Þns or tubes of
air coolers or radiators. In addition, any contamination build-up should be removed from the Þns or tubes,
when practical, to prevent a reduction in the deviceÕs efÞciency. 

6.6.5 Cooling system pumps

Large power equipment is commonly equipped with liquid pumps to increase the cooling systemÕs
efÞciency. These pumps consist of three-phase or single-phase motors, usually rated in the 230Ð480 V range.
Motor size and pump capacity vary. Most pumps are equipped with sleeve-type thrust bearings as opposed to
ball or roller bearings. The power equipmentÕs insulating ßuid ßows through the motorÕs winding and carries
off heat generated by the losses of the motor. 

6.6.5.1 Bearings of cooling pumps

Bearing wear is a cause of pump failure. For the most part, the only method of determining if excessive bear-
ing wear exists is by removal of the pump for a visual inspection. Abnormal vibration or noise when the
pump is running may indicate a need for further investigation, but is far from conclusive. State-of-the-art
Þber optic wear indicators have been installed on some newer cooling pumps and eliminate the need for
pump removal to determine if wear is excessive.

After removing the pump from the system, the end play of the shaft should be measured. The impeller and
impeller housing should be examined for any wear.

Interpretation: The manufacturerÕs guide should be consulted to determine if excessive bearing wear exists
as indicated by amount of shaft end-play observed. Any indication of wear on the impeller and impeller
housing is indicative of excessive thrust bearing wear.

Precautions: Removal of a cooling pump requires a very precise knowledge of the arrangement of the
cooling system. Equipment and cooling pump shall be de-energized. The cooling system surrounding pump
shall be effectively isolated from the remainder of the equipmentÕs cooling system. Isolating valves should be
closed and the system should be drained before the pump is removed. It is recommended that blanking plates
be installed after the pump is removed. Pumps should never be run without complete immersion in insulating
liquid.

6.6.5.2 Electrical problems of cooling pumps

Due to the integral relationship between a cooling pump and the power equipmentÕs insulating liquid,
electrical problems in the pump motor can give false indications of the power equipmentÕs condition when
utilizing gas chromatography. Partially-shorted motor windings and other electrical problems with the pump
motor will cause the generation of combustible gasses in the equipmentÕs insulating liquid since it should
ßow directly through the pump motor during normal operation.

CAUTION 

When working around fans, care should be taken not to come into contact 
with the blades while they are rotating
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Routinely, or after detecting abnormal levels of combustible gas in the power equipmentÕs insulating liquid,
the current ßowing to each electrical terminal of each pump should be accurately measured while the pump
is operating.

Interpretation: Any signiÞcant imbalance of current between terminals >15Ð20% is indicative of a problem
with the pump motor. Differences between current ranges for like pumps on the same piece of electrical
equipment should be compared. Any signiÞcant difference may be indicative of a restriction in the area of
the cooling system where the pump with the higher current drain is located or a problem within the pump
itself.

6.6.5.3 Rotation of cooling pumps

Cooling pumps are, for the most part, centrifugal type pumps and, as such, will pump some liquid regardless
of their direction of rotation. 

The pumps should be manually turned on and off and the action of each pumpÕs ßow gauge should be
observed while the pump is coming on. The oil ßow should have ceased or be at a bare minimum before
energizing the circuit.

Interpretation: Pumps that have their direction of rotation reversed build up ßow at a visibly slower rate than
normally operating pumps. If the movement of the ßow gauge ßag is sluggish where three-phase motors are
used, there is an indication of reverse rotation. Reverse any two electrical leads supplying the suspect pump
and re-energize. The movement of the ßow gauge ßag should now be much more prompt.

6.6.6 Fault gas detector relayÑoperation

In general, only conservator-equipped power transformers are equipped with fault gas detector relays. The
gas detector relay detects the presence of free gas liberated from the oil, indicating a level of gas generation
beyond the dissolved gas saturation limits of the oil. Air leaking into the transformer, usually during
extremely cold ambients, occasionally can also register on the gas detector relay.

The accumulated gas should be analyzed per the manufacturerÕs instructions whenever the gauge indicates
any value above zero. Dissolved gas-in-oil analysis would also be appropriate at this time.

Some devices in use on transformers also perform some limited on-line, dissolved gas-in-oil analysis. The
purpose of these devices is to alert the user when gas generation rates exceed pre-determined limits. When
this alert is received, more detailed laboratory gas-in-oil analysis can be performed.

6.6.7 Fault pressure relay 

There are two types of sudden pressure relays. The most common type is mounted under the oil. The other
type is mounted in the gas space. Internal arcing in liquid-Þlled electrical power equipment generates
excessive gas pressure that can severely damage equipment and present extreme hazards to personnel. The
sudden pressure relay is intended to minimize the extent of damage by quickly activating protection systems.

The manufacturerÕs recommendations should be referred to for adjustment, repair, or replacement of
improperly operating devices.

6.6.8 Flow gauge operation

All power equipment cooling pumps should be equipped with a cooling pump ßow gauge. This device is
used to determine whether there is oil ßowing through the pump. It is not indicative of the velocity of the oil
or the condition of the pump.
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After making sure that oil cooling pumps are on, ßow gauge should be observed for indication of ßow. The
pump should then be turned off momentarily to check that the gauge position changes to the OFF (no ßow)
position.

Interpretation: If the pump is on and no ßow is indicated, the sending unit may be defective. If the pump is
turned off and the ßow gauge continues to indicate ßow, the gauge is probably stuck in the ßow position and
the sending unit or entire gauge may need to be replaced. It is normal for the gauge to continue to indicate
ßow for a brief period before indicating off (no ßow), following the turning off of a pump. This is due to
conservation of momentum with respect to the oil.

Precautions: Lack of ßow from oil cooling pumps during operation may be indicative of imminent failure.
Necessary corrective action should be taken immediately.

6.6.9 Visual inspection of liquid level gauges

Knowledge of the oil level in a transformer tank is of paramount importance. Most tanks are equipped with a
liquid level gauge normalized for 25 °C operation. As the temperature of the liquid changes, the level will
rise or fall correspondingly. The equipmentÕs nameplate may state the increment of increase or decrease in
liquid level for each ten degree variation in liquid temperature. This speciÞcation may also reference the
distance from the tank cover to the liquid at a speciÞc reference temperature (usually 25 °C). The common
gauge is a ßoat type with a round face and is generally equipped with one or two alarm contacts. One contact
will indicate low liquid level, while the second, if supplied, will indicate high liquid level. The face is usually
marked at the 25 °C (or Normal) point, High, and Low. The last two indications are relative and have no spe-
ciÞc relationship to any real value.

The indication of the needle on the face of the liquid level gauge should be observed. This reading should be
reasonably normalized with respect to the top oil temperature reading.

Calibration of this gauge should never be required. If the gauge is out of calibration, replacement is
recommended.

Precautions: It is important to maintain proper oil level throughout the entire temperature operating range of
the equipment. Failure to do so may result in loss of cooling and, in severe cases, damage to equipment.

6.6.10 Visual calibration of pressure gauges

The internal pressure of a power equipment tank is a function of liquid temperature and gas generation. This
pressure is measured by a pressure gauge that should be calibrated periodically per appropriate standards.

On an LTC compartment or regulator there should be a small positive pressure, relative to that in the power
transformer tank. If the LTC is of the vacuum-bottle type, there should never be any pressure buildup. In an
LTC with a sealed compartment, pressure will build up with every tap change operation. These compart-
ments are supplied with a pressure relief valve that opens at about 3 psi and re-seals at about 1 psi. This
prevents any ingress of moisture into the tap changer compartment.

Precautions: High pressure can be indicative of extremely serious operating conditions and should be
investigated immediately. 

6.6.11 Temperature gauges

Oil temperature and hot spot temperature gauges are important for proper operation of the transformer.
These gauges not only indicate temperature but also operate the fans and coolers by means of microswitches
that can be adjusted for various temperature settings. These gauges should be calibrated on a regular basis on
site with portable devices or in the laboratory.
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a) Calibration of top oil temperature gauge: The gauge should be removed from the transformer and
the sensing bulb should be placed in a controlled hot oil bath. Calibration should be checked at
several points on the gauge.

b) Calibration of winding hot spot temperature gauge: Based on measured temperature rises, or data
from tests of a thermally duplicate transformer, bias current to the heating coil of the winding
temperature indicator is factory adjusted to simulate the same gradient in degrees Celsius over top
oil rise as will be experienced by the hottest spot in the transformer windings.

Current in the heater circuit is adjusted by the transformer manufacturer; the magnitude of this current
should be known to allow calibration of the unit to be veriÞed. The calibration curve of the heater current vs.
hottest spot gradient is available from the transformer manufacturer.
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Annex A

(informative) 

Power factor measurements

A.1 General

Most modern dielectric-loss test sets are equipped with a selectable test conÞguration that simpliÞes the
testing of complex insulating systems. The selections available include ungrounded specimen test (UST),
grounded specimen test (GST), and grounded specimen test with guard. These conÞgurations allow each
section of complex insulating systems to be tested separately.

It is important for individual sections of insulation to be tested separately if possible, to prevent large
sections from concealing the deterioration in small sections.

A.2 Ungrounded specimen test (UST)

The UST conÞguration is used for measurements between two terminals of a test specimen that are not
grounded, or that can be removed from ground. In the UST conÞguration, current ßowing in the insulation
between the voltage lead and the measuring lead of the instrument is measured and current ßowing to
ground is not measured. This conÞguration is illustrated in Þgure A.1 a).

A.3 Grounded specimen test (GST)

The GST conÞguration permits testing from an ungrounded terminal to a grounded terminal(s). In the GST,
all current ßowing to ground is measured by the test set. This conÞguration is illustrated in Þgure A.1 b).

A.4 Grounded specimen test with guard

The GST-guard conÞguration allows unwanted currents to bypass the measuring circuit, and enables smaller
sections of insulation to be tested individually. Only the ground currents are measured using a GST-guard
conÞguration. Current ßowing to terminals with the guard connection are not measured. This conÞguration
is illustrated in Þgure A.1 c).

A.5 Simple and complex insulating systems

A.5.1 Simple system

A simple insulation system consists of two terminals separated by insulation, and is represented as a single
capacitor. An example of a simple system is an apparatus bushing with its center conductor and mounting
ßange as the two electrodes.

A.5.2 Complex system

A complex insulating system consists of three or more terminals insulated from each other. A three-terminal
system can be represented by a network of three capacitors, and a four-terminal system by six capacitors (see
Þgure A.2). Two-winding transformers and high-voltage circuit breakers are complex systems.
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a) Low-voltage switch in USTÑ
Measure CB only (ungrounded-specimen test mode UST)

b) Low-voltage switch in groundÑ
Measure CA and CB (grounded-specimen test mode GST)

Figure A.1ÑMeasuring circuit conÞgurations for power factor measurements
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Figure A.2ÑTest connections for direct measurement of individual component
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Annex B

(informative) 

Bushings6

Bushings may be classiÞed generally by design as follows:

a) Condenser type

1) Oil-impregnated paper insulation, with interspersed conducting (condenser) layers or oil-
impregnated paper insulation, continuously wound with interleaved lined paper layers

2) Resin-bonded paper insulation, with interspersed conducting (condenser layers)

b) Noncondenser type

1) Solid core or alternate layers of solid and liquid insulation

2) Solid mass of homogeneous insulating material (e.g., solid porcelain)

3) Gas Þlled

For outdoor bushings, the primary insulation is contained in a weatherproof housing, usually porcelain. The
space between the primary insulation and the weathershed is generally Þlled with an insulating oil or
compound (also, plastic and foam). Some of the solid homogenous types may use oil to Þll the space
between the conductor and the inner wall of the weathershed. Bushings may also use gas such as SF6 as an
insulating medium between the center conductor and outer weathershed.

Bushings may be further classiÞed generally as being equipped or not equipped with a potential tap or
power-factor test tap or electrode. 

NoteÑPotential taps are sometimes also referred to as ÒcapacitanceÓ or ÒvoltageÓ taps.)

The bushing, without a potential tap or power-factor tap, is a two-terminal device that is generally tested
overall (center conductor to ßange) by the GST method. If the bushing is installed in an apparatus, such as a
circuit breaker, the overall GST measurement will include all connected and energized insulating compo-
nents between the conductor and ground.

A condenser bushing is essentially a series of concentric capacitors between the center conductor and the
ground sleeve or mounting ßange. A conducting layer near the ground sleeve may be tapped and brought out
to a tap terminal to provide a three-terminal specimen. The tapped bushing is essentially a voltage divider
and, in higher voltage designs, the tap potential may be utilized to supply a bushing potential device for relay
and other purposes. In this design the potential tap also acts as a low-voltage power-factor test terminal for
the main bushing insulation, C1. Refer to Þgure B.1.

Modern bushings rated above 69 kV are usually equipped with potential taps. (In some rare instances 69 kV
bushings were equipped with potential taps.) Bushings rated 69 kV and below may be equipped with power-
factor taps. In the power-factor tap design, the ground layer of the bushing core is tapped and terminated in a
miniature bushing on the main bushing mounting ßange. The tap is connected to the grounded mounting
ßange by a screw cap on the miniature bushing housing. With the grounding cap removed, the tap terminal is
available as a low-voltage terminal for a UST measurement on the main bushing insulation, C1, conductor to
tapped layer.

6© Doble Engineering Company. All rights reserved. Printed by permission of Doble Engineering Company.
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Figure B.1ÑTypical condenser bushing design

NOTES
1ÑEqual capacitances, CAthrough CJ, produce equal distribution of voltage from the energized center conductor to the 
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2ÑThe tap electrode is normally grounded in service except for certain designs and bushings used with potential 
device.
3ÑFor bushings with potential taps, the C2 capacitance is much greater than C1. For bushings with power-factor tap, 
C1 and C2 capacitances may be same order of magnitude.
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Annex C

(informative) 

Infrared temperature measurements

C.1 General

Infrared (IR) temperature measurement systems can provide an effective noncontact means for detecting the
localized temperature anomalies associated with power apparatus. The use of IR emissions to measure
object temperatures is based upon the fact that IR emissions increase with temperature in a predictable way.
Therefore, IR detectors ÒseeÓ heat in the IR spectrum in the way that light can be seen in the visible spec-
trum. The systems offered by manufacturers include spot radiometers, line scanners, pyroelectric vidicon
tube imagers, solid-state detector imagers, and radiometers. These systems are available with different levels
of sophistication in controls and data presentation. 

C.2 IR temperature measurement

IR temperature measurement instruments allow the user to detect the thermal anomalies associated with
many faults in power apparatus. Thermal variations in power apparatus result from increased electrical
resistance due to component failure, fatigue, and mechanical misalignment. The emission of IR energy from
an object increases as a function of the object temperature. The IR instruments collect the energy emitted by
the object of interest and present to the user a qualitative and/or quantitative representation of the object
temperature. This annex is intended to highlight some of the parameters that must be understood when
performing an IR measurement as part of a maintenance program. 

Every object radiates energy. The amount of radiated energy is a function of the object temperature and the
emissivity of the surface. The emissivity is a parameter that speciÞes how well the surface emits radiation.
The value varies from 1.0Ð0.0, where 1.0 is a perfect emitter and 0.0 is a perfect reßector. The value of the
emissivity is equal to one minus the reßectivity if the object does not transmit. As an example, if an object
has an emissivity of 0.9, it will emit 90% of the IR energy emitted by a perfect emitter, while it reßects 10%
of the energy incident upon its surface.

An IR system cannot distinguish between emitted and reßected energy. The user is only interested in
measuring the targetÕs emitted energy, which is a function of the objectÕs temperature. Many IR temperature
measurement systems allow the user to mathematically compensate for the reßected IR energy by entering
an estimated emissivity value. The user should always keep in mind that the source of the reßected IR energy
can have a signiÞcant impact upon the absolute accuracy of the temperature measurement. Some systems
allow the operator to specify the temperature of the reßected source, while others use a nominal ambient
temperature value. The emissivity value is best determined experimentally, by collecting representative val-
ues of the emissivity for various objects of interest. Emissivity data provided by the manufacturer can also be
satisfactorily utilized. As a general rule, most painted, dirty, or corroded objects have a high emissivity value
(0.7Ð0.9). Severe corrosion, while highly emissive, can form an insulating layer that can conceal the true tar-
get temperature. For painted objects, the gloss or shine of the coating is more indicative of the IR emissivity
than is the color. As a general rule, color does not impact the IR emissivity. Shiny metals generally have a
low emissivity value.

The geometry of the measurement setup (angle of incidence) is important because it deÞnes the source of the
reßected IR energy. To a lesser extent, it also inßuences how the surface reßects the IR energy. Regardless of
the angle of incidence, the user should note what source is reßected by the object of interest. When measuring
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temperatures outdoors, care should be taken to eliminate reßections from the sun. Reßected IR energy is not
to be confused with actual solar gain, where the sunÕs radiance actually increases the objectÕs temperature.
Discrimination of reßections can be accomplished by moving the point of observation 90°.

Round or cylindrical objects can be especially difÞcult to measure. Depending on the surface, an accurate
temperature may be available only over a small portion of the object. This effect is clear when using an
imaging system, but spot and line scan systems make it very difÞcult for the user to visualize the geometrical
effect. An extremely valuable practice is to measure the temperature from several different positions to
minimize the chance of error.

The maximum distance between the IR instrument and the target of interest is determined by the instrument
conÞguration, the stand-off distance, and the size of the target. All of the IR systems discussed in this annex
have a minimum target size for which the temperature can be accurately measured. 

For spot radiometers, the measurement region is relatively large and is delineated in the optical viewer of the
sensor or described in the speciÞcations. The manufacturerÕs recommendations should be followed so that
only the object of interest is measured, and the surrounding background is not averaged in with the desired
objectÕs temperature.

Imagers and line scan systems have a relatively small portion of the Þeld-of-view deÞned as the pixel,
resolution element size, or instantaneous Þeld-of-view. This small element is similar to the ÒspotÓ discussed
above for spot radiometers except that it is very small in comparison. Even though it is small, it may view
more than one object at one time. Many systems are provided with a manual that discusses the importance of
measuring temperatures with several pixels aligned on the target. Any such guidelines should be followed to
maximize measurement accuracy. Even though a thin or small object such as a bushing connector can be
seen in the image of the instrument, it does not follow that the measured temperature is accurate unless
enough pixels view only the target, and not the target and background together. This becomes more
important as the distance between the instrument and the object of interest increases. Therefore, high spatial
resolution is very desirable.

The following temperature rises above ambient have been found to be practical during infrared inspections:

Temperature rise above 
ambient (°C) Recommendation

0Ð10 Repair in regular maintenance schedule; little 
probability of physical damage.

11Ð39 Repair in near future. Inspect for 
physical damage.

40Ð75 Repair in the immediate future. Disassemble 
and check for probable damage.

>76 Critical problem; repair immediately.
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Introduction

 

(This introduction is not part of IEEE Std 1276-1997, IEEE Guide for the Application of High-Temperature
Insulation Materials in Liquid-Immersed Power Transformers.)

Liquid-immersed transformers utilizing high-temperature insulation systems are being used increasingly by
the industry, and current standards do not effectively cover their performance criteria. This guide is intended
to give the user some background information on the application and use of high-temperature insulation in
power transformers.

The highest allowable temperature of the transformer winding insulation is an essential parameter in
determining the maximum load that a transformer may reliably carry. If the allowable winding hottest-spot
temperature may be increased, the weight and size of a power transformer may be significantly reduced
while maintaining the same rated power, or, for the same size unit, the allowable power output may be
increased. However, the user must understand the consequences of allowing the transformer temperature to
exceed the material’s accepted limits. The operating life of conventional insulating materials—namely,
paper, transformerboard, and mineral oil—is dependent upon the operating temperature and the
contaminants, including moisture, in the transformer.

Existing transformer standards specify the maximum allowable winding hottest-spot temperature on the
basis of an acceptable normal insulation life. A relationship between temperature and degradation of the
dielectric insulation has been established in IEEE Std C57.91-1995. From this relationship, the loss of
insulation life due to a temporary or permanent loading beyond normal operating temperatures may be
calculated. The actual life of a transformer depends only indirectly on the thermal aging of solid insulation
materials. Laboratory tests of cellulose materials (i.e., paper and transformerboard) have demonstrated that
overheating can significantly reduce their tensile strength with only a slight reduction in dielectric strength.
Therefore, a likely failure mode caused by overheating of the cellulose is the mechanical breakdown of
embrittled insulation during a high-current fault, which can lead to a dielectric breakdown of the damaged
insulation. This phenomenon may hold for other insulating materials as well.

One method of reducing the weight and size of a liquid-immersed transformer without sacrificing its life or
reliability is the use of materials with higher temperature capability. The first step in this direction was made
some 40 years ago when thermally upgraded cellulose was developed for transformer insulation. This
technological improvement increased the rated power of liquid-immersed transformers by 12%, allowing the
average winding rise to increase from 55 °C to 65 °C.

 

*

 

During the last 30 years, materials with even higher temperature capability, such as aramid papers and
transformerboards and high-temperature enamels, have been developed. To date, these materials have been
used in some specialty transformers, such as traction or mobile units, and some have been used to uprate
liquid-immersed transformers rebuilt after a failure. There are potential applications for new transformers
using these high-temperature insulation materials. For example, instead of installing a cellulosic-insulated
transformer with a rating equal to the overloads, a smaller-rated unit with high-temperature insulation
materials can be installed that can withstand the desired overload.

It is important to note that high-temperature insulation materials must meet a number of criteria to be
suitable for use in power transformers. They must operate at elevated temperatures in transformer oil while
maintaining their mechanical and dielectric properties. They must also demonstrate compatibility with all
other components of the transformer, as well as have suitable characteristics for the mechanical stresses
encountered in a power transformer, such as adequate compressive strength.

 

*

 

Discussions of 55 °C rise systems are included in this guide for historical reference only.
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Combining high-temperature and cellulosic materials to form a hybrid high-temperature insulation system is
another viable option. This hybrid insulation system is usually composed of high-temperature materials
adjacent to winding conductors, where temperatures are hottest, with cellulose-based materials in other
areas. This insulation system is possible because only insulation material in direct contact with the winding
conductors, and perhaps the core, is exposed to the highest temperatures, while other parts of the insulation
system operate at lower temperatures. To date, only aramid papers, aramid transformerboards, and high-
temperature enamels in combination with cellulose have been used in this type of hybrid insulation system. 

From the point of view of thermal aging, cellulose has been the limiting factor of traditional insulation
systems composed of mineral oil, cellulose, and enamel. With the advent of high-temperature solid
insulating materials, mineral oil becomes the limiting factor, establishing the highest allowable temperature
of the insulation system. Other insulating fluids have been examined for the possible replacement of mineral
oil, and many are used in applications where their dielectric and physical properties meet the needs of those
applications. Until now there have been few instances where these other insulating fluids have been used in
power transformers above 30 MVA. Certain fluids, such as silicones, high molecular weight hydrocarbons,
non-PCB chlorinated hydrocarbons, polyolefins, and ester-based fluids, may offer particular advantageous
characteristics for specific applications.

Future research may identify new fluids with broader applications for use in power transformers that can
operate at higher temperatures due to high-temperature insulating materials. Other factors to consider when
designing units that operate at high temperatures are, for example, load losses, tap changers, bushings,
control wiring, paint, and adhesives.
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IEEE Guide for
the Application of High-Temperature 
Insulation Materials in Liquid-Immersed 
Power Transformers

 

1. Overview

 

The intent of this guide is to provide information on the application and use of high-temperature insulation
in liquid-immersed power transformers. It addresses only those areas where the application and use differ
from the existing standards for these types of transformers.

 

1.1 Scope

 

This guide provides technical information related to liquid-immersed power transformers insulated with
high-temperature materials.

— Guidelines are provided for applying existing qualified high-temperature materials to insulation
systems suitable for high-temperature liquid-immersed power transformers.

— Recommendations are made regarding the loading of high-temperature liquid-immersed power
transformers.

— Technical information is provided for insulation-system temperature ratings and test procedures for
qualifying new high-temperature materials as they become available.

No specific guidance is provided on insulating fluids other than mineral oil. This subject is to be covered in a
future revision of this guide once more field experience is available using fluids other than mineral oil in
combination with high-temperature solid materials.

 

1.2 Purpose

 

This guide is intended as a first step in the direction of standardizing the application of high-temperature
insulation systems in transformers using insulation materials such as aramid papers, aramid
transformerboards, high-temperature enamels, and hybrid systems that include both high-temperature
materials and cellulose materials. It provides technical information for the transformer designer as well as
for the transformer user.
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2. References

 

This guide should be used in conjunction with the following publications. When the following publications
are superseded by an approved revision, the latest revision shall apply.

IEEE Std C57.12.00-1993, IEEE Standard General Requirements for Liquid-Immersed Distribution, Power,
and Regulating Transformers (ANSI).
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IEEE Std C57.12.90-1993, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and
Regulating Transformers, and IEEE Guide for Short-Circuit Testing of Distribution and Power Transformers
(ANSI).

IEEE Std C57.91-1995, IEEE Guide for Loading Mineral-Oil-Immersed Transformers (ANSI).

IEEE Std C57.100-1986 (Reaff 1992), IEEE Standard Test Procedures for Thermal Evaluation of Oil-
Immersed Distribution Transformers (ANSI).

IEEE Std C57.104-1991, IEEE Guide for the Interpretation of Gases Generated in Oil-Immersed
Transformers (ANSI).

 

3. Definitions

 

This clause defines terms as they are used in this guide. The term “transformer” refers to liquid-immersed
power transformers, unless an alternate meaning is specified.

 

3.1 aramid:

 

 A manufactured material in which the base polymer is a long-chain synthetic polyamide with at
least 85% of the amide linkages attached directly to two aromatic rings. Paper and transformerboard are
made from this material and have been shown to be suitable for use in high-temperature and hybrid high-
temperature insulation systems.

 

3.2 average winding temperature:

 

 The average temperature of the winding as determined from the ohmic
resistance measured across the terminals of the winding, in accordance with the cooling curve procedure
specified in IEEE Std C57.12.90-1993.

 

3.3 average winding temperature rise (

 

∆θ

 

w

 

)

 

: 

 

The arithmetic difference between the average winding
temperature and the average temperature of the air surrounding the transformer.   Also, “rise,” unless
otherwise stated, will refer to the average winding temperature rise.

 

3.4 cellulose:

 

 The term “cellulose,” unless otherwise stated, refers to unbleached kraft insulation material
from which paper and transformerboard are made, that is suitable for use in 65 °C average winding
temperature rise insulation systems.

 

3.5 high-temperature:

 

 Used to describe materials, insulation systems, and transformers that are designed to
operate at a maximum hottest-spot temperature above 120 °C.

 

3.6 high-temperature insulation system:

 

 An insulation system composed of all high-temperature solid
insulation materials, with or without high-temperature fluids.

 

1

 

IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA.
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3.7 hottest-spot differential temperature: The temperature difference between the hottest spot of the
conductors in contact with insulation and the average winding temperature.

3.8 hybrid high-temperature insulation system: An insulation system usually composed of high-
temperature solid insulation material adjacent to winding conductors and cellulose materials in the areas
where the maximum temperature at rated load does not exceed 120 ¡C. This system typically uses
conventional mineral oil as the insulating liquid.

3.9 insulation system: A system composed of solid insulating materials and insulating ßuid. Synonym:
system. 

3.10 maximum hottest conductor temperature: Used in discussions involving the life testing of materials,
in lieu of the phrase winding hottest-spot temperature (qh).

3.11 mobile transformer: Transformers that are usually mounted on trailers for easy transport to
temporarily replace stationary transformers taken out of service because of failure or maintenance.

3.12 normal insulation life: The time span during which the process of material decomposition reaches a
benchmark as described in 5.3, Table 2, of IEEE Std C57.91-1995.

3.13 system: See: insulation system.

3.14 transformerboard: Pressboard speciÞcally manufactured for use as transformer dielectric insulation.

4. Merits of operating at high temperatures

For given quantities of active materials (core steel and conductor), the throughput of the transformer can be
increased if the allowable average winding temperature rise is increased beyond the 65 ¡C rise insulation
system limit.

NOTEÑFor a transformer, percent reactance increases proportionally with the rated power throughput (MVA). Load
losses increase in proportion to the MVA ratio squared, with an additional increase due to increased conductor resistance
at the elevated temperature.

As examples, Figures 1 and 2 illustrate the merits of increasing the average winding temperature rise over
average oil temperature (Dqw/o) for two particular transformer design families. Figure 1 expresses the
relationship between transformer capacity increase and Dqw/o, while Figure 2 shows the relationship
between reduced core and coil weight and Dqw/o.

Most modern transformers operate with a relatively low Dqw/o. Therefore, a small increase in Dqw/o can
yield a signiÞcant increase in the transformer rating for a given weight, or a decrease in transformer weight
for a given rating.

5. Insulation-system temperature ratings, test procedures, and material 
aging qualiÞcation

5.1 Insulation-system temperature ratings for 55 ¡C2 and 65 ¡C rise systems

Cellulose-based insulation systems have been grouped into two temperature rise classes, 55 ¡C and 65 ¡C.
They denote the highest permitted average winding rise over a standard average daily ambient temperature

2Discussions of 55 ¡C rise systems are included in this guide for historical reference only.
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of 30 ¡C. Although the bulk of the insulation between conductors will experience a degree of degradation
related to the average winding temperature, the maximum degradation occurs in the insulation that is in

contact with the conductors at the highest local, or Òhottest spot,Ó temperature existing within the winding.
This winding hottest-spot temperature is calculated as the sum of

Figure 1ÑRelationship between transformer capacity increase and qw o¤D

Figure 2ÑRelationship between reduced core and coil weight and qw o¤D
4 Copyright © 1997 IEEE. All rights reserved.
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Ñ The ambient temperature (qa) of 30 ¡C averaged over a 24-h period, with a maximum ambient of
40 ¡C during the period, according to IEEE Std C57.91-1995

Ñ The average winding rise over the ambient temperature (Dqw)

Ñ The winding hottest-spot rise over the average winding temperature rise (Dqh/w)

As an example, for thermally upgraded cellulose, the average winding rise over ambient temperature must
not exceed 65 ¡C, and the sum of the latter two components (Dqw + Dqh/w) must not exceed 80 ¡C, which
produces a maximum hottest-spot temperature of 120 ¡C (65 ¡C + 40 ¡C + 15 ¡C = 120 ¡C). 

Effectively, the highest daily average winding hottest-spot temperature that can be withstood on a continu-
ous basis without excessive loss of life is 110 ¡C for the upgraded cellulose material (65 ¡C + 30 ¡C + 15 ¡C
= 110 ¡C).

In reality, the highest winding hottest-spot temperature is seldom sustained over an extended time period. It
varies with the load, which is changing in accordance with daily, weekly, monthly, and seasonal cycles. The
rate of loss of life is an exponential function of the time that the insulating materials are exposed to the
winding hottest-spot temperature. Consequently, the typical life of a power transformer is estimated at some
30 years of service. This 30-year life represents four to Þve times the normal insulation life, under
continuous full-load conditions, for a 65 ¡C rise insulation system.

5.2 Insulation-system temperature ratings for high-temperature rise systems

Special transformers with 65 ¡C rise cellulose insulation systems, such as those used in mobile substations,
may be rated at 75 ¡C average winding rise over ambient temperatures. A reduced insulation life expectancy
and an increased power rating for a given size and weight of a transformer are acceptable for this application
since the transformer is not expected to be in continuous service. 

Recently, a 95 ¡C average winding rise has been used for mobile transformers and for transformers re-
engineered during repair that utilize a hybrid insulation system (cellulose and aramid). The allowable top oil
temperature in these units has typically been limited to 105 ¡C, although in some cases, individual users
allow the top oil temperature limit to be 110 ¡C or more (see IEEE Std C57.91-1995, Table 8). The
maximum allowable winding hottest-spot temperature (MHCT) has typically been 170 ¡C, although
temperatures up to 190 ¡C have been used (see Table 1). Operation at these temperatures, which are above
the 145 ¡C ßash point of oil, may be justiÞed because the lack of free oxygen in the vicinity of the winding
hottest spot reduces the risk of oil ignition. Figure 3 shows that the aramid material has a normal insulation
life in oil of 65 000 h and 180 000 h at temperatures of 188 ¡C and 174 ¡C, respectively. These values are
above the typical winding hottest-spot temperature for a hybrid high-temperature insulation system of
170 ¡C. There have been instances where winding rises higher than 95 ¡C, and winding hottest-spot
temperatures higher than 170 ¡C have been used for a speciÞc application.

As with a cellulose insulation system, gases in the form of bubbles may evolve in the hybrid insulation
system at higher temperatures. This process is described in Annex A of IEEE Std C57.91-1995 and was
investigated by ESEERCO [B1]3 for both cellulose and hybrid insulation systems. It was found that the
evolution of gases in both systems depended on the moisture content of the solid insulation. It was also
found that at the low moisture contents typical in power transformers, gases began to evolve from the hybrid
system at signiÞcantly higher temperatures than in a cellulose insulation system. Cellulose in the
conventional system may produce decomposition gases at temperatures above 140 ¡C, while the aramid in
the hybrid system typically produces no such gases up to and beyond 220 ¡C.

3The numbers in brackets correspond to those of the bibliography in Annex B.
Copyright © 1997 IEEE. All rights reserved. 5



 

IEEE
Std 1276-1997 IEEE TRIAL-USE GUIDE FOR THE APPLICATION OF HIGH-TEMPERATURE

                                                  
Transformers with insulation systems containing mineral oil, cellulosic insulation, and high-temperature
insulation materials may be rated for temperatures, as is shown in Table 1. The high-temperature rise
systems listed in this table are based on industry experience with hybrid insulation systems, as explained in
Clause 7 of this guide. 

5.3 Hybrid high-temperature insulation systems

For most applications requiring high-temperature insulation in liquid-Þlled power transformers, a hybrid
insulation system combining high-temperature insulation with conventional cellulose insulation may be
used. High-temperature insulation materials are applied directly to the hottest areas, such as winding
conductors, which may be insulated with aramid paper or high-temperature enamel. Aramid
transformerboard may be used for oil barriers, radial spacers, and axial spacers that are in direct contact with
the transformer windings. Cellulose insulation may be used for winding cylinders, cylindrical high-to-low
barriers, phase-to-phase barriers, collars, end rings, cap rings, etc. if the temperature of these components
does not exceed 120 ¡C. These lower-temperature insulation components are typically located in the cooler
bulk oil of the transformer. In a transformer with a hybrid insulation system, the same maximum top oil
temperature is allowed as in conventional transformers (IEEE Std C57.12.00-1993). A larger temperature
differential between top and bottom oil is typically attained by more effective cooling. The designer must
make sure that the high-temperature insulation components are used in all areas of the transformer that
might be subjected to temperatures above the thermal capability of the lower-temperature components.

For example, some units built using a hybrid insulation system composed of aramid and cellulose have been
designed with a 95 ¡C average winding rise. This average winding rise over a maximum ambient of 40 ¡C
results in an average winding temperature of 135 ¡C.

Table 1ÑMaximum temperature limits for various insulation systems

Insulation system temperatures 65 ¡C rise 
system (¡C)

Examples of hybrid and high-
temperature rise systems (¡C)

Average winding rise over ambient temperature, Dqw 65 95 115

Winding hottest-spot rise over ambient temperature, Dqh/a 80 130 150

Ambient temperature, qa (maximum) 40 40 40

Winding hottest-spot temperature, qh (maximum ambient) 
(MHCT)

120 170 190

Ambient temperature, qa (average) 30 30 30

Winding hottest-spot temperature, qh (average ambient) 
(MHCT-10)

110 160 180

Top oil temperature rise over ambient temperature, Dqto 65 65 65

Top oil temperature, qto (maximum ambient) 105 105 105

Cellulose hottest-spot rise, Dqhk 80 80 80

Cellulose hottest-spot temperature, qhk (maximum ambient) 120 120 120

Dqw/Dqto/Dqhk/Dqh/a 65/65/80/80 95/65/80/130 115/65/80/150
6 Copyright © 1997 IEEE. All rights reserved.
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In the hybrid insulated transformers, the typical hot-spot differential temperature has been 35 ¡C, which
when added to the average winding temperature gives 170 ¡C as the hottest-spot temperature of the
conductor (95 ¡C + 40 ¡C + 35 ¡C = 170 ¡C).

In contrast, transformers insulated with thermally upgraded cellulose are designed for a maximum average
winding rise of 65 ¡C. This average winding rise over a maximum ambient of 40 ¡C results in an average
winding temperature of 105 ¡C. In these transformers, the typical hot-spot differential temperature has been
15 ¡C, which when added to the average winding temperature gives 120 ¡C as the hottest spot temperature of
the conductor (65 ¡C + 40 ¡C + 15 ¡C = 120 ¡C).

5.4 Aging test procedure for material qualiÞcation

Currently, only aramid papers, aramid transformerboards, and some wire enamels have passed the thermal,
electrical, and mechanical tests required for qualiÞcation for use in high-temperature liquid-immersed power
transformers. In the future, other materials may become available. In order to qualify an insulation material
for operation at a speciÞed MHCT, it should be demonstrated that the material retains at least 50% of its
initial tensile strength after 65 000 h of aging at the temperature (MHCT-10) ¡C when tested by the
ÒStandard Test Procedure for Sealed Tube Aging of Liquid-Immersed Transformer InsulationÓ deÞned in the

Figure 3ÑArrhenius curve for insulation life of cellulose and aramid in oil 
(based on loss of 50% tensile strength)
Copyright © 1997 IEEE. All rights reserved. 7
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annex of the 1994 revision of IEEE Std C57.100-1986. For wire enamel insulation, the material must retain
at least 80% of its initial dielectric strength after 65 000 h of aging at the temperature (MHCT-10) ¡C.

NOTEÑFor cellulose, the MHCT is 120 ¡C, based on an allowable 80 ¡C winding hottest-spot rise over a maximum
ambient of 40 ¡C. However, the life expectancy is based on a 24-h average ambient of 30 ¡C.

In addition, for all materials, aging tests must be performed over a sufÞciently wide temperature range so
that the A and B in Equation (1) may be determined. This equation, from IEEE Std C57.100-1986, for 65 ¡C
cellulose insulation is

Life (hours) = e(B/qÐA) (1)

where

A is 28.082,
B is 15 000,
e is the base of the natural logarithm,
q is 273 + (MHCT-10), in ¡C,
MHCT is the maximum hottest conductor temperature, in ¡C.

NOTEÑThe constants will be different for other materials.

5.5 Aging test procedure for hybrid high-temperature insulation-system 
qualiÞcation

To fully evaluate the thermal capability of new insulation systems, including hybrid insulation systems, it is
necessary to establish aging criteria. This may be accomplished by testing insulation-system models
designed for accelerated aging of materials commonly used in transformers. The most comprehensive
approach is the aging of prototype transformers, but this technique is very expensive and somewhat
impractical. A more economical approach relies on the use of small aging cells or tubes containing all of the
relevant materials used in transformers. These materials are aged at elevated temperatures to arrive at a
thermal life equation for that system. This type of accelerated aging is a problem when trying to age a
combination of materials with signiÞcantly different thermal capabilities, as in the hybrid system. If the
aging is carried out at temperatures high enough to accelerate the aging of the higher-temperature
component, it will result in rapid degradation of the lower-temperature components. If the aging is carried
out at temperatures suitable for reasonable aging of the lower-temperature components, the higher-
temperature materials may require exceedingly long aging times.

An alternative approach to the thermal aging problem of a dual-temperature system is a model designed to
allow high-temperature aging of a coil assembly, while allowing the bulk liquid and insulation away from
the coil to be maintained at an elevated temperature that is lower than the hot coil. A steel tube containing an
immersion heater and thermocouples can be used to maintain and control the bulk liquid temperature. On the
cell cover, a coil assembly containing an insulated conductor can be mounted and surrounded by spacer
material in the shape of sticks and blocks to simulate an actual winding conÞguration. A thermocouple on
the conductor surface may be used to monitor conductor temperature, independent of the bulk ßuid
temperature. Temperature may be controlled by adjusting current ßow through the insulated conductor.

The coil may be connected to an external power source that has current control for precise temperature
stability. A small piece of core steel should be placed in the cell, with bulk insulation pieces arranged around
the periphery of the cell to simulate bulk components such as end blocks, structural supports, winding
cylinders, angle rings, and static rings. All materials in the cell should be in volume ratios closely simulating
the ratios in a typical liquid-immersed medium-power transformer.
8 Copyright © 1997 IEEE. All rights reserved.
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Solid and liquid components of this system may be tested before and after aging at various times and
temperatures. Solid materials may be tested for dielectric strength, tensile strength, dissipation factor, degree
of polymerization (DP), moisture content, and compression strength. Samples of the liquid can be subjected
to the standard battery of tests, including dielectric strength, power factor, speciÞc gravity, water content,
dissolved gases, and viscosity.

5.6 High-temperature solid and wire insulation and their interaction with mineral oil 
and other high-temperature ßuids

Mineral oil and other high-temperature insulating ßuids have been investigated by the Insulating Fluids
Subcommittee of the Transformer Committee, and appropriate IEEE documents have been prepared by that
subcommittee. The interaction between solid insulation and the dielectric ßuid in high-temperature
transformers is addressed in this guide.

Experiments to determine the maximum temperature that can be allowed for aramid insulation impregnated
with mineral oil have revealed negligible degradation up to 220 ¡C [B1]. Extensive testing has been done on
the aramid base product in sealed containers immersed in mineral oil, with little or no degradation of the oil. 

The interaction between the wire enamel and the dielectric ßuid also requires examination. Considerable
progress has been made over the years in developing wire enamels with higher operating temperatures.
Approximately twice the insulation temperature class of conventional 105 ¡C materials was achieved by the
introduction of polyimide- and polyamide-imide-type enamels. Table 2 shows the temperature classes of
various enamels that can be used in liquid-Þlled transformers.

Other magnetic wire enamels may be applicable to liquid-immersed transformers, but should Þrst be tested
per IEEE Std C57.100-1986, as discussed in 5.4 of this guide.

6. Loading guides for high-temperature transformers

IEEE Std C57.91-1995 provides information for the calculation of the loss of life of the transformer from
recorded temperature cycles taken over an extended time period. Similar information will eventually be
compiled for aramid and other high-temperature insulation materials.

The user may estimate the loss of life for aramid-based materials in transformer oil using the Arrhenius
curve in Figure 3 and the basic procedures outlined in IEEE Std C57.100-1986. The ESEERCO [B1] aging
data were obtained from sealed tubes aging in mineral oil. The tubes contained aramid paper, silicon steel,

Table 2ÑEnamel temperature classes

Magnetic wire enamel
Insulation 

temperature
class (¡C)

ModiÞed polyvinyl formal resin 105

Epoxy 130

Polyesteramide-imide 200

Pyre-ML polyimide 220
Copyright © 1997 IEEE. All rights reserved. 9
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copper, and wire enamel, and were tested at temperatures of 200 ¡C, 220 ¡C, 235 ¡C, and 250 ¡C. The curve
of insulation life was developed from those tests where retained tensile strength was less than 90%.
Obtaining reliable extrapolation of the data requires the retention of tensile strength in the range of 20% to
80%. Very few data points in this study were in this range, which made the extrapolation of the insulation
life difÞcult. The equation for aramid material in oil, based on the ESEERCO data, is

Life (hours) = e(B/qÐA) (2)

where

A is 19.917,
B is 14 300,
e is the base of the natural logarithm,
q is 273 + (MHCT-10), in ¡C,
MHCT is the maximum hottest conductor temperature, in ¡C.

NOTEÑThe constants will be different for other materials.

The operating experience accumulated on high-temperature transformers designed, built, and put in service
since 1979 may also be used as the technical database broadens. So far, experience with high-temperature
transformers has revealed no failures attributed to excessive heating and aging of the insulation system.

7. Description of high-temperature transformers

The description is similar to that for cellulose-insulated transformers, except that some special requirements
are added because of the high-temperature operation. The manufacturer should deÞne the allowable winding
hottest-spot and top oil temperature limits based on the demonstrated life expectancy of the insulation
system. The manufacturer should also identify any special requirements or limitations on bushings, load tap
changer, de-energized tap changer, oil expansion, or other auxiliary equipment that may affect transformer
loading or life expectancy.

In the case of failed transformers that are rebuilt and uprated in capacity (MVA), the repairer should pay
special attention to the thermal and/or ampere ratings of the following items:

Ñ Maximum top oil temperature
Ñ Bushings
Ñ Load tap changer
Ñ De-energized tap changers
Ñ Current transformers
Ñ Series transformers
Ñ Preventative auto-transformers (LTC)
Ñ Lead cables
Ñ Oil expansion
Ñ Pressure in sealed units
Ñ Cooling capacity
Ñ Stray ßux heating
Ñ Circuit breakers

It should be recognized that these items might limit the uprate capacity of the repaired transformer.
10 Copyright © 1997 IEEE. All rights reserved.
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7.1 Transformers with hybrid high-temperature insulation systems

7.1.1 Characteristics and applications

These transformers are employed as units operating mainly at or below rated load level, which corresponds
to that of the traditional cellulose-insulated transformer. However, they have the ability to withstand a
considerable overload during contingency conditions, without a signiÞcant reduction of their life
expectancy. Obviously, the load losses dissipated under overload conditions are high, but these losses occur
only during the relatively short time of operation in such an emergency mode.

If mineral oil is used as the insulating liquid, the top oil temperature should not exceed 105 ¡C per
IEEE Std C57.91-1995, Table 8, during normal loading, or 110 ¡C for loading above the nameplate
rating. These limits are recommended to maintain the thermal integrity of the auxiliary equipment
and components such as bushings, paint, control wiring, gaskets, current transformers, series
transformers, and tap changers.

BeneÞts related to the speciÞc transformer application can be expected to include the following:

a) Lower total weight 
b) Same physical size, capable of operating at continuous overload
c) Reduced physical size, designed for installation in a limited space

NOTEÑÒSameÓ and ÒreducedÓ with respect to a cellulose insulated unit having the same nameplate rating, but at 65 ¡C
rise.

7.1.2 Technical speciÞcations

The technical speciÞcations for a hybrid insulated transformer emphasize the requirement for a negligible
loss of life of the insulation caused by a temporary operation at higher than normal temperatures.

7.2 Transformers with high-temperature insulation systems

7.2.1 Characteristics and applications

Transformers with an insulation system of all high-temperature material in mineral oil may be used for
special applications, such as traction units, vault installations, and furnace transformers. Because they have
no low-temperature solid insulation material anywhere inside the transformer, they can operate at even
higher winding temperatures than a hybrid unit. The maximum winding temperature would depend on the
material capability.

8. Nameplate information

For a given nameplate rating, the following data should be supplied on the transformerÕs nameplate:

AWR/MTOR/MKR/MHCR

also abbreviated as

Dqw/Dqto/Dqhk/Dqh/a
Copyright © 1997 IEEE. All rights reserved. 11
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AWR is the average winding rise,
MTOR is the maximum top oil rise,
MKR is the maximum cellulose rise (applies to hybrid design only),
MHCR is the maximum hottest conductor rise.

NOTEÑÒRiseÓ indicates temperature rise above ambient, with a maximum ambient of 40 ¡C.

This information can be used for the operation of transformers with a hybrid high-temperature insulation
system.

The speciÞcations for cellulose-insulated transformers designed for 65 ¡C average winding rise, and for
hybrid high-temperature transformers designed for higher average winding rises, are different when it comes
to the following:

Ñ Winding hottest-spot rise over ambient temperature (Dqh/a)
Ñ Winding maximum hottest-spot temperature (qh)

The speciÞcation is the same for the following:

Ñ Maximum ambient temperature (qa)
Ñ Maximum top oil temperature (qto)
Ñ Maximum cellulose temperature (qhk) (if a hybrid design)

It should be noted that in a 65 ¡C cellulose design, MKR = MHCR = 80 ¡C. In a hybrid high-temperature
insulation design, the MHCR will depend on the temperature capability of the insulation material used on
the conductor.

9. Heat run test and average winding temperature

The standard method of Þnding the average winding temperature (using resistance measurements
extrapolated back to the instant of shutdown) may not be accurate enough for use in testing a high-
temperature transformer. This is because of the higher rate of winding temperature decay that will occur
when starting the shutdown period at a temperature higher than that of a 65 ¡C rise cellulose unit. Such an
inaccuracy would also affect calculated values of winding hottest-spot temperature if they are determined by
adding a gradient to the average winding temperature. Until accumulated experience permits, an
experimental conÞrmation of the calculated value of hottest-spot temperature may be required.
12 Copyright © 1997 IEEE. All rights reserved.
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Annex A

(normative) 

Gas analysis

IEEE Std C57.104-1991 describes the determination of dissolved gases generated by thermal or electrical
faults and provides guidance for interpreting gas concentration in terms of serviceability of a conventional
mineral oil/cellulose-insulated transformer. The concentration limits and fault identiÞcation criteria
represent a consensus of many European and North American transformer manufacturers and operators.
Similar data have yet to be developed for transformers insulated with high-temperature materials. Until
such data have been accumulated for transformers insulated with high-temperature materials, IEEE Std
C57.104-1991 should be used with caution to analyze gases from these transformers. This is especially
important because limiting concentration, key gases, and gas ratios for hybrid cellulosic/aramid/oil or
pure aramid/oil systems may be quite different than for a cellulosic/mineral oil insulation system, and may
lead to erroneous conclusions as to either fault type or progress.

In order to use this important analytical tool with transformers insulated with high-temperature materials, it
is important to understand the gases that would evolve from these insulation materials under similar
conditions. While it is beyond the scope of this guide to specify the precise method for determining this
information, a number of techniques have been used. As an example, a thermal gravimetric analysis (TGA)
can be used to determine weight loss versus temperature, and a combination gas chromatograph/mass
spectrometer (GC/MS) can be used to determine the speciÞc gas types. These types of techniques could help
identify the temperature at which a new material will start to break down, and what gases would be given off.
For example, cellulose insulation begins to decompose at 120 ¡C, and the principal breakdown products are
water, carbon dioxide, and carbon monoxide. As a second example, aramid materials decompose at
temperatures in excess of 350 ¡C, and the principal breakdown products are carbon dioxide and various
hydrocarbons. It is also important to verify the initial breakdown product, in order to use this information to
monitor life using existing methods, as detailed in IEEE Std C57.104-1991.

A.1 Dissolved gas-in-oil for transformers insulated with high-temperature 
materials

To date, high-temperature insulation materials have been used in liquid-immersed power transformers as
follows:

a) As the insulation in the hottest portions of a liquid-immersed transformer with a hybrid insulation
system

b) For all components in an insulation system in liquid-immersed transformers, such as traction
transformers, with high-temperature ßuids

Because this application guide involves primarily the Þrst situation, these comments were developed around
the hybrid insulation system.

Users of liquid-immersed transformers insulated with high-temperature materials have concerns about how
to monitor their transformer life in a manner similar to that used for traditional transformers, as discussed in
IEEE Std C57.104-1991. These concerns typically revolve around the following two situations:
Copyright © 1997 IEEE. All rights reserved. 13
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Ñ What is the initial breakdown product for these high-temperature materials, at what conditions would
it be generated, and what should the alarm points be for this breakdown product in the gas-in-oil
sample?

Ñ What gases are evolved during arcing, and what should the alarm point be for these gases?

A.2 Thermal aging of an aramid/cellulose/mineral oil hybrid system

A hybrid insulation structure uses aramid papers and transformerboards in the most thermally stressed
locations within the mineral oilÐimmersed transformer, and continues to utilize cellulosic insulation
components in those locations where the temperatures are below 120 ¡C at rated loads. The portion of the
insulation system that is aramid material is thus quite small. Also, the low-temperature materials (cellulose
and mineral oil) would be expected to break down well before the aramid materials, because in the hybrid
high-temperature insulation system, the temperature of the aramid is well below its thermal capability.

For these reasons, the expectation is that the gas-in-oil analysis for a hybrid insulated transformer would be
quite similar to that of a traditional, cellulose/mineral oilÐinsulated transformer. In fact, the transformer
should show less of a gassing tendency because of the absence of breakdown products under normal aging of
the aramid material. As discussed earlier in this guide, winding hottest-spot temperatures up to 190 ¡C have
been used in these hybrid insulated transformers. Data from a TGA analysis shows that aramid materials
give off no gases at temperatures they would be expected to experience during normal, or even emergency,
loading.

As conÞrmation of this expectation, data are being collected on transformers that have a hybrid insulation
system. Two tables show the current data that have been collected. Table A.1 shows the gas-in-oil data for
several operating mobile transformers, while Table A.2 shows similar data for substation transformers.

Table A.1ÑGas-in-oil data for mobile transformers

Gas-in-oil data
(ppm vol/vol) Minimum Average Maximum Number of 

samples

Hydrogen 0 10 49 46

Oxygen 923 9318 23 480 23

Nitrogen 43 800 81 578 142 885 10

Methane 0 6 53 46

Carbon monoxide 0 83 555 46

Ethane 0 2 7 46

Carbon dioxide 73 654 2141 46

Ethylene 0 5 22 46

Acetylene 0 2 39 46
14 Copyright © 1997 IEEE. All rights reserved.
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A.3 Generation of gas under arcing conditions

There is an interest in determining what happens to the high-temperature material under arcing conditions.
While this is a legitimate concern, the potential is limited for a gas-in-oil analysis to show what is happening
to the high-temperature material. In a power transformer, arcing can occur in many locations, most of which
would not be insulated with high-temperature materials in a hybrid design. An arc formed in the area of the
conductors is one location where high-temperature materials are used within the structure.

In general, it can be very misleading to obtain off-gassing data on individual materials that are then used to
estimate what would happen if all materials were together in a complete insulation system. A single material
may produce a given compound when treated alone, but the quantity of this gas may be insigniÞcant when
taken together with other materials in a system. In addition, the temperatures required to generate these
gases may be so high that the other materials would be severely compromised long before the gases develop.
The most useful data are those that would be generated from an actual transformer experiencing a known
problem.

Table A.2ÑGas-in-oil data for substation transformers

Gas-in-oil data
(ppm vol/vol) Minimum Average Maximum Number of 

samples

Hydrogen 0 7 39 11

Oxygen 2769 9292 23 980 11

Nitrogen 87 670 110 154 124 195 8

Methane 0 5 13 11

Carbon monoxide 0 31 91 11

Ethane 0 3 12 11

Carbon dioxide 281 821 1682 11

Ethylene 0 1 8 11

Acetylene 0 0 0 11
Copyright © 1997 IEEE. All rights reserved. 15
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Introduction

 

(This introduction is not part of IEEE Std 1538-2000, IEEE Guide for Determination of Maximum Winding Temperature
Rise in Liquid-Filled Transformers.)

 

It is required by IEEE Std C57.12.00-1993 that the hottest-spot temperature rise not exceed 80 

 

°

 

C. The
hottest-spot temperature rise at rated load is a necessary parameter for determining the loading capability of
all transformers. Since there was no approved test or calculation method to demonstrate compliance with the
IEEE standard, an IEEE Working Group on Hottest-Spot Temperature Rise Determination in Liquid-Filled
Transformers was formed to develop this guide.

This guide provides information to determine the maximum (hottest-spot) temperature rise by calculation
and testing. Modern computer technology permits calculation of hottest-spot temperature. Most manufactur-
ers use computers for their design calculations, and it is reasonable to incorporate a thermal subroutine into
the programs that would calculate hottest-spot temperature rises. Current personal computers have capabili-
ties that were present only in mainframe computers decades ago. Fiber-optic temperature sensors now per-
mit direct measurement of the temperature of a specific point. By prior analysis of the winding, the sensor
can be placed to read the maximum winding temperature. For distribution transformers, thermal testing may
be conducted using embedded thermocouples.

This guide applies to liquid-filled power, network, and distribution transformers manufactured in
accordance with IEEE Std C57.12.00-1993. Although thermal gradients may be low in properly designed
small (10–25 kVA) distribution transformers, the thermal gradients may not be low in the wide range of
transformers classified as distribution transformers, which may extend in range to 5000 kVA. 

IEEE standards documents are classified as

a)

 

Standards:

 

 documents with mandatory requirements.

b)

 

Recommended practices:

 

 documents in which procedures and positions preferred by the IEEE are
presented.

c)

 

Guides:

 

 documents in which alternative approaches to good practice are suggested but no clear-cut
recommendations are made.

This document is classified as a guide. Documents with mandatory requirements such as standards use the
verb 

 

shall

 

 whereas the other documents use the word 

 

should

 

. This practice is followed in this guide unless
the requirements are mandatory in IEEE Std C57.12.00-1993. Mandatory requirements taken from
IEEE Std C57.12.00-1993 are enclosed in quotation marks.
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IEEE Guide for Determination of 
Maximum Winding Temperature Rise 
in Liquid-Filled Transformers

 

1. Overview

 

1.1 Scope

 

This guide provides guidance for developing mathematical models and test programs to determine the steady
state maximum (hottest-spot) and average winding temperature rise over ambient for all liquid-immersed
distribution, power, network, and regulating transformers manufactured in accordance with

IEEE Std C57.12.00-2000.

 

1

 

1.2 Purpose

 

IEEE Std C57.12.00-2000, subclause 5.11.1.1, states, “the maximum (hottest-spot) winding temperature rise
above ambient temperature shall be determined by either

a) Direct measurement during a thermal test in accordance with IEEE Std C57.12.90-1999. A sufficient
number of direct reading sensors should be used at expected locations of the maximum temperature
rise as indicated by prior testing or loss and heat transfer calculations.

b) Direct measurement on an exact duplicate transformer design per a).

c) Calculations of the temperatures throughout each active winding and all leads. The calculation
method shall be based on fundamental loss and heat transfer principles and substantiated by tests on
production or prototype transformers or windings.”

This guide describes recommendations for a manufacturer’s test program or mathematical model to demon-
strate compliance with the above requirements.

 

1

 

Information on references can be found in Clause 2.
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2. References

 

This guide should be used in conjunction with the following publications. When the following publications
are superseded by an approved revision, the revision should apply.

IEEE Std C57.12.00-2000, IEEE Standard General Requirements for Liquid-Immersed Distribution, Power,
and Regulating Transformers.

 

2

 

IEEE Std C57.12.80-1978 (Reaff 1992), IEEE Standard Terminology for Power and Distribution
Transformers.

IEEE Std C57.12.90-1999, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and Regu-
lating Transformers and IEEE Guide for Short-Circuit Testing of Distribution and Power Transformers.

 

3. Definitions

 

3.1 average winding temperature rise:

 

 The arithmetic difference between the average winding temperature
and the ambient temperature as determined from the change in the ohmic resistance measured across the ter-
minals of the winding in accordance with the test procedures specified in IEEE Std C57.12.90-1999.

 

3.2 bottom-oil temperature: 

 

The temperature of the liquid as measured at an elevation below the bottom of
the coils or in the oil flowing from the liquid cooling equipment.

 

3.3 bottom-oil temperature rise: 

 

The arithmetic difference between the bottom-oil temperature and the
ambient air temperature.

 

3.4 core form transformer: 

 

A transformer in which those parts of the magnetic circuit surrounded by the
windings have the form of legs with two common yokes.

 

3.5 directed flow: 

 

Indicates that the principal part of the pumped oil from heat exchangers or radiators is
forced to flow through the windings.

 

3.6 distribution transformer: 

 

A transformer for transferring electrical energy from a primary distribution
circuit to a secondary distribution circuit or consumer’s service circuit.

 

3.7 flow direction: 

 

A pattern of flow in disc or helical windings caused by alternately blocking the vertical
ducts inside and outside the winding to cause the liquid to flow in a zigzag pattern. This construction is used
with either directed or non-directed flow transformers.

 

3.8 H-factor: 

 

A dimensionless number for predicting the maximum winding temperature rise over fluid due
to increased eddy losses and other factors at the winding hottest-spot location. 

 

3.9 hot-spot: 

 

A nonrecommended abbreviated term frequently used as a synonym for the maximum or hot-
test-spot temperature rise of a winding.

 

3.10 maximum (hottest-spot) winding temperature: 

 

The maximum or hottest temperature of the current
carrying components of a transformer winding and leads in contact with insulation or insulating fluid. The
hottest-spot temperature is a naturally occurring phenomena due to the generation of losses and the
heat-transfer phenomena. It is the highest temperature inside the transformer winding and

 

 

 

leads and is

 

2
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greater than the measured average winding temperature. All transformers have a maximum (hottest-spot)
winding temperature.

 

NOTE—In this guide the hottest-spot rise is not considered to be due to localized manufacturing defects. Defects
that affect long term performance or cause the hottest-spot rise to exceed the limits set in IEEE Std
C57.12.00-2000 should be corrected.

 

3.11 maximum (hottest-spot) winding temperature rise: 

 

The arithmetic difference between maximum
(hottest-spot) winding temperature and the ambient temperature.

 

3.12 network transformer: 

 

A transformer designed for use in a vault to feed a variable capacity system of
interconnected secondaries. A network transformer may be of the submersible or of the vault type.

 

3.13 nondirected flow: 

 

Indicates that the pumped fluid from the heat exchangers or radiators flows freely
inside the tank, and is not forced to flow through the windings.

 

3.14 oil: 

 

A shortened term for mineral oil that is a specially refined mineral-oil for use as an insulating liquid
and coolant in transformers. For the purposes of this document, when terms such as “top oil rise” are used,
“oil” should be considered synonymous with “fluid” since fluids other than mineral oil are used. See
IEEE Std C57.12.00-2000.

 

3.15 power transformer: 

 

A transformer that transfers electric energy in any part of the circuit between the
generator and the distribution primary circuits.

 

3.16 prototype transformer: 

 

A transformer manufactured primarily to obtain engineering data or evaluate
manufacturing or design feasibility. Prototypes may be preproduction units or units typical of current
designs manufactured for test purposes to obtain data to comply with changes in industry standards or for
other reasons.

 

3.17 radiator: 

 

A fluid to air heat exchanging device attached to a transformer for the purpose of exchanging
heat from the transformer fluid to the ambient air.

 

3.18 shell-form transformer: 

 

A transformer in which the laminations constituting the iron core surround
the windings and usually enclose the greater part of them.

 

3.19 temperature rise:

 

 The difference between the temperature of the part under consideration (commonly
the “average winding rise” or the “maximum (hottest-spot) winding temperature rise”) and the ambient
temperature.

 

3.20 top-oil rise: 

 

See:

 

 

 

top-oil temperature rise

 

.

 

3.21 top-oil temperature: 

 

The temperature of the top layer of the insulating fluid in a transformer, represen-
tative of the temperature of the top fluid in the cooling flow stream, generally measured 50 mm below the
surface of the fluid.

 

3.22 top-oil temperature rise: 

 

The arithmetic difference between the top fluid temperature and the ambient
temperature. 

 

Syn

 

: 

 

top-oil rise



 

IEEE
Std 1538-2000 IEEE GUIDE FOR DETERMINATION OF MAXIMUM WINDING

 

4

 

Copyright © 2000 IEEE. All rights reserved.

 

4. Test methods

 

4.1 Direct measurement by fiber optic detectors

 

Fiber optic temperature detectors may be used to measure temperatures in power transformers. The probes
may be removed or remain in the transformer winding for measurement of temperatures under operating
conditions. Experience and data using fiber optic probes is given in the references of Annex A. Proper choice
of the installation locations is crucial to accurately determining the hottest-spot temperature. The probable
location of the hottest-spot should be determined by analysis of the eddy loss distribution, the oil flow
distribution, and the heat transfer characteristics of the winding. Redundant sensors should be used at the
expected hottest-spot location. A CIGRE survey [B16] reported that two to eight sensors would be adequate
if placed in the winding where the higher temperature is expected, but for prototype transformers it was
estimated that 20 to 30 sensors would be required. Some researchers have attempted to measure the
temperature of the fluid in the winding ducts using fiber optic sensors. It is difficult to obtain a true
measurement of the winding duct fluid temperature, and it is recommended that all probes be placed within
the winding when a limited number of probes are available. The number of probes and strategic locations
should be agreed upon between the purchaser and seller before the transformer is manufactured.

Thermal tests may be conducted at rated load in accordance with IEEE Std C57.12.90-1999. The thermal
data may be used to verify the hottest-spot temperature performance for a specific design and to verify ther-
mal models to be used for other designs. Data from tests at loads above and below rating will further assist in
the development of thermal models to predict performance of other designs.

 

4.2 Direct measurement by thermocouples

 

For distribution transformers, it is feasible to install thermocouples in windings of prototype or actual
transformer designs. If the thermal tests are conducted using the “short-circuit method,” the test voltage is
usually less than 1000 V. Thermocouples can also be used on some distribution transformer designs when
using the “loading back method,” which applies rated voltage. The thermocouple measuring junction is
insulated with a thin piece of insulation and inserted between winding turns or layers. Thermocouples
should be of a small size to minimize conduction errors and the build of the windings. Thermocouple
diameters of 1 mm–2.5 mm are recommended. Due to the low cost of the thermocouples, it is practical to
install a large quantity in the winding during the coil winding process. For three-phase transformers or
two-legged single-phase units, temperature variations between winding phases or coils are considered
minimal. Thus, all the thermocouples may be installed in one winding or coil assembly consisting of primary
and secondary windings. The major consideration is that the thermocouples may alter the build of the
winding. To assist in development of a mathematical model, thermocouples should be installed to determine
temperature variations in circumferential and vertical directions as well as layer to layer.

Tests should include loads above and below rating to obtain useful data for refining the mathematical model
and to predict the thermal performance of other designs.

For studies of core loss effects, it is necessary to perform thermal tests by the loading back method with full
voltage on the unit. For this reason, it is usually feasible to install thermocouples in only the lower voltage
winding, which is usually next to the core.

Due to the voltage hazard, the thermocouples must not remain if the transformer is placed in service. For
small transformers, the test transformers are scrapped. For larger units, the windings with the thermocouples
may be replaced, and after normal production tests in accordance with IEEE Std C57.12.90-1999, the
transformer may be placed in service.
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4.3 Prototype test data

 

During thermal tests on a prototype transformer, the hottest-spot rise may exceed the required value at the
rated kVA set for the prototype. The thermal program should be refined based on the prototype data, and pro-
duction transformer designs are then based on the refined program. Usually, additional thermal testing using
thermocouples or fiber optic sensors in another prototype is not needed.

 

4.4 Test windings

 

Test windings may be used to obtain data on large power transformers or distribution transformers. See
Pierce [B10] for an example. The windings are wound in a noninductive manner so that normal transformer
operating voltage is not present. Laboratory or shop power supplies may be used in combination with a
transformer to obtain the necessary current. In addition, the winding wire size, material, and number of turns
are designed to give the required heat to conduct the thermal tests. The considerations for number of thermo-
couples, location, and size discussed in 4.2 are also applicable for tests conducted on test windings.

Thermal testing conducted under laboratory conditions using test windings gives useful data on the heat
transfer characteristics. However, with the noninductive winding, the only eddy losses present are skin effect
losses which are extremely small at 60 Hz. Thus, thermal tests using test windings do not simulate the
additional losses due to high eddy losses in the ends of the windings of large power transformers. These
additional eddy losses should be considered in the final mathematical model.

 

5. Mathematical models to predict temperature distributions and 
hottest-spot rises

 

5.1 Fundamentals

 

This clause describes recommendations for a manufacturer’s thermal model to demonstrate compliance with
the hottest-spot temperature rise limits. The manufacturer should utilize a proven thermal model to locate
and calculate the hottest-spot temperature rise in each active winding, and all leads, under rated conditions.
The calculation of the hottest-spot temperature rise, using a model that meets the recommendations of this
guide should be based on the detailed design knowledge available to the manufacturer. In each case, it is
imperative that the manufacturer have data readily available to demonstrate that the calculated values are
supported by experimental testing. As required by IEEE Std C57.12.00-2000, “the model shall be based on
fundamental loss and heat transfer principles...” The mathematical model should consider the dimensions of
all components affecting the losses and heat transfer. General allowances for each element of the hot spot
model are not adequate.

The mathematical model should consider

a) Heat transfer in and from the radiators or heat exchangers and its effect on fluid temperature rise.

b) The fluid flow within the winding ducts.

c) Fluid flow interactions with radiators and winding.

d) The distribution of losses within the winding.

e) Conduction heat transfer effects within the winding caused by different insulation sizes and the
length of the electrical conductors forming the winding.
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5.2 Radiator or heat exchanger heat transfer

 

The heat transfer and fluid flow within the radiators, heat exchanger, and tank should be considered to deter-
mine the average fluid rise over ambient. Radiation and convection heat transfer should also be considered.
The number of radiators, heat exchangers, fans, and pumps should be considered. The effect of quantity of
radiators, fans, and heat exchanger may be determined by thermal tests on transformers with different
arrangements and the data correlated. The overall performance, which determines the average fluid tempera-
ture rise, is the important factor. Calculation of flow rates within each individual heat exchanger is not
required since the temperature distribution within the heat exchanger is not critical for determining the wind-
ing temperatures. These factors may be of consideration to a manufacturer wishing to improve the thermal
performance of the heat exchanger.

Consideration of the overall friction and pressure drop effects is important for determining the overall flow
rate and thus the top and bottom fluid temperature rise.

 

5.3 Fluid flow within the winding

 

Conductors surrounded by fluid at the top fluid temperature will have elevated temperatures. An accurate
method of calculating the temperature of the fluid throughout the winding is essential to determining the
hottest-spot temperature. The heat transfer, flow rates, and resulting fluid temperature should be modeled for
each cooling duct. These calculations should account for fluid flow through parallel paths, or through
separate ducts, which join for the local heat transfer rate and the adjacent conductor temperature. The
program should consider the quantity, location, and size of the cooling ducts and fluid properties. 

 

5.4 Fluid flow between heat exchangers and winding

 

At steady state, the overall fluid flow through the winding ducts and the outside of the winding equals the
fluid flow through the radiators and down the inside tank wall. This flow determines the top and bottom fluid
rise and should be considered in the thermal model.

 

5.5 Loss distribution

 

The analysis should account for the nonuniform distribution of losses within the winding due to eddy loss
and temperature variations. One of the principal causes of extra local loss in the winding conductors is radial
flux eddy loss at the winding ends, where the electromagnetic field intercepts the wide dimension of the
conductors. The total losses in the subject conductors should be determined using the eddy and circulating
current losses in addition to the dc resistance loss. Leakage field analysis may be used to determine the
magnitude of the flux and the resulting losses. Connections that are subject to leakage flux heating, such as
coil-to-coil connections and some tap-to-winding brazes, should also be considered.

 

5.6 Conduction heat transfer 

 

The analysis should account for the conduction heat transfer effect of conductor size, length, and the various
insulation thickness used throughout the winding.

 

5.7 Considerations for core-form power transformers

 

Core-form power transformers utilize round windings of the layer or disc type as illustrated in Figure 1. In
addition to the factors listed in 5.1–5.6, factors specific to these winding types are described in the following
subclauses.
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5.7.1 Layer type windings

 

The layer type winding illustrated in Figure 1, part (A) consists of turns of wire wound in multiple layers
with vertical cooling ducts. Compared with the disc type windings in Figure 1, parts (B) through (E), this
winding is simpler to analyze. In addition to variables listed in 5.1–5.6, other factors to consider are

a) Flow rates in multiple cooling ducts.

b) Multiple layers and multiple cooling ducts that affect the heat flux into each cooling duct. The heat
flux from one side of the cooling duct may be different from the other side.

Figure 1—Winding arrangements for core-form power transformers

(A) (B) (C)

(D) (E)
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c) Layer insulation may be a different thickness throughout the winding.

d) Insulation next to the cooling duct affects the heat transfer.

 

5.7.2 Disc winding without flow direction

 

A section of a simple disc winding without flow direction is illustrated in Figure 1, part (B). This winding is
used in nondirected flow transformers, where the fluid is not forced to flow through the winding. Pumps may
be used to circulate the fluid through the tank and heat exchangers lowering the top fluid temperature in the
tank. This also affects the flow rate through the vertical ducts of the winding. The fluid flows through the
winding by natural convection. The fluid flow is principally through the vertical ducts with no particular ten-
dency to flow through the horizontal ducts. Slight dimensional variations in the disc sections tend to cause
some horizontal fluid flow which is different across each section. Temperature profiles for this configuration
are shown in Pierce [B10]. The analysis should take into account fluid flow patterns that result in reduced
flow or complete stagnation in some regions. Because of the random nature of the flow, this winding is the
most difficult to analyze.

 

5.7.3 Disc winding with flow direction

 

To cause flow across the horizontal sections, flow diverting washers or barriers are introduced into the
vertical duct to cause the flow to be in a zigzag fashion up the winding. Flow direction within the winding is
commonly used on transformers with directed flow and is also used on transformers with nondirected flow.
Different schemes are used to introduce the zigzag flow. Some of these schemes are illustrated in Figure 1,
parts (C), (D), and (E). There are variations of these schemes and partial flow diversion has been considered.

In the arrangement of Figure 1, part (C) the flow directing barriers are attached to the end strands of the disc
section. The loss of the vertical cooling surface for the disc sections with the barrier should be considered.
Flow directing washers with cooling ducts above and below the washer may also be used as shown in
Figure 1, part (D). Another scheme is illustrated in Figure 1, part (E) where the distance between all disc sec-
tions is the same and the flow directing washer is installed in the space between disc sections. The flow
directing washer blankets the surface of the conductor and restricts the heat transfer into the fluid and raises
the local temperature of the winding conductor. The thermal model should account for this localized heating.

For all these schemes the fluid flow velocity is different between the various disc sections and should be con-
sidered. Examples of temperature and velocity profiles are given in Oliver [B62].

 

5.7.4 Other considerations for power transformers

 

Local flow restrictions should be considered. Even windings with flow direction may have some local flow
restrictions. Regions where leads exit the windings through end blocks should be investigated. The analysis
should account for added tape where conductors exit windings; added tape and barriers on leads outside the
windings near ground, or through a bushing; extra conductor insulation on end turns; and areas covered by
insulation board. Winding conductors exiting through the end insulation may have extra insulation.

 

5.8 Considerations for distribution and small power transformers

 

Distribution and small power transformers usually utilize rectangular windings. Some manufacturers may
use circular coils for select designs. Fluids other than mineral oil are also used. To minimize the amount of
material used and to improve short-circuit strength, the layer insulation contains an adhesive. The portion of
the windings under the core iron are pressed and baked to bond the adhesive to the coil conductor and layer
insulation. Cooling duct arrangements may differ from power transformers in that not all ducts extend com-
pletely around the winding. Some cooling ducts are located only in the portion of the winding outside the
core iron typically referred to as “end ducting.” For this reason, some refer to this winding as a “collapsed
duct rectangular winding.” To reduce the hottest-spot temperature, some transformers may contain a few
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ducts (termed annular ducts) that extend completely around the winding. For these annular ducts to be effec-
tive, allowance must be made for fluid to enter and exit the portion of the duct under the core iron.

A quarter section of a winding is illustrated in Figure 2. The winding may consist of a secondary and pri-
mary coil assembly. For small distribution transformers, the winding arrangement may consist of an inner
secondary winding, primary winding, and an outer secondary winding. The windings are wound tightly over
each other with insulation between the windings, although ducts are sometimes used between windings. The
space between the inner secondary winding and the core is small and the insulation under the winding may
be in contact with the core. The adjacent windings of three-phase units or two-legged single-phase units usu-
ally touch and may contact the outer core legs of shell type or three-phase five-legged core-type units. Cores
may be either stacked or wound.

The collapsed duct arrangement causes a circumferential temperature gradient from the center of the wind-
ing with no ducts under the core iron to the center of the winding outside core iron where cooling ducts are
located. In addition, thermal gradients are present between layers. The vertical temperature gradient is due to
the oil flow within the cooling ducts and the outer surface of the windings.

The following factors should be considered in a winding heat transfer model for distribution or small power
transformers:

a) Fluid properties (i.e., viscosity, thermal conductivity, coefficient of thermal expansion, density, and
specific heat).

b) Quantity, location, and size of cooling ducts.

c) Heat flux from each side of the cooling duct is different. The heat flux also varies with the particular
cooling duct and varies circumferentially along a given duct.

d) Heat flow across layers should be considered. Layer insulation thicknesses may vary throughout the
winding.

e) Circumferential heat flow from the portion of the winding under core iron to the portion of the wind-
ing outside core iron should be considered.

Figure 2—Quarter section of rectangular winding
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f) Heat flow between the various windings and the core occur and should be considered.

g) An accurate determination of the dimensions of the various parts of the winding is important to pre-
dict temperature rises. To properly allow for conduction heat transfer and loss generation, it is of
particular importance to determine the dimensions of the parts of the winding where cooling ducts
are not present. Dimensions of the parts of the winding where cooling ducts are located can be easily
determined from the dimensions of the cooling duct assemblies.

h) Layers and turns in the tapped-out parts should be considered.

 

6. Determination of hottest-spot rise from production thermal tests without 
direct measurement of hottest-spot temperature

 

Thermal tests are usually performed without direct measurement of the hottest-spot rise. There are no meth-
ods or equations to obtain hottest-spot rise from measurements of fluid temperatures and average winding
temperature rise by resistance during standard commercial tests in accordance with IEEE Std
C57.12.90-1999. The manufacturer’s thermal model and test data using direct measurement on other units
may be used to determine the hottest-spot rise from the production thermal test data.

The thermal test data may be used to determine the hottest-spot rise by means of the following equations.

(1)

(2)

(3)
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Errors in prior testing using direct measurement of hottest spot can lead to erroneous values of the H-factor.
An error on the low side of the average winding rise gradient with an accurate hottest-spot value gives a high
value of the H-factor. A measurement error on the low side for the hottest-spot gradient and an accurate
value of the average winding gradient gives a low value of the H-factor. Hottest-spot temperature rise
measurements less than the average winding rise have been reported with fiber optic detectors. Care should
be exercised to correctly measure hottest-spot rise.

Many factors influence the ratio of hottest-spot rise to average winding rise. Many of these factors are
described in this guide. By using a combination of mathematical analysis combined with testing using
embedded detectors, a manufacturer may develop H-factors for different designs.

This should be acceptable if the H-factor for a specific design is based on the manufacturer’s experience
from analysis and tests on past designs. It is the manufacturer’s responsibility to choose the correct H-factor.
Statistical analysis of a number of analyses and tests might be used. The choice of an unrealistic high value
penalizes the user in determining loading capability. Unrealistic low values should also be avoided. A dis-
cussion of the variation of the H-factor is given in Annex C.

 

7. Documentation and acceptance criteria

 

IEEE Std C57.12.00-2000, subclause 5.11.1.1, states, “The maximum (hottest-spot) winding temperature
rise above ambient shall be included on the test report with the other temperature rise data. A note shall
indicate which of the above methods was used to determine the value.” The “above methods” are also listed
in 1.2 of this guide. When direct measurements of hottest-spot temperatures are not performed, the
manufacturer’s thermal model and/or prior tests should be the only criteria to determine the hottest-spot rise.
Other methods should only be used by agreement between the manufacturer and purchaser in the purchasing
contract.

A detailed report of calculations should not be required to be submitted with the test report. It is expected
that manufacturers will incorporate the thermal model as a subroutine in their computer design programs.
Some manufacturers may choose as an option to supply additional information from the computer subrou-
tine to further substantiate their performance claims.

Reports describing the manufacturer’s thermal program and tests are highly proprietary. Summary reports
describing the thermal model and a comparison of the predictions vs. test results should be available for
review at the manufacturer’s plant or at another location by prior agreement. 
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Annex A

(informative) 

Bibliography on experimental testing to predict or confirm 
transformer thermal performance

Information on experimental apparatus, procedures, and test data is also given in [B43], [B44], [B45], [B46],
[B51], [B56], [B65], [B67], [B68], [B70], [B72], [B74], and [B75] of Annex B. This bibliography is divided
into two parts, as follows: 

a) Thermal testing by methods other than fiber optics

b) Testing by methods using fiber optic temperature detectors

A.1 Testing by methods other than fiber optics

[B1] Aubin, J., Bergeron, R., and Morin, R., “Distribution transformer overloading capability under cold
load pickup conditions,” IEEE Trans. Power Delivery, vol. 5, pp. 1883–1890, Nov. 1990.

[B2] Aubin, J. and Yanghame, Y., “Effect of oil viscosity on transformer loading capability at low ambient
temperatures,” IEEE Trans. Power Delivery, vol. 7, no. 2, pp. 516–522, Apr. 1992.

[B3] Douglas, D.H., Lawrence, C.O., and Templeton, J.B., “Factory overload testing of large power trans-
formers,” IEEE Trans. Apparatus and Systems, vol. PAS-104, no. 9, pp. 2492–2500, Sept. 1985.

[B4] Godec, Z., and Sarunac, R., “Steady-state temperature rises of ONAN/ONAF/ONAF transformers,”
IEE Proc.-C, vol. 135, no. 5, pp. 448–454, Sept. 1992.

[B5] Kunes, J. J., “Characteristics of thermosiphon flow in a model transformer oil circuit,” Part III, Power
Apparatus and Systems, Trans. AIEE, vol. 77, no. 39, pp. 973–977, Dec. 1958.

[B6] Kurita, S. A., and K. Okuyama, “Practical performance test on 275 kV 680 MVA transformer,” Hitachi
Review, vol. 25, no. 10, pp. 329–334, 1976.

[B7] Lampe, W., “Power transformers and shunt reactors for arctic regions,” IEEE Trans. Power Del.,
vol. PWRD-1, no. 1, pp. 217–224, Jan. 1986. 

[B8] Northrup, S. D., and Thompson, M. A., “Cold start performance of transformers filled with high molec-
ular weight hydrocarbon liquid,” IEEE Trans. Power Apparatus and Systems, vol. PAS-103, no. 11,
pp. 3373–3378, Nov. 1984.

[B9] Pierce, L. W., “An investigation of the temperature distribution in cast-resin transformer windings,”
IEEE Trans. Power Delivery, vol. 7, no. 2, pp. 920–926, April 1992.

[B10] Pierce, L. W., “An investigation of the thermal performance of an oil-filled transformer winding,”
IEEE Trans. Power Delivery, vol. 7, no. 3, pp. 1347–1358, July 1992.

[B11] Pierce, L. W., “Hottest-spot temperatures in ventilated dry-type transformers,” IEEE Trans. Power
Delivery, vol. 9, no. 1, pp. 257–264, Jan. 1994.
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[B12] Stewart, H. C., and Whitman, L. C., “Hot spot temperatures in dry-type transformer windings,” AIEE
Trans., vol. 63, pp. 763–768, Oct. 1944.

[B13] Taylor, E. D., Berger, B., and Western, B. E., “An experimental approach to the cooling of transformer
coils by natural convection,” Proc. IEE, vol. 105A, pp. 141–152, 1958.

A.2 Thermal test methods using fiber optic temperature detectors

[B14] CIGRE, “Group 12 (Transformers Discussion),” Proc. 29th Session, pp.33–37, 1982.

[B15] CIGRE, “Group 12 Discussion,” Proc. 30th Session, pp. 1–12, 1984.

[B16] CIGRE Working Group 09 of Study Committee 12, “Direct measurement of the hot-spot temperature
of transformers,” CIGRE Electra, No. 129, pp. 47–51, Mar. 1990.

[B17] Cosaert, F., Goosens, J., Platteau, C., Leemans, P., and Moulaert, G., “Dynamic analysis of thermal
behavior of transformers using optical fibre measurements,” CIGRE Paper 12-305, 1992.

[B18] Goto, K., Tsukioka, H., and Mori, E., “Measurement of winding temperature of power transformers
and diagnosis of ageing deterioration by detection of CO2 and CO,” CIGRE Paper 12-102, 1990.

[B19] Hampton, B. F., Medhurst, D. R., Rogers, A. J., Woolard, M. E., and Stinton, C. C., “The measure-
ment of transformer winding temperature,” CIGRE Paper 12-02, 1982.

[B20] Lampe, W., Pettersson, L., Ovren, C., and Wahlstrom, B., “Hot-spot measurements in power trans-
formers,” CIGRE Paper 12-02, 1984.

[B21] Lindgren, S. R., Addis, G. I., Nilsson, S. L., and Petrie, E. M., “Determination of reliable transformer
capacity through direct hot spot temperature measurement and safe thermal loading limits,” CIGRE Paper
12-104, 1990.

[B22] McNutt, W. J., McIver, J. C., Snow, R. V. and Fallon, D. J., “Transformer loading capability informa-
tion derived from winding hot spot measurements,” CIGRE Paper 12-08, 1984.

[B23] McNutt, W. J., McIver, J. C., Fallon, D. J., and Wickersheim, K. A., “Direct measurement of trans-
former winding hot spot temperature,” IEEE Trans. Power Apparatus and Systems, vol. PAS-103, no. 6,
pp.1155–1162, June 1984.

[B24] Nordman, H., Hironniemi, E., and Pesonen, A. J., “Determination of hot-spot temperature rise at rated
load and at overload,” CIGRE Paper 12-103, 1990.

[B25] Norton, E. T., and Wickersheim, K. A., “Improved fiberoptic temperature measurement systems for
monitoring winding temperatures in medium and large transformers,” IEEE Trans. Power Del. vol.
PWRD-2, no. 3, pp. 831–835, July 1987.

[B26] Poittevin, J., Samat, J., Henneblque, I., and Tanguy, A., “Direct fibre-optic hot-spot temperature mea-
surement in an operating transformer,” CIGRE Paper 12-106, 1990.

[B27] Thaden, M. V., Mehta, S., P., Tuli, S. C., and Grubb, R. L., “Temperature rise tests on a forced-oil-air
cooled (FOA) (OFAF) core-form transformer, including loading beyond nameplate,” IEEE Trans. Power
Del., vol. 10, no. 2, pp. 913–919, April 1995.

[B28] Troisi, J. F., “Experience with fiber optic hot-spot sensor in 450 MVA SMIT autotransformer,” Proc.
1992 Doble Conference.
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[B29] White, A., Daniels, M. R., Bibby, G., and Fisher, S., “Thermal assessment of transformers,” CIGRE
Paper 12-105, 1990.

[B30] Zodeh, O. M., and Whearty, R. J., “Thermal characteristics of a meta-aramid and cellulose insulated
transformer at loads beyond nameplate,” IEEE Trans. Power Del., vol. 12, no. 1, pp. 234–245, Jan. 1997.
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Annex B

(informative) 

Bibliography on modeling of transformer thermal performance

This bibliography was compiled to assist in development of mathematical models to predict the thermal per-
formance of transformers. Finite difference methods are described in many sources on heat transfer. The
book by Thomas [B33] is a modern reference. Schenck [B31] is listed because implementation in computer
programs is described. The references on conduction analysis have limited application for large distribution
or power transformers. They could be useful for very small transformers and were listed to give a compre-
hensive bibliography. References on mathematical modeling of other than liquid filled transformers were
included because the techniques could be applicable to all types of transformers. These references may also
include experimental methods. References on modeling of transformers cooled by two phase flow were not
included because of the uniqueness of the heat transfer mechanism.

B.1 Finite difference methods

[B31] Schenck, H., Jr., Fortran Methods in Heat Flow, New York: Ronald Press Company, pp. 1–92, 1963.

[B32] Schneider, P.J., “Temperature fields in electrical coils: Numerical solutions,” AIEE Trans. Communi-
cations and Electronics, pp. 768–771, Jan. 1954.

[B33] Thomas, L. C., Heat Transfer Professional Version, Englewood Cliffs, NJ: Prentice Hall, 1993,
pp. 171–231, 976.

B.2 Conduction analysis

[B34] Cooper, H. F., “Transient and steady state temperature distribution in foil wound solenoids and other
electric apparatus of rectangular cross section,” 1965 IEEE International Convention Record, Part 10,
pp. 67–75, March 1965.

[B35] Cooper, H. F., Jr., “Joulean heating of an infinite rectangular rod with orthotropic thermal properties,”
ASME J. Heat Transfer, vol. 89, no. 1, pp. 39–43, Feb. 1967.

[B36] Higgins, T. J., “Formulas for calculating the temperature distribution in electrical coils of general rect-
angular cross section,” ASME Trans., pp. 665–670, 1944.

[B37] Higgins, T. J., “Formulas for calculating temperature distribution in transformer cores and other elec-
trical apparatus of rectangular cross section,” AIEE Trans. Elec. Eng., vol. 64, pp. 190–194, Apr. 1945.

[B38] Higgins, T. J., “Temperature distribution in toroidal electrical coils of rectangular cross section,” Jour-
nal of Franklin Institute, vol. 240, pp. 97–112, Aug. 1945.

[B39] Jakob, M., “Influence of nonuniform development of heat upon the temperature distribution in electri-
cal coils and similar heat sources of similar form,” ASME Trans., pp. 593–605, 1943.

[B40] Kofman, L. B., “The two dimensional temperature fields in the winding of a low power transformer in
a steady state thermal mode,” The Academy of Sciences of the USSR, Power Engineering, vol 15, no. 1,
pp. 132–138, 1977.
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B.3 Liquid-immersed transformers

[B41] Allen, P. H. G., and Allan, D. J., “Layer-type transformer winding cooling factors derived from ana-
logue solution of governing equations,” Proc. IEE, vol. 110, no. 3, pp. 523–534, Mar. 1963. 

[B42] Allen, P. H. G., and Allan, D. J., “The solution of a complex thermal problem by hybrid computation,”
Proc. 4th International Analogue computation Meeting, Brighton, England, pp. 500–505, 1964.

[B43] Allen, P. H. G., and Childs, E. D., “Conjugated heat transfer in disc type power transformer wind-
ings,” Proc. 8th Int. Heat Transfer Conf., vol. 6, pp. 2977–2982, 1986.

[B44] Allen, P. H. G., and Finn, A. H., “Transformer winding thermal design by computer,” IEE Conference
Publication, no. 51, pp. 589–599, 1969.

[B45] Allen, P. H. G., Szpiro, O., and Campero, E., “Thermal analysis of power transformer windings,”
Electric Machines and Electromechanics, vol. 6, pp. 1–11, 1981.

[B46] Burton, P. J., Graham, J., and Hall, A. C., “Recent developments by CEGB to improve the prediction
and monitoring of transformer performance,” CIGRE Paper 12-09, 1984.

[B47] Childs, E. P., “Flow maldistribution in disc-type power transformer windings,” in Maldistribution of
Flow and Its Effect on Heat Exchanger Performance, presented at 24th National Heat Transfer Conf. and
Exhibition, 9–12 Aug. 1997, Pittsburgh, Pa., ASME HTD, vol. 75, pp. 137–143.

[B48] Declercq, J., and Van der Veken, W., “Accurate hot spot modeling in a power transformer leading to
improved design and performance,” Proc. 1999 IEEE/PES Transmission and Distribution Conference,
11–17 April 1999, New Orleans, La.

[B49] Del Vecchio, R. M., and Feghali, P., “Thermal model of a disc coil with directed oil flow,” Proc. 1999
IEEE/PES Transmission and Distribution Conference, 11–17 April 1999, New Orleans, La.

[B50] Eastgate, C., “Simplified steady state thermal calculations for naturally cooled transformers,” IEE
Proc., vol. 112, no. 6, pp. 1127–1134, June 1965.

[B51] Grub, R. L., Hudis, M., Traut, A. R., “A transformer thermal duct study of various insulating fluids,”
IEEE Trans. Power Apparatus and Systems, vol. PAS-100, no. 2, pp. 466–473, Feb. 1981.

[B52] Imre, L., “Determination of the steady state temperature distribution of transformer windings by the
heat flux network method,” Perodica Polytechnica, Electrical Engineering, vol. 20, pp. 461–471, 1976.

[B53] Imre, L., Bitai, A., and Csenyi, P., “The role of the characteristic parameters in the warming of oil
transformers,” Perodica Polytechnica, Electrical Engineering, vol. 23, pp. 293–300, 1979.

[B54] Imre, L., Bitai, A., and Csenyi, P., “Parameter sensitivity investigations of the warming of oil trans-
formers,” Proc. First International Conf. Numerical Methods in Thermal Problems, pp. 850–858,
2–6 July 1979.

[B55] Imre, L., Bitai, A. and Csenyi, P., “Thermal transient analysis of OFAF transformers by numerical
methods,” Proc. 2nd. International Conf. On Numerical Methods In Thermal Problems, Venice, Italy, pp.
899–901, 7–10 July 1981.

[B56] Imre, L., Bitai, B., and Palkovics, S., “Heat transfer and flow characteristics of large oil transformer
windings,” Proc. Eighth Int. Heat Transfer Conf., San Francisco, vol. 6, pp. 2989–2994, Aug. 1986.
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[B57] Imre, L., Szabo, I., and Bitai, A., “Determination of the steady state temperature field in naturally oil
cooled disc type transformers,” Int. Heat And Mass Transfer Conf., Toronto, Ontario, Canada, vol. 2,
pp. 123–128, 1978.

[B58] Kiss, L., Szita, I., and Ujhazy, G., “Some characteristic design problems of large power transformers,”
CIGRE Paper 12-07, 1974.

[B59] Kiss, L., “Temperature rise and cooling of transformers,” Chapter 6 of Large Power Transformers,
K. Karsai, D. Kerenyi, and L. Kiss, New York: Elsevier, pp. 351–535, 1987.

[B60] Mikhailovsky, Y.A., Shvidler, A. B., Tarle, G. E., Tchornogotsky, V. M., Voevodin, I. D., and Lyublin,
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Annex C

(informative) 

Determination of hottest-spot rise from tests without direct 
measurement

C.1 Introduction

It would be desirable if the hottest-spot rise could be determined from measurements of fluid temperatures
and average winding rise by resistance during standard commercial tests in accordance with
IEEE Std C57.12.90-1999. Two methods have been proposed, the “multiflow method,” and the “IEC
method.” The “multiflow” method was based on considerations of oil flow within the winding. The “IEC
method” is based on a consideration for the higher eddy losses at the top of the winding.

C.2 Multiflow method

The multiflow method to determine hottest-spot rise was first proposed by Carruthers and Norris [B81].
They proposed that the hottest-spot rise could be determined from the following equations:

For ON cooling

(C.1)

For OF and OD cooling

(C.2)

where

∆Θr is temperature rise of a winding by resistance

∆Θmwo is average temperature rise of oil inside winding ducts

∆Θto is top oil temperature rise

∆Θbo is bottom oil temperature rise

It was assumed and proposed that the average oil rise inside the winding ducts could be obtained from the
asymptotic value of the winding cooling curve. Others have proposed that it could be obtained directly by
inserting probes into the winding ducts.

Direct measurement data using fiber optic detectors presented by Lampe [B86] and Lampe [B84] showed
considerable deviation from values calculated using the multiflow method.

C.3 IEC method

Equations for estimating the hottest-spot temperature rise at steady state for loads above rating were given in
the IEC Loading Guide 354 [B93]. Although these are only estimating equations, they are commonly called

∆Θh 1.1∆Θr 1.1∆Θmwo– ∆Θto+=

∆Θh 1.1∆Θr 0.9∆Θmwo ∆Θbo–+=
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“The IEC method” in the United States. It does not appear in the IEC performance standard IEC 60076-2
(1993-04) [B92] as an approved method or requirement to calculate winding hottest-spot temperature rise. It
is however discussed in a subclause of an informative Annex B whose title is “Transient
loading—mathematical model and testing.” In IEEE Std C57.12.00-2000, it is required that the hottest-spot
rise not exceed 80 °C. There is no requirement in IEC 60076-1 (1993-03) [B91] or IEC 60076-2 (1993-04)
[B92] to meet a specified hottest-spot temperature rise. Since there is no IEC performance requirement for
hottest-spot temperature rise, the purpose of the information in Annex B of IEC 60076-2 (1993-04) [B92]
and IEC 60354 (1991-10) [B93] is to provide information for user calculations of loading capability. Users
of transformers manufactured to IEEE Std C57.12.00-2000, could use 80 °C for the rated hottest-spot rise in
their loading calculations. It is a misconception that the so-called “IEC method” is an approved IEC method
to determine the hottest-spot rise for the purposes of complying with performance requirements.

For natural flow, the IEC equation is based on multiplying the difference in average winding rise and average
oil rise by an H-factor and then adding it to the top oil rise. For forced oil transformers, it is based on multi-
plying the difference in average winding rise and average oil rise in the winding by an H-factor and then
adding it to the bottom oil rise and the oil rise at the top of the winding ducts. The oil rise in the winding duct
is determined from the asymptotic value of the winding cooling curve. The H-factor is to allow for the higher
eddy loss at the end of the winding.

To prepare typical loading tables, the 1991 edition of IEC 60354 (1991-10) [B93] assumed a factor of 1.1 for
distribution transformers and 1.3 for power transformers. Annex B of IEC 60076-2 (1993-04) [B92] states,
“In large transformers there is considerable variation depending on design, and the manufacturer should be
consulted for information, unless actual measurements are carried out...”

A 1995 CIGRE Electra article [B89] giving experimental results using fiber optic data showed that the hot
spot factor ranged from 0.51 to 2.06. Values less than 1.0 are an obvious error. Although the mean value for
power transformers was close to 1.3 the conclusion was that the factor cannot be represented by a single con-
stant. The conclusions stated

“A utility with no overload specification that wants to use the loadability of its new transformers therefore
has two choices:

— Measure the hot spot directly and, in the case of similar transformers, devise a thermal model of the
hot-spot according to the design.

— Use the manufacturer’s calculated value deduced from knowledge of his design.”

A companion 1995 CIGRE Electra article [B90] described attempts to determine analytically the H-factor
based on electromagnetic concepts. The study group concluded that it was not reasonable to recommend any
formula for the H-factor.

Calculations of the H-factor for distribution transformers given in Pierce and Holifield [B63] showed a range
from 1.018 to 1.741 for ratings from 15 kVA single phase through 2500 kVA three phase.

C.4 Summary

The two methods described in this Annex gave variations between test and calculation by using a single
value of the constants in the equations. The multiflow method considered the variable of variation of oil tem-
perature and the IEC concept was based on considerations of eddy loss variation and oil temperature at the
top of the winding. Equation (1), Equation (2), and Equation (3) of this guide with a variable H-factor were
proposed as a suitable method. This should be acceptable if the H-factor for a specific design is based on the
manufacturer’s experience from analysis and tests on past designs.
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Introduction

(This introduction is not a part of IEEE Std C37.015-1993, IEEE Application Guide for Shunt Reactor Switching.)

This application guide is the result of a cooperative effort between a Working Group of the IEEE High Voltage 
Breaker Subcommittee and a Task Force of the IEC Technical Committee 17A. The material is published 
organizations; the IEEE version being this application guide, while the IEC version (IEC TR 1233) is a tec
report. The two documents differ editorially in terms of format and some terminology, but are technically ident

The guide is based on the work of CIGRE Working Group 13.02 (refer to bibliography) and extends that work
practical application of circuit breakers for shunt reactor switching.

The subject of shunt reactor switching is complex. The approach taken in the main text of the guide is to presen
method for the application of circuit breakers for the purpose, which considers only load side circuit characte
The method is conservative and will be adequate in many instances. However, by reference to a series of n
general case (which incorporates the influence of the source side characteristics and the parallel capacitan
circuit breaker) is presented. The user of this application guide is encouraged to exercise due discretion in th
of the basic or general method for the application under consideration. Consideration should, in addition, be 
the magnetic effects associated with air core shunt reactors.
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1. Scope

This application guide applies to ac high voltage circuit breakers rated for shunt reactor switching.

The guide covers the specific cases of switching directly grounded shunt reactors, ungrounded shunt reac
shunt reactors grounded through a neutral reactor. Directly grounded reactors are common on extra-high
(EHV) and high voltage (HV) systems, while ungrounded reactors are commonly applied on medium voltage
systems. Neutral reactor grounded schemes are usually only applied on EHV systems.

Whereas this application guide is directed towards circuit breakers, it is recognized and accepted that other s
devices such as high voltage load break switches are capable of shunt reactor switching and this guide may b
as appropriate.

2. Purpose

This guide is intended for general use in the application of ac high voltage circuit breakers for shunt reactor
switching.

Shunt reactor switching imposes a unique and severe duty on the connected system and circuit breaker. Part
high voltages, the current to be interrupted is generally less than 300 A, yet successful interruption is a c
interaction between the circuit breaker and the circuit. This interaction can result in significant overvoltages.

The purpose of the guide is to describe, principally for the benefit of the user, the shunt reactor switching d
overvoltages generated, and the control of those overvoltages. The guide further details the specification o
breakers and procedures to predict field performance based on test data.
Copyright © 1998 IEEE All Rights Reserved 1
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3. General application conditions

3.1 Maximum voltage for application

The continuous operating voltage should not exceed the rated maximum voltage for the circuit breaker.

3.2 Frequency

The rated power system frequency is 50 Hz or 60 Hz.

3.3 Shunt reactor load current

Shunt reactor load currents are referred to generically as small inductive currents. The capability of circuit bre
interrupt small inductive currents is generally not a concern. The circuit breaker will typically interrupt the curr
the first current zero after contact parting, but may not be immediately capable of withstanding the high ma
recovery voltages that can then appear across the contacts. This can result in a reignition followed by an a
loop of rated frequency current and successful interruption. Refer to 3.5.

3.4 Interrupting time

The interrupting time of a circuit breaker, when switching shunt reactor load currents, is the interval be
energization of the trip coil and the interruption of the current in all poles on an opening operation. Refer to 3.3 a

3.5 Transient overvoltages

An important consideration for application of circuit breakers for shunt reactor current switching are the tra
overvoltages generated on interruption of the current and by subsequent reignitions. Refer to clause 4.

3.6 Fault interrupting capability

Circuit breakers applied for switching shunt reactors may or may not be required to have a fault-interrupting cap
In the latter case, the through fault capability of the circuit breaker should equal the fault level applicable to th
reactor location.

3.7 Frequency of operation

Shunt reactors are switched frequently, often daily, to control and compensate for changes in system load
configuration. In the selection of a circuit breaker for this duty, consideration should be given to this matter.

4. Shunt reactor switching conditions

4.1 General

Three specific shunt reactor switching cases are considered in this guide. The case of directly grounded re
treated in detail. The cases of ungrounded reactors and neutral reactor schemes are treated in terms of rela
deviating from the directly grounded reactor case.
2 Copyright © 1998 IEEE All Rights Reserved
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Given that shunt reactor switching is interactive, characteristics of the reactor and the circuit have to be con
Shunt reactor characteristics are discussed in annex A, while applicable system and station characteri
discussed in annex B.

The general derivation of chopping and reignition overvoltage values, discussed in 4.2, 4.3, and 4.4, is given 
C, while annex D discusses the oscillation modes associated with the current interruption and reignition proce

Annex E, complemented by annex F, describes how laboratory test results can be used to calculate circui
performance and expected overvoltages in actual shunt reactor installations.

4.2 Directly grounded reactors

The switching of directly grounded reactors can be analyzed using the equivalent single phase circuit shown 
1. Basically, circuit breakers have no difficulty interrupting shunt reactor current; in fact, the current is f
prematurely to zero, a phenomenon referred to as current chopping. However, the chopping of the curr
subsequent possible reignitions can result in significant transient overvoltages. The following two typ
overvoltages are generated:

a) Chopping overvoltages with frequencies up to 5 kHz
b) Reignition overvoltages with frequencies up to several hundred kilohertz (kHz)

Figure 1— Single phase equivalent circuit

Figure 2 illusrates current chopping phenomena and figure 3 defines the different overvoltage occurring at c
and reignition.
Copyright © 1998 IEEE All Rights Reserved 3
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Figure 2— Current chopping phenomena
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Figure 3— Chopping and reignition overvoltage phenomena
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4.2.1 Current chopping

Current chopping is caused by arc instability, which exhibits itself in the form of a negatively damped c
oscillation superimposed on the load current. The oscillation amplitude increases rapidly, creating a current
which the circuit breaker usually interrupts (figure 2). The frequency of the oscillation is such that current ch
can reasonably be assumed to be instantaneous.

For a single interrupter circuit breaker, the chopping current level is given by the equation

(1)

where

ich is the current level at the instant of chopping (A)
Ct is the total capacitance in parallel with the breaker (F)
λ is the chopping number for a single interrupter (AF −0.5)

The chopping number, λ, is a characteristic of the circuit breaker and is derived in laboratory tests (refer to ann
This concept can be applied to all circuit breaker types except for vacuum circuit breakers, for which the relat
between the chopped current and the interacting capacitance is less definitive. Ranges of typical chopping num
given in table 1.

Table 1— Circuit breaker chopping numbers

Ct is given by the following equation (refer to figure 1):

(2)

where

CP is the circuit breaker parallel capacitance (F)
Cs is the source side capacitance to ground (F)
CL is the effective load side capacitance to ground (F) and given by the expression CG + 2Cφ, where CG is the

summation of the load side equipment capacitances to ground (refer to annex A and annex B), and Cφ is the
phase-to-phase capacitance of the shunt reactor and associated connections. For many applicaφ
may not be significant compared to CG and can be ignored.

The maximum value of Ct and the worst-case condition for overvoltage generation occurs when Cs>> CL, in which
case Ct is given by

(3)

Equation (1) applies as noted only to circuit breakers with a single interrupter. For circuit breakers wit
interrupting units per pole, the following equation applies:

Circuit breaker type Chopping number (λλλλ)

Minimum oil 7–10·104

Air blast 15–25·104

SF6 4–17·104

i ch λ= Ct

Ct CP

CsCL

Cs CL+
-------------------+=

Ct Cp CL+=
6 Copyright © 1998 IEEE All Rights Reserved
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The level of current chopping may be dependent on arcing time. This tends to be the case for SF6 puffer type and most
air blast circuit breakers. For oil circuit breakers, however, the level of current chopping is independent of the
time.

Current chopping phenomena are discussed in detail in [B11] , [B12] , and [B13] .1

4.2.2 Reignitions

The circuit breaker, after current interruption, is stressed by the difference between the source side voltage (clo
crest of the power frequency voltage) and the load side oscillating voltage (figures 2 and 3). Circuit breakers w
high chopping levels exhibit reignitions before or at the suppression peak. Such reignitions mainly have the e
reducing the chopping overvoltages. Circuit breakers, such as the SF6 puffer type that have low chopping levels
seldom reignite during the suppression peak overvoltage loop.

Figure 4— Reignition windows

At the recovery voltage peak, the circuit breaker is stressed by a voltage that approaches the chopping overvo
the peak of the source side voltage. If the circuit breaker does not reignite before or at this point, then the inte

1The numbers in brackets correspond to those of the references in clause 7.

I ch λ NCt=
Copyright © 1998 IEEE All Rights Reserved 7
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is successful. If, however, the instant of contact parting is such that the contact gap does not yet have s
dielectric strength, then a reignition will occur (refer to figure 4). All circuit breakers will reignite when
interruption occurs with a small contact gap. The reignition “window” will be narrow or wide depending on the r
rise of voltage withstand capability of the increasing contact gap, i.e., the design of the circuit breaker (inter
medium, contact velocity, electrode design, etc.). Reignition-free interruption can practically be achieved only t
control action (refer to 5.3).

4.2.3 Overvoltages

Two types of overvoltages are to be considered—chopping overvoltages and reignition overvoltages.

4.2.3.1 Chopping overvoltages

The energy trapped in the load side inductance and capacitance at the instant of chopping will oscillate betw
inductance and the parallel capacitance. The frequency of the oscillation is of the order of 1 to 5 kHz at high v
and is determined by the natural frequency of the reactor load circuit, i.e., the reactor itself and all equ
connected between the circuit breaker and the reactor (refer to annexes A and B).

The first peak of the oscillation has the same polarity as the system voltage at the time of interruption. This c
overvoltage is referred to commonly as the suppression peak overvoltage (refer to figures 2 and 3). The sec
of the oscillation has a polarity opposite to that of the system voltage at the time of interruption, and that ch
overvoltage is referred to as the recovery voltage peak overvoltage. For directly grounded reactor installati
recovery voltage peak overvoltage is equal to or less than the suppression peak overvoltage (refer to annex
magnitude of the suppression peak overvoltage (ka in pu) is given by the following equation:

(5)

where

ich is the chopped current level (A)
Vo is the peak voltage (V) across shunt reactor at the instant of current interruption
L is the reactor inductance (H)
CL is the load side effective capacitance to ground (F), refer to equation (2)

Equation (5) assumes that the arc voltage of the circuit breaker prior to current chopping is negligible in com
to Vo, which is generally the case for HV and EHV shunt reactor switching.

For a given application (fixed Vo, L, and CL), when Cs>>CL and Cp is negligible, the overvoltage is dependent on ich
only. Equation (5), except for vacuum circuit breakers, can then be rewritten as

(6)

where

Q is three-phase reactor rating (V· A)
λ is the chopping number (AF−0.5) for a single interrupter
ω is 2πf = angular rated power system frequency
N is the number of interrupting units in series per pole

The chopping overvoltage is thus only dependent on the chopping number and the reactive power of the reac

ka 1
ich

2

Vo
---------

 
 
  L

CL
------+=

ka 1
3Nλ2

2ωQ
-------------+=
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Since the damping is usually small, the oscillation on the load side will result in a recovery voltage peak over
of nearly the same magnitude as the suppression peak overvoltage. The load side oscillation will slowly d
amplitude due to the damping.

The stress on the reactor due to current chopping is determined by the highest peak voltage to ground, wh
suppression peak overvoltage at the frequency of the load side oscillation. Due to the comparatively low freque
overvoltage is evenly distributed across the winding, which results in low interturn voltages.

NOTE  —  The general equation from which equation (6) is derived is

where Ct is as given by equation (2). Equation (6) can be used as a reasonably conservative approach in mo
However, for those cases where actual Cs, and/or Cp values must be considered, then the general equation shou
used.

4.2.3.2 Reignition overvoltages

When a reignition occurs, the load side voltage rapidly tends toward the source side voltage, but overshoots p
a reignition overvoltage (refer to figure 3). Figure 5 shows the maximum attainable overvoltages without damp
a reignition at the recovery voltage peak. With damping considered, the maximum magnitude of the rei
overvoltage to ground (kp pu) is given by the equation

(7)

where

β is a damping factor whose value will not normally exceed 0.5.

The voltage breakdown at a reignition creates a steep voltage transient that is imposed on the reactor. The f
varies from less than one microsecond to several microseconds. Since the voltage breakdown in the circuit b
practically instantaneous, the steepness is solely determined by the frequency of the second parallel oscillatio
(refer to annex D), which in turn is dependent on the system/station layout. This steep transient may be u
distributed across the reactor winding, stressing the entrance turns in particular with high interturn overvoltag

The peak-to-peak excursion voltage of the reignition transient (ks pu) is given by

(8)

It is important to note that the value of ka applicable to equations (7) and (8) is that for the current zero at which
reignition occurs.

ka 1
3Nλ2

2ωQ
-------------

Ct

CL
------⋅+=

kp 1 β 1 ka+( )+=

ks 1 β+( ) 1 ka+( )=
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Figure 5— Maximum reignition overvoltages

NOTE  —  Equations (7) and (8) also reflect a conservative approach since Cs, is assumed to dominate over CL. If this is not the
case, additional damping will occur due to the redistribution of charge between Cs, and CL. With reference to figure 6,
it can be shown that

and

giving lower reignition overvoltage peak and excursion values than if Cs, was considered dominant.

Refer also to the note in 4.2.3.1.

kp 1 β+( )
Cs

Cs CL+( )------------------------ 1 ka+( ) ka–=

ks 1 β+( )
Cs

Cs CL+( )------------------------ 1 ka+( )=
10 Copyright © 1998 IEEE All Rights Reserved
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4.2.3.3 Recovery voltage across circuit breaker

Following interruption, the circuit breaker is stressed by the difference between the source side voltage and 
side voltage. If no reignition occurs, the per unit crest value of this recovery voltage (krv) is given by

(9)

For testing purposes, this is the minimum recovery voltage that must be achieved in the test circuit. For app
purposes, this value should be compared with the withstand capability across the circuit breaker as discussed
E.

Figure 6— Reignition at recovery voltage peak for a circuit with low supply side capacitance

krv 1 ka+=
Copyright © 1998 IEEE All Rights Reserved 11
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4.2.4 Related phenomena

There are a number of phenomena related to shunt reactor switching, which may impact on the success of th
interruption and should be recognized. These phenomena include oscillation modes, high frequency 
interruption, energizing transients, and voltage escalation.

4.2.4.1 Oscillation modes

A number of different oscillation modes occur during the interruption and reignition process. These voltag
associated current modes are discussed in annex D.

4.2.4.2 High-frequency current interruption

The occurrence of a reignition results in several modes of current oscillations (annex D). These oscillati
superimposed on the reestablishing of load current and may produce current zeros at which the circuit brea
attempt to interrupt. The ability to interrupt at these high-frequency current zeros is dependent on the type o
breaker and on the frequency and damping of the oscillation. The subject is discussed in detail in [B25] . Refe
4.2.4.3 below.

4.2.4.3 Voltage escalation

In the event that a new interruption occurs during the first, second, or main circuit oscillation modes, the lo
oscillation will start again. Due to energy transfer between the source and load sides, the oscillating energy m
changed. A new reignition may occur close to the recovery voltage peak, and if the energy has increased, the r
voltage may be higher than at the first reignition. This procedure may be repeated several times, giving m
reignitions with increasing overvoltage magnitude. This is referred to as “voltage escalation” and is a sign
characteristic of vacuum circuit breakers due to their ability to interrupt high frequency currents. Voltage esc
may also occur on other circuit breaker types, particularly where the frequency of the reignition transient is lo
less than approximately 100 kHz (refer to [B25] ).

4.2.4.4 Shunt reactor energizing transients

Energizing (switching-in) a shunt reactor is a situation similar to the occurrence of a reignition. Howeve
breakdown voltage across the circuit breaker will not exceed 1 pu for directly grounded reactors, and the peak
the energizing transient will be 1.5 pu or less.

NOTE  —  For ungrounded reactors, this transient is maximum for the second pole to make, the peak value being 1.73 pu
β equals 0.5.

Reactor surge arrester operation may occur if the switching device has a slow closing speed resulting in 
restriking and possible voltage escalation (refer to 4.2.4.3).

4.3 Ungrounded reactors

The switching of MV ungrounded reactors, generally connected to the tertiaries of system transformer, differs f
case of directly grounded HV and EHV reactors in that the current to be interrupted is several times to an 
magnitude higher than that in the latter case (refer to annex A). On this basis, while the current to be interrup
still be small relative to the terminal fault interrupting capability of the circuit breaker, the reactor curren
approach or equal the continuous current rating of the circuit breaker. The ungrounded reactor switching
therefore influenced by the ability of the breaker to interrupt the current and withstand the recovery voltage 
reignition. The case can reasonably be described as being equivalent to or approaching that of a low curr
terminal fault.
12 Copyright © 1998 IEEE All Rights Reserved



SHUNT REACTOR SWITCHING IEEE Std C37.015-1993

le
to first

 ground

 EHV
,

4.3.1 Current chopping

Equation (1) is applicable to this case, as is equation (2) with Cp = 0, since the circuit breaker will consist of a sing
interrupter at this voltage level. This approach is valid because the neutral point is virtually grounded prior 
phase interruption.

4.3.2 Chopping and reignition overvoltages

The overvoltages to be considered are the chopping overvoltages to ground and the reignition overvoltage to
and the peak-to-peak excursion.

With reference to annex C, the suppression peak overvoltage to ground is given by

(10)

Similar to the approach taken for directly grounded reactors (Cs>>CL Cp = 0 and N 1), equation (10), except for
vacuum circuit breakers, can be rewritten as

(11)

Quantities in equations (10) and (11) are as defined in 4.2.3.1.

The maximum chopping overvoltage to ground occurs at the recovery voltage peak and is given by

(12)

The per unit crest overvoltage to ground due to a reignition is given by

(13)

and the per unit crest overvoltage excursion peak-to-peak due to a reignition is given by

(14)

The damping factor β for MV reactor switching applications is considered to be a maximum of 0.5.

NOTES:

1- The general equation from which equation (11) is derived is

Cs and CL both being considered significant.

2- Equations (10) and (11) do not consider the influence of arc voltage. While this approach is valid for HV and
applications, the arc voltage may be significant compared to the value of Vo in MV applications. With reference to figure 3
equation (10) can be modified to incorporate the influence of arc voltage giving (refer to figure 3):

ka 1.5 1
1

1.5
------- 

  i ch

Vo
------ 

  2 L
CL
------ 

 + 0.5–=

ka 1.5 1
λ2

ωQ
--------+⋅ 0.5–=

kc 1 ka+=

kp 1 β 2 ka+( )+=

ks 1 β+( ) 2 ka+( )=

ka 1.5 1
λ2

ωQ
-------- 

  Cs

Cs CL+
------------------- 

 + 0.5–=

ka kin 0.5+( )2 1.5
i ch

Vo
------ 

 
2 L
CL
------+ 05–=
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Equation (11), similarly modified and with reference to note 1 above, becomes

4.3.3 Recovery voltage across circuit breaker

The per unit crest recovery voltage across the circuit breaker is given by

(15)

4.3.4 Application

In applying circuit breakers for switching ungrounded shunt reactors, consideration should be given to osc
modes, the connection arrangement, and testing.

4.3.4.1 Oscillation modes

The frequency of the load side oscillation for the first phase to interrupt differs from that of the second and third
to interrupt. The latter two phases interrupt virtually simultaneously.

For the first phase to interrupt and with reference to figure C.1, the frequency of the load side oscillation can be
as 30 kHz and is given by

(16)

where

L is the single phase inductance of the reactor in H
CL is the load side effective capacitance to ground in F; refer to equation (2)

The frequency of the load side oscillation after the second and third phases interrupt is given by

(17)

Typical oscillograms from a three-phase ungrounded reactor switching test are shown in figure 7.

ka kin 0.5+( )2 1.5λ2

ωQ
------------- 

  Cs

Cs C+
L

-------------------
 
 
 

+ 0.5–=

krv 2 ka+=

f1
1

2π 1.5LCL

-----------------------------=

f2 3,
1

2π LCL

---------------------=
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Figure 7— Test oscillogram of switching out of three-phase ungrounded shunt reactor

Phase-to-phase capacitance may be significant in this case, perhaps even purposely added. If so, then CL in equations
(16) and (17) is given by (CG + 2Cφ) and (CG + 3Cφ), respectively.
Copyright © 1998 IEEE All Rights Reserved 15
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4.3.4.2 Connection arrangement

Given that the neutral is ungrounded, the circuit breaker can be applied on the source or neutral side of the r
applied on the source side, the circuit breaker must meet at least the through fault capability associated with a
and may even be required to interrupt bus faults between the circuit breaker and the reactor. For circuit b
applied on the neutral side of the reactor, only the reactor switching duty has to be considered.

For both the source and neutral side connection arrangements, the above discussion with respect to current
and overvoltages applies equally. However, it is the practice of some utilities to apply two pole circuit breakers 
duty. In such a case, careful consideration should be given to the fact that, while the stress on the first pole to 
is as discussed above, the second pole must interrupt against the line-to-line voltage and the higher load side o
frequency.

It is essential that the user give serious consideration to applying surge arresters to protect the reactor a
importantly, to protect the transformer tertiary against the reactor switching overvoltages.

4.3.4.3 Testing

Each MV shunt reactor switching application will be unique. Appropriate testing will therefore be subje
agreement between the manufacturer and the user. Depending on the terminal fault interrupting capabilit
prospective circuit breaker, as discussed above, low current terminal fault interrupting capability test data 
applicable. In cases of very low capacitance values to ground and phase-to-phase, capacitance can be adde
ground or phase-to-phase to achieve a load side oscillation frequency comparable with those for low current 
faults.

In the event that the percentage terminal fault tests data is not applicable, then the test code detailed in IEC Pu
TR 1233 [B24]  should be used directly or amended as necessary.

4.4 Neutral reactor grounded reactors

Neutral reactor grounded reactors are unique to EHV systems. Such schemes are applied to achieve single 
clearing and reclosing. The switching of such reactor schemes is a combination of the directly ground
ungrounded reactors cases.

4.4.1 Current chopping

Equation (1) is applicable to this case. Ct is derived on the same basis as for the directly grounded reactor case 
to equation (2)]. As noted for the ungrounded reactor case, the neutral point is virtually grounded prior to firs
interruption.

4.4.2 Chopping and reignition overvoltages

With reference to annex C, the suppression peak overvoltage to ground is given by

(18)

Similar to the approach taken for directly grounded reactors (Cs>CL and ignoring Cp), equation (18) can be rewritten
as

(19)

ka 1 K+( ) 1
1

1 K+
-------------+

i ch

Vo
------ 

 
2 L

CL
------ 

  K–=

ka 1 K+( ) 1
1

1 K+
------------- 

 +
3Nλ2

2ωQ
------------- 

  K–=
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Quantities in equations (18) and (19) are as defined in 4.2.3.1 and in annex C.

The maximum chopping overvoltage-to-ground occurs at the recovery voltage peak and is given by

(20)

The per unit crest overvoltage-to-ground due to a reignition is given by

(21)

and the per unit crest overvoltage excursion peak-to-peak due to a reignition is given by

(22)

The damping factor B can be considered to be 0.5 as for the directly grounded reactor case.

NOTE  —  The general equation from which equation (19) is derived is

Cs and CL being considered significant and Ct given by equation (2).

4.4.3 Recovery voltage across circuit breaker

The per unit crest recovery voltage across the circuit breaker is given by

(23)

4.4.4 Application

In applying circuit breakers to switch neutral reactor grounded reactors, consideration should be given
connection arrangement, oscillation modes and testing.

4.4.4.1 Connection arrangement

Due to the presence of the neutral reactor, the recovery voltage across the breaker will be higher when compa
directly grounded reactor case by a factor of 2K assuming a suppression peak overvoltage of similar magnit
[compare equations (9) and (23)]. If surge arresters are applied across the circuit breaker, this voltage can be 
the same value as for the directly grounded case (refer to 5.3). Another way to limit this voltage is to ground the
prior to switching out the reactor with a single-pole disconnect switch connected across the neutral reactor.

In this context, surge arresters are usually provided at the neutral point to protect the neutral reactor. This 
depending on its rating, may operate during the reactor switching, and thus will have some influence on the
across the breaker, but not necessarily on the first recovery voltage peak. The user can review the effect of thi
through computer simulation.

4.4.4.2 Oscillation modes

The load side oscillation that occurs after the first phase clears is a single frequency oscillation and is given b

(24)

kc 2K ka+=

kp 1 β+ 1 2K ka+ +( )=

ks 1 β+( ) 1 2K ka+ +( )=

ka 1 K+( ) 1
1

1 K+( )
------------------+

3Nλ2

2ωQ
------------- 

  Ct

CL
------ K–=

krv 1 2K ka+ +=

f1
1

2π 1 K+( )LCL

----------------------------------------=
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This frequency is  times lower than that for the directly grounded shunt reactor case (refer to annex D
clearing of the second phase, and subsequent clearing of the third phase, the phase oscillations con
fundamental frequency modulated by a second lower frequency. Figure 8, from an actual field test on a neutra
grounded reactor scheme, illustrates the complexity of the oscillation modes for this case.

4.4.4.3 Testing

The testing of a circuit breaker for this application should involve a three-phase test but may be difficult,
impossible, to achieve. A two-part test can be considered as follows. The first-part test should be performe
applicable reactor current to establish the characteristics of the breaker for the directly grounded reactor case. 
this test and the derived breaker characteristics, the second-part test is performed at a higher voltage calc
reflect the expected performance and stress in the field installation including a voltage distribution factor [r
equation (23) and annex E]. This test is important to demonstrate that no reignitions will occur at a second curr
due to the higher voltage across the interrupter.

The requirements for the above tests will be influenced by measures taken to limit the reactor switching overv
(refer to 5.3).

5. Limitation of overvoltages

5.1 General

The overvoltages described in clause 4. cannot be totally eliminated. However, the overvoltages can be lim
acceptable values. This limitation is determined by the influence of the shunt reactor surge arrester protection
auxiliary equipment that can be applied to the circuit breaker to limit the overvoltages.

5.2 Shunt reactor surge arrester protection

Shunt reactors are normally protected by surge arresters. At least a 25% protective margin is recommended
the maximum protective level of the arrester and the insulation level of the reactor. This margin is easily attain
both modern metal-oxide surge arresters and the non-linear resistor type surge arresters with series gaps. A ty
kV shunt reactor installation (1550 kV BIL, 1275 kV switching surge) would incorporate a 396 kV rated surge a
with a maximum switching impulse protective level of about 800 kV peak. While many new reactor installation
incorporate metal oxide type surge arresters, gapped type surge arresters are still in common use in some cou
also need to be considered.

1 1 K+⁄
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Figure 8— Field oscillogram of switching out of three-phase neutral reactor grounded shunt reactor

5.2.1 Metal oxide surge arresters

Metal oxide surge arresters are rated on the basis of ability to absorb a rated amount of energy and to sub
withstand the immediate application of rated voltage for 10 s. Such an arrester is a voltage dependent no
resistor without gaps and operates by limiting the voltage to its voltage—current characteristic, i.e., it essentia
the voltage. Since no series gaps are involved, the arrester starts to conduct at a much lower voltage leve
gapped type. The current drawn by the arrester due to chopping overvoltages will not exceed 20 A in most ca

In the event that the circuit breaker chops sufficient current to produce a chopping overvoltage (suppression
recovery overvoltage peak) that exceeds the voltage—current characteristic of the arrester, thearrester will
current but only so long as the prospective voltage exceeds that of the arrester characteristic. The arrester
discharge a fraction of the load side energy and the load side voltage will continue to oscillate. The possibi
reignition is not eliminated, but it is reduced since the recovery voltage peak is less than its prospective va
example of such an arrester operation without reignition is shown in figure 9. Note the clipping of the suppressi
Copyright © 1998 IEEE All Rights Reserved 19
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overvoltage. If the suppression peak overvoltage is less than the arrester characteristic, the arrester will not op
may operate for the eventual higher reignition overvoltages and limit the peak-to-peak voltage excursion
maximum of twice the protective level.

With respect to energy absorption, the arrester absorbs only a fraction of the energy stored in the reactor at th
of chopping and it is of no significance.

Figure 9— Interruption of shunt reactor current with suppression peak overvoltage limited by metal 
oxide surge arrester

5.2.2 Gapped surge arresters

The rated voltage of a non-linear resistor-type surge arrester with series gaps is the maximum permissible rms
normal frequency voltage at which it is designed to operate correctly. At this voltage, the arrester is able to di
an overvoltage and reseal, i.e., interrupt the power frequency follow current. The rated voltage is usually selec
equal to the highest power frequency voltage, which can occur between the arrester terminals under te
overvoltage conditions.

The overvoltage protection provided by this type of arrester is characterized both by the sparkover characterist
series gaps and the residual voltage of the non-linear resistors and gap voltage during passage of discharg
Since the prospective arrester discharge current due to arrester operation when switching shunt reactors is
sparkover voltage characteristics of the arrester will determine the maximum overvoltage. The duration of volt
will be from a few µs (reignition overvoltages) to hundreds of µs (chopping overvoltages), which means that sparko
voltages for the standard 1.2/50 µs lightning impulse as well as switching surges have to be considered.

In the event that the circuit breaker chops sufficient current to produce a suppression peak overvoltage that e
exceeds the sparkover voltage of the arrester, the arrester will operate discharging the load side circuit en
reducing the load side voltage essentially to zero. An example of such a case is shown in figure 10. In this case
kV reactor is protected by a 420 kV rated arrester, which operates at 950 kV peak at the applicable time. N
discharge of the current trapped in the reactor through the arrester.
20 Copyright © 1998 IEEE All Rights Reserved
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Figure 10— Interruption of shunt reactor current with suppression peak overvoltage limited by a 
gapped surge arrester

For the case of high chopping overvoltage causing arrester operation, the possibility of reignitions is ess
eliminated. If, however, the chopping overvoltage peak is less than the arrester protective level, the arrester
operate. This is the case for circuit breakers, which chop low levels of current, e.g., SF6 puffer-type circuit breakers.
The arrester will still protect the reactor against the higher reignition overvoltages. The maximum peak-t
voltage excursions are then limited to about twice the arrester protection level.

The energy stored in the reactor at the instant of current chopping, even for the highest possible chopped cu
an order of magnitude less than the line discharge energy absorption capability of the arrester, and is of no sign

5.3 Circuit breaker auxiliary equipment

The auxiliary equipment that can be applied to the circuit breaker to limit overvoltages includes opening re
metal oxide surge arresters, and synchronous opening control devices.

5.3.1 Opening resistors

High chopping overvoltages can be limited by the addition of opening resistors and associated resistor s
connected across the main interrupter of the circuit breaker. The main interrupters of the circuit breaker will st
the current, but now only a commutation to the resistor circuit is taking place, i.e., no current interruption and th
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no, or very limited overvoltages will occur depending on the ohmic value of the resistor. Interruption of the c
occurs on the resistor switch, providing a much softer interruption and low chopping currents.

The value of the opening resistors should be chosen to be of the same order as the ohmic reactance of th
Resistor values of several thousand ohms are common and the insertion of the resistor causes a significa
shifting of the current. Current zero is advanced relative to the voltage peak, and interruption thus occurs at
point on the voltage wave. The chopping overvoltages are reduced relatively as are the magnitude and prob
reignition overvoltages.

5.3.2 Metal oxide arresters

Metal oxide surge arresters can be used to limit reignition overvoltages. The arrester is applied across th
breaker in the same manner as a grading capacitor and essentially limits the voltage across the circuit brea
voltage-current characteristic. A typical interruption of reactor current for this case is shown in figure 11. The e
the arrester applied across the circuit breaker can be summarized as follows:

Chopping overvoltages are limited to

(25)

(26)

(27)

Reignition transients are limited to:

(28)

(29)

where

karr is the protective level of the arrester expressed in pu of Vo.

5.3.3 Synchronous opening control devices

Reignitions in modern circuit breakers can be eliminated by means of synchronized opening of the circuit break
method applies to circuit breakers with minimum arcing times sufficiently less than one half-cycle to permit ac
and consistent contact parting at a point-on-wave to ensure a greater than minimum arcing time and su
interruption at the first current zero after contact parting. For example, in figure 4, contact parting should occur 
earlier than t1 and t2 as applicable.

ka 1 karr+≤

kc karr 1–≤

krv karr≤

kp 1 βkarr+≤

ks karr 1 β+( )≤
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Figure 11— Interruption of shunt reactor current by a circuit breaker equipped with a parallel metal 
oxide surge arrester

A special circuit breaker synchronous control device is required together with a source side voltage transfo
CVT for timing reference. An adaptive control may be used to compensate for any changes in mechanical tim
to ambient temperature or wear and tear. However, the moderate timing accuracy required will usually not ne
adaptive control.

Both three-pole and single-pole operation can be accommodated.

6. Circuit breaker specification

On the basis that the dedicated purpose of the circuit breaker is to switch a shunt reactor only, the chara
discussed in the following subclauses should be specified by the user.

6.1 Dielectric withstand capability

The quantities to be stated, as applicable, are maximum system voltage, ac voltage withstand level, and light
switching impulse withstand levels. These values should be at least equal to those for any circuit breaker appl
applicable system voltage. Special consideration should be given to the recovery voltage across the circuit
particularly under wet conditions (refer to 6.10 and annex E).

6.2 Interrupting current rating

Circuit breakers used to switch shunt reactors connected to buses are normally required to clear reactor zo
The circuit breakers should thus have fault interrupting and associated capabilities suitable for the purpose. Fo
breakers used to switch shunt reactors connected to transmission lines, fault-interrupting capability may n
requirement, but the short-time and momentary current capability of the circuit breakers shall equal those ap
to the circuit breakers providing fault current protection for the shunt reactor zone.
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6.3 Shunt reactor rating

The shunt reactor rating should be stated in terms of Mvar and rated voltage. For example, a three-phase shu
applied on a 500 kV system might be rated 135 Mvar at 525 kV.

6.4 Shunt reactor current

The shunt reactor current to be interrupted is that derived from the shunt reactor rating. For the example give
the shunt reactor current is 148.5 A rms.

6.5 Load side circuit characteristics

The load side circuit characteristics to be stated by the user are the inductance L of the shunt reactor (5.41 H for the
example in 6.3) and the total capacitance CL of the circuit. CL is the capacitance contributed by the shunt reactor a
all connected equipment, including buswork and supporting insulators between the circuit breaker and th
reactor. Refer to annexes A and B.

6.6 Overvoltage limitations

The suppression peak overvoltage (ka) limitation (2% value; refer to annex E) should be stated. It is recommended
a ka of 2 pu be used for EHV and HV applications and 2.5 pu for medium voltage applications.

NOTE  —  Reignition overvoltages (kp) are dependent on the interaction between the circuit breaker and the user’s system a
side circuit arrangement, and should not be stated as a circuit breaker requirement. Reignition overvoltage leve
calculated as described in clause 4. and in annex E.

6.7 Grounding arrangement

For the grounding arrangement, directly grounded, ungrounded, or neutral reactor grounded should be stated
neutral reactor grounded case, the inductance of the neutral reactor shall also be stated.

6.8 Interrupting time

Shunt reactor switching is a normally routine, rather than a protective (three-phase switching of bank for react
switching operation. Additionally, the interrupting times of different devices will vary dependent mainly
mechanical opening time. Unless there is a particular reason for doing so, the user should not specify an inte
time, but may wish to state some limitation with respect to simultaneity between poles and interrupters for mul
circuit breakers. Where synchronous control opening devices are applied, consideration should be given
repeatability of the mechanical opening time.

6.9 Mechanical endurance

Given that shunt reactors are switched frequently, the number of required close-open operations before mainte
necessary should be stated. A mechanical endurance type test should be performed to verify the endurance 
of the circuit breaker.

6.10 Additional information

In addition to other necessary technical data, the following additional information should be requested for eva
of the suitability of the circuit breaker for the application:
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a) Reactor switching test report complete with test circuit details, measured arcing times and ass
chopping overvoltage and chopped current values (if measured)

b) Analysis of the above test report results as described in annex E
c) Evidence (test report or other documentation) of applicable withstand capability across the circuit bre
d) Details of auxiliary equipment provided with the circuit breaker for the purpose.
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Annex A Shunt reactor characteristics

(Informative)

At 60 kV and above, shunt reactors are directly connected to station buses or to transmission line termination
grounded directly or through a neutral reactor (sometimes referred to as a four reactor scheme). At voltages 
kV, reactors are commonly connected to system transformer tertiary windings and are usually ungrounded.

A.1 Shunt reactors rated 60 kV and above

The majority of the installed shunt reactors at 60 kV and above are in the 30 to 300 MVA (three-phase) ran
largest single phase units have ratings of 125 MVA or 375 MVA as a three-phase group.

The characteristics of shunt reactors depends to a great extent on the design, which can be

Table A.1 gives some typical shunt reactor characteristics in the range 60 to 765 kV [B14] .

Table A.1 —HV and EHV shunt reactor electrical characteristics

In the range 60 to 245 kV, reactors are most commonly oil-filled and have three-legged gapped cores wit
continuous disc or interleaved disc windings. Future reactors in the range 69 to 145 kV will tend to be air-core 
units.

At 300 to 500 kV, reactors are single-phase or three-phase units with three-legged, five-legged or shell-type co
the wound core legs gapped). The windings are of the layer, continuous disc, or interleaved disc type.

— 3-legged gapped iron-core

— 5-legged gapped iron-core

— shell type gapped iron-core

— coreless (air-core)

Rated 
voltage 

(kV)
Rating 
(Mvar)

Normal 
frequency 

(Hz)
Rated 

current (A) Inductance (H)
Capacitance 

(nF)

Natural 
frequency 

(kHz)

765 150–300 60 113–226 5.17–10.35 1.7–4.0 1.1–1.7

735 330 60 259 4.34 4.1 1.2

525 135 60 148 5.43 1.8–4.0 1.1–1.6

400 120–200 50 173–289 2.55–4.25 1.9–3.2 1.4–2.3

236 125 60 306 1.18 2.1 3.2

132 55 50 240 1.0 1.3 4.4

115 25 60 126 1.4 2.9 2.5

60 20 60 190 0.48 2.0 5.1
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At 735 kV and 765 kV reactors are almost exclusively banks of single-phase units with similar constructions as
kV single-phase units.

The effective capacitance values of the reactors are dependent on the design and construction. For oil-filled u
capacitance is composed of bushing capacitance, winding series capacitance, and winding capacitances to gr
shields. Bushing capacitances range from 500 to 800 pF.

Effective winding capacitances vary from a minimum of about 1200 pF to a maximum of about 3500 pF
windings having the lowest values and interleaved disc windings the highest values. For dry coil units, no bush
involved and capacitance is that due to windings to ground and winding series capacitance. Both of these v
low; the latter so because of the large number of turns inherent in such coils, and the effective capacitance
range 300 to 500 pF.

For general reactor switching application and laboratory testing purposes, oil-filled reactors can reason
assumed to have a capacitance of at least 2000 pF. This will give natural frequencies of 1 to 5 kHz for reacto
69 to 765 kV, the lower frequencies being applicable at the higher voltages.

A.2 Shunt reactors rated below 60 kV

Shunt reactors rated below 60 kV are either oil-filled, three-legged iron core units, or dry coil units. Table A.2
some typical shunt reactor characteristics in this range [B14] .

Table A.2 —Medium voltage reactor electrical characteristics

Table A.2 illustrates the wide range of current and natural frequency applicable in this voltage range. For d
reactor units, the capacitance to ground is in the range 300 to 500 pF and the corresponding natural frequenci
two to three times those given in table A.2.

Rated 
voltage 

(kV)
Rating 
(Mvar)

Normal 
frequency 

(Hz)
Rated current 

(A)
Inductance 

(mH)
Capacitance* 

(nF)

*Oil-filled reactor effective capacitance to ground ignoring internal capacitive coupling between phases.

Natural 
frequency† 

(kHz)

†Applicable to first-pole to-clear.

36 35–100 50/60 560–1600 98–34 2 9.3–15.8

24 35–100 50/60 840–2400 44–15 2 14–23.7

17.5 40–80 50/60 1400–2600 20–10 2 20.6–29

12 40–75 50/60 1900–3600 10–5 2 29–41
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Annex B System and station characteristics

(Informative)

System (source) and station characteristics interact with the circuit breaker during the switching of shunt reac
must be considered in the application of circuit breakers for this purpose.

B.1 System characteristics

The system characteristics, which impact on reactor switching are the source inductance and the sou
capacitance. The source inductance can be derived from the prevailing short-circuit level at the station. The so
capacitance is in general very much greater than the load side capacitance. For circuit breaker type testing 
the former capacitance is assumed to be at least ten (10) times greater than the latter.

B.2 Station characteristics

Directly connected shunt reactors are connected either to station busbars or to overhead lines. A worldwide su
shown that connection to busbars is three times more common than the connection to lines. The characteristic
of relevance are the inductance of the connecting bus or line and any capacitances in addition to that of the
Typical values are given in table B.1.

Table B.1 —Connection characteristics for shunt reactor installations

The inductance of even the longest connection lengths (150 to 200 m) is not significant compared to the induc
high voltage reactors, but does influence the reignition process. The capacitance of long busbar/line lengths (u
m reported), and relatively short cable or GIS lengths is significant compared to that of the reactor and sh
considered. Additionally, other connected equipment between the circuit breaker and the reactor will also cont
the overall load side capacitance and should be considered. Capacitance values for such equipment are give
B.2.

Connection Inductance µµµµH/m Capacitance pF/m

Busbar/line 1 10

Cable 0.2–0.5 200–400

GIS 0.2 60
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Table B.2 —Capacitance values of various station equipment

Equipment Capacitance* nF

*Variation is with voltage rating.

Capacitor voltage transformers 2–16

Current transformers 0.15–0.45

Voltage transformers 0.15–0.45

Surge arresters 0.08–0.12

Disconnect switches 0.06–0.20

Bus support insulators 0.01

GIS air entrance bushings
–SF6 0.03–0.15

–Condenser 0.10–1

–Epoxy 0.10–1
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Annex C General derivation of chopping and reignition overvoltages due to shunt 

reactor switching

(Informative)

C.1 General

The purpose of this annex is to provide the basis for the derivation of the chopping and reignition overv
equations given in 4.2, 4.3, and 4.4. The equations for the three cases of directly grounded, ungrounded an
reactor grounded shunt reactors can be derived from the general case shown in figure C.1.

C.2 Chopping overvoltages

The general schematic for chopping and reignition overvoltages is shown in figure C.2. Prior to interruption of c
on any phase, the neutral of the reactor is at ground potential due to the symmetry of the voltage and circuit. W
first phase clears the neutral potential shifts through a transient oscillation towards a bias voltage K pu dependent on
the grounding arrangement. The mean value of the shifted neutral voltage decays to zero in a time also depe
the grounding arrangement.

The load side oscillation of the first phase-to-clear will oscillate around the shifted neutral voltage. Current ch
adds energy to this oscillation, the degree of chopping determining the magnitude of the overvoltage. The sup
peak overvoltage ka in per unit (pu) of the phase-to-ground peak voltage Vo is given by

(C.1)

where

ich is chopped current level (A)
Vo is system voltage to ground (Vpeak) at the instant of current interruption
L is main reactor inductance (H)
LN is neutral reactor inductance (H)
CL is effective load side capacitance to ground (F) [refer to 4.2.1, equation (2)].

ka 1 K+( ) 1
1

1 K+
-------------

i ch

Vo
------ 

 
2 L
CL
------+ K–=

K 1

2
L

LN
------+

----------------=
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Figure C.1 —General case for shunt reactor switching
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Figure C.2 —General schematic for chopping and reignition overvoltages

For directly grounded reactors (K=0), equation (C.1) can be applied to clearing on any phase. For unground
reactor grounded reactors, the equation applies only to the first-phase-to-clear. For these latter cases and co
the second and third phase to clear, there is either no or lower neutral shift, and additionally the released ind
stored energy at current chopping is lower. For these reasons, it can be assumed that the chopping overvo
lower for the second and third phases to clear unless the chopping current level is significantly higher than for 
phase-to-clear.

The magnitude of the suppression peak overvoltage relative to the shifted neutral voltage kb is given by

(C.2)

and the magnitude of the overvoltage to ground at the recovery peak kc, is given by

(C.3)

where

α is the damping factor associated with the chopping overvoltage oscillations.

The peak recovery voltage across the circuit breaker krv is given by

(C.4)

kb ka K+=

kc K α+ ka K+( )=

krv 1 K α ka K+( )+ +=
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For the different reactor grounding arrangements, the following equations apply:

For directly grounded reactors:

K = 0

α = 1 (zero damping)

kb = ka

kc = ka

krv = 1 + ka

For ungrounded reactors:

K = 0.5

α = 1 (zero damping)

kb = ka + 0.5

kc = ka + 1

krv = ka + 2 

For neutral reactor grounded reactors:

K = as for application 

α = 1 (zero damping)

kb = ka + K

kc = ka + 2K

krv = 1 + ka + 2K

C.3 Reignition overvoltages

With reference to figure C.2, the maximum reignition overvoltage to ground kp is given by

(C.5)

ka 1
ich

Vo
------ 

 
2 L
CL
------+=

ka 1.5 1
1

1.5
-------

i ch

Vo
------ 

 
2 L
CL
------+ 0.5–=

ka 1 K+( ) 1
1

1 K+
-------------

i ch

Vo
------ 

 
2 L
CL
------+ K–=

Kp 1 β 1[ K+ α ka K+( ) ]+ +=
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nificant
where

β is the damping factor associated with the reignition overvoltage oscillation and can be assumed to 

The maximum reignition overvoltage excursion peak to peak ks is given by

(C.6)

For directly grounded reactors:

K = 0

α = 1 (zero damping)

ka = as noted in subclause C.2 for this case

kp = 1 + β (ka + 1)

ks = (1 + β) (ka + 1)

For ungrounded reactors:

K = 0.5

α = 1 (worst case)

ka = as noted in subclause C.2 for this case

kp = 1 + β (ka + 2)

ks = (1 + β) (ka + 2)

For neutral reactor grounded reactors:

k = as for application

α = 1

ka = as noted in subclause C.2 for this case

kp = 1 + β (1 + ka + 2K)

ks = (1 + β) (1 + ka + 2K)

NOTES:

1 —  Equations (C.3) through (C.6) include the damping factor α and the conservative approach is to assume α = 1. In reality,
however, some damping will occur and a damping factor α of 0.9 or less is appropriate.

2 —  Equations (C.1) through (C.6) do not consider the influence of arc voltage. The influence of the arc voltage is not sig
for HV or EHV circuit breakers, but can be significant for MV circuit breakers. Refer to 4.3.

ks 1 β+( ) 1 K α ka K+( )+ +[ ]=
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grounded
 load s
3 —  Equation C.1) does not consider neutral to ground capacitance. Experience with ungrounded and neutral reactor 
installations indicates that the neutral-to-ground capacitance is not significant and can be ignored. On this basis, theide
oscillation in general is single frequency.
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Annex D Oscillation modes

(Informative)

D.1 General

The following discussion is applicable to the directly grounded reactor case and reference should be made to
The oscillation modes applicable to ungrounded and reactor grounded reactors are discussed in 4.3 
respectively.

Four different oscillation modes occur during the interruption and reignition process. These modes and as
frequency ranges are listed in table D.1.

Table D.1 —Oscillation modes and frequency ranges

D.2 Load side oscillations

A successful interruption results in the slowly decaying load side oscillation with the trapped energy osc
between the inductance and capacitance of the load side circuit. The frequency of the oscillation is given by

(D.1)

This oscillation may be modulated due to phase interaction (refer to D.4).

D.3 Reignition oscillations

Three different oscillation circuits are involved in reignitions. A “first parallel” oscillation occurs when CP discharges
through the circuit breaker; the frequency of this oscillation is

(D.2)

and is in the order of 1 to 10 MHz.

The circuit breaker will not interrupt the current associated with the “first parallel” oscillation. A “second par
oscillation (reignition overvoltage oscillation) will follow, as a result of which, the voltages across Cs, and CL are
equalized, i.e., the voltage across the circuit breaker is reduced to zero for an instant. The frequency of the
parallel” oscillation is given by

(D.3)

Oscillation mode Frequency range

Load side 1–5 kHz*

*Range applicable to oil-filled reactors; for dry coil reactors the upper limit may be two to three times
higher.

First parallel 1–10 MHz

Second parallel 50–1000 kHz

Main circuit 2–20 kHz

fL
1

2π LCL

---------------------=

fp1
1

2π LpCp

------------------------=

fp2
1

2π
------

CL Cs+

LbCLCs
-------------------=
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and is in the range 50 to 1000 kHz.

The circuit breaker may interrupt the current associated with the “second parallel” oscillation. If it does not,
“main circuit” oscillation develops. This oscillation involves the total circuit and generally leads to a new lo
current. Neglecting Lb (since it is small compared to Ls and L), the frequency of the “main circuit” oscillation is given
by

(D.4)

and is in the range 5 to 20 kHz. It should be noted that equation (D.4) describes the main circuit oscillatio
simplest possible form. In reality, the oscillation is a composite of a number of oscillation modes dependen
reactor installation and the local and remote configuration of the system.

Load side, second parallel, and main circuit oscillations are shown schematically in figure 6. Note that if Cs>>CL, no
main circuit oscillation will occur.

All circuit breakers will exhibit reignitions when switching reactors. The voltage at which the reignitions occur (
a certain rate of change of the recovery voltage) is a characteristic of the circuit breaker. The frequency of oc
of reignitions is dependent on the breaker characteristics and the circuit (the circuit breaker reacts at a certain
voltage, but sustaining the reaction depends on the circuit).

It should be noted that reignitions involve an energy exchange. Prior to the reignition, the load side energy al
between electromagnetic and electrostatic energy. During the “first parallel” oscillation, the electrostatic energy
in Cp is dissipated with no exchange between the source and load sides. During the “second parallel,” os
electrostatic energy is exchanged between Cs and CL. During the “main circuit” oscillation, all circuit elements ar
involved and the energy exchange is both electromagnetic and electrostatic.

D.4 Interaction between phases

The interaction between phases during the switching of shunt reactors is a complex subject. This is particu
case for medium voltage transformer tertiary connected reactors where the interaction can influence the inte
process. For the case of directly and neutral reactor grounded reactors in the range 60 kV and above, the in
influences only the load side recovery voltage oscillation.

Due to mutual coupling between the individual phases, the interaction manifests itself in the form of beating
recovery voltage oscillation. The degree of beating is dependent on the length of the connection between th
breaker and the reactor and on the type of reactor. When the circuit breaker is located close to the rea
interaction is minimal or nonexistent and the recovery voltage oscillation is a clean exponentially decaying sin
function (refer to figure D.1). For longer connection lengths between the circuit breaker and the reactor, beatin
recovery oscillation will occur (refer to figure D.2). The effect is stochastic and varies even with fixed contact p
times. With regard to the reactors, if the units are single-phase, no interaction occurs due to the reactors. If, 
the units are three-phase (in one tank), the phase-to-phase coupling is significant and results in beating suc
maximum recovery voltage peak can occur late in the oscillation.

For purposes of this application guide, the interaction between phases is not a concern because the interactio
influence the recovery voltage in the region between current interruption and the occurrence of the recovery
peak. If the circuit breaker successfully withstands the recovery voltage peak, then no reignition will occur lat
if subsequent peaks exceed the chopping overvoltage peak value due to beating.

The probability of high overvoltages occurring due to superposition of transients from adjacent phases is consi
be remote.

fm
1

2π
------=

Ls L+

LsL Cs CL+( )
---------------------------------
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Figure D.1 —Load side oscillation with circuit breaker located close to shunt reactor

Figure D.2 —Load side oscillation with circuit breaker located remote from shunt reactor
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Annex E Application of laboratory test results to actual shunt reactor installations

(Informative)

E.1 General

The purpose of this annex is to describe the procedure based on laboratory tests results, estimate the overvolt
that will occur in actual shunt reactor installations, and determine the suitability of a particular circuit breaker 
application.

The procedure described applies principally to EHV and HV shunt reactor installations with directly gro
neutrals. The procedure may however be applied with suitable adaptation to the ungrounded and neutra
grounded cases as discussed in 4.3 and 4.4. Due to the statistical nature of overvoltage generation, it is ne
apply statistical methods to estimate the risk for overvoltages at or above certain levels. Applicable statistical f
are given in annex F for convenience.

E.2 Overvoltage estimation procedures

E.2.1 Chopping number of one interrupter

The main characteristic evaluated in the laboratory test is the chopping number (λ) for a single interrupter circuit
breaker. The chopping number is an inherent characteristic of the circuit breaker and is usually independe
circuit. The chopping number can therefore be used to estimate the behavior of the circuit breaker in other circ
the test circuit.

The chopping number varies statistically and must be expressed in terms of a mean value, standard deviatio
applicable, dependence on arcing time. The chopping number for a single interrupter circuit breaker is define

(E.1)

where

ich is the chopped current value
Ct is the total capacitance in parallel with the circuit breaker (refer to 4.2.1).

The value of chopped current should, if possible, be directly measured for each test shot and current zero 
interruption is attempted or achieved. If actual measurement is not possible, then ich for directly grounded reactors can
be calculated using the following equation:

(E.2)

and λ is then calculated using equation (E.1).

Equation (E.2) does not include the influence of arc voltage and is valid for HV and EHV circuit breakers. F
circuit breakers, the arc voltage may be significant and ich is derived, based on a single phase test, using

(E.3)

If the MV circuit breaker test is performed on a three-phase ungrounded basis, the corresponding equation is

λ
i ch

Ct

---------=

i ch Vo

CL

L
------ ka

2
1–( )=

i ch Vo

CL

L
------ ka

2 kin
2

–( )=
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The factor kin and other quantities are as defined in 4.2 and 4.3.

The values of ich and λ will vary statistically from test to test. If the values show no clear dependence on the a
time, the statistical variation is usually a normal distribution. On this basis, the mean value, λmean, and the standard
deviation σ are calculated.

In the event that ich and λ exhibit a clear dependence on arcing time, a linear relationship can be assumed as
approximation

(E.5)

where ta is the arcing time

The constants A and B can be derived by performing a linear regression. The dispersion around the regression li
probably be wide and therefore it is necessary to also derive the standard deviation of the regression line (g
referred to as the standard error of estimate). Refer to E.3 and annex F.

E.2.2 Estimation of chopping overvoltages in shunt reactor installations

For the first case, where the chopping number is independent of the arcing time, the maximum chopping num
one interrupter is given by

(E.6)

Statistically, this is the 2% value, i.e., the value that will be exceeded in less than 2% of the switching operatio

To estimate the maximum chopping overvoltages, λmax is inserted in equation (E.7),

(E.7)

where

kamax is the maximum suppression peak overvoltage (2% value) in pu
ω is the angular power frequency (377 radians/s at 60 Hz)
Q is the three-phase reactive power of the reactor in VA
K is the neutral voltage shift in pu
N is the number of interrupting units in series per pole

the assumption being that Cs>>CL, Cp is negligible and arc voltage is not a consideration. If these assumptions d
apply, refer to 4.2, 4.3, or 4.4 and associated notes, as applicable.

For the second case, where the chopping number is dependent on arcing time, the maximum chopping num
occur at the maximum arcing time. The maximum chopping number (2% value) for a single interrupter is give

(E.8)

where

i ch Vo

2CL

3L
---------- ka 0.5+( )[ 2 kin 0.5+( )2 ]–=

λmean A Bta+=

λmax λmean 2σ+=

kamax 1 K+( ) 1
3Nλmax

2

2ωQ 1 K+( )------------------------------+ K–=

λmax A Btamax 2Se+ +=
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Se is the standard error of estimate.

The maximum chopping overvoltage is calculated using equation (E.7).

E.2.3 Estimation of reignition overvoltages in shunt reactor installations

It is important to note that overvoltages occurring in laboratory tests due to reignitions have no relevance
estimation of reignition overvoltages in actual shunt reactor installations. Estimated reignition overvoltage lev
derived on the basis described in annex C.

For the case where the chopping number is independent of arcing time, reignition overvoltages kp and ks are given by

(E.9)

(E.10)

where

kpmax is the maximum reignition overvoltage to ground (2% value) in pu
ksmax is the maximum reignition overvoltage peak-to-peak excursion (2% value) in pu
kamaxr is the maximum expression peak overvoltage value in pu derived using equation (E.7) following 

reignition occurs
β is 0.5

For circuit breakers whose chopping numbers vary with arcing time, the applicable ka, value is that obtained at the
longest arcing time (tar) resulting in a reignition. tar can generally be considered as tamax less one-half cycle. The
applicable maximum chopping number is thus,

(E.11)

This value is then used in equation (E.7) to derive kamaxr. Finally, kpmax and ksmax are derived using equation (E.9) an
equation (E.10), respectively.

E.2.4 Evaluation of recovery voltage stress across circuit breaker

The maximum recovery voltage across the circuit breaker (krvmax) in per-unit value is given by the following:

for directly grounded reactors (refer to 4.2)

(E.12)

for ungrounded reactors (refer to 4.3)

(E.13)

for neutral reactor grounded reactors (refer to 4.4)

kpmax 1 β 1 2K kamaxr+ +( )+=

ksmax 1 β+( ) 1 2K kamaxr+ +( )=

λmaxr A Btar 2Se+ +=

krvmax 1 kamax+=

krvmax 2 kamax+=
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(E.14)

E.3 Case studies

The case studies are based on laboratory tests carried out on a single interrupter SF6 circuit breaker in a single phase
50 Hz test at 98 A and 175 kV. The tests are analyzed as described in E.2 and are then applied to predict per
in a field installation with and without overvoltage limitation measures applied.

The arrangement for the laboratory test was as shown in figure E.1. The test interrupter was complete with a
capacitor of 1600 pF. The chopped current values were not measured, but are derived using equation (E.2) w

CL is 7520 pF
L is 5.68 H
Vo is 0.098 · 314 · 5.68 ·  = 247 kV crest

Thus,

where

ka is the measured suppression peak overvoltage value

The chopping number k is then calculated.

The test and calculation results are tabulated in table E.1.

krvmax 1 2k kamax+ +=

i ch 9 ka
2

1–=

λ
i ch

Ct

---------=

i ch

7520 1600+
----------------------------------=

10471i ch=
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Table E.1 —Single interrupter laboratory test values

ta
(ms)

ka
(pu)

ich
(A)

λλλλ
(A/F0.5)

6.2 1.26 6.9 72 239

5.3 1.09 3.9 40 872

4.3 1.07 3.4 35 873

11.9 1.4 8.8 92 335

11 1.42 9.1 95 008

10.3 1.38 8.6 90 050

9.4 1.32 7.7 80 627

8 1.24 6.6 69 108

7.3 1.2 5.9 61 779

6.2 1.18 5.6 59 033

5.2 1.09 3.9 40 872

4 1.08 3.7 38 442

11.6 1.38 8.6 89 621

10.8 1.49 9.9 104 094

10.3 1.41 8.8 92 335

9.2 1.24 6.6 69 097

8.2 1.2 6 62 511

7.1 1.22 6.3 65 860

3.8 1.08 3.7 38 442

12.9 1.34 8 84 058

4 1.07 3.4 35 873

3.9 1.12 4.5 47 532

4.1 1.09 3.9 40 872

4 1.07 3.4 35 873
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The derived chopping numbers are plotted against arcing time in figure E.2. A linear regression analysis, u
equations given in annex F or a computer spreadsheet program, gives the following equation:

λmean = 10031 + 7226 ta

and

Se = 8079

This result is applied to predict the performance of a circuit breaker with two interrupters applied on a 60 Hz, 
system to switch out a 525 kV, 135 Mvar shunt reactor. Performance is considered first for the directly ground
without overvoltage limitation measures applied, with a surge arrester applied across the circuit breaker and
with controlled opening applied. Performance is then considered in a similar manner for the case where the n
grounded through a 1600 Ω neutral reactor.

Case 1: Directly grounded shunt reactor

Option 1.1: Without overvoltage limitation measures applied

The maximum chopping overvoltage will occur at the maximum arcing time. The maximum arcing time 
laboratory was 13.3 ms at 50 Hz, giving a corresponding value at 60 Hz of 11.6 ms. From equation (E.8), λmax = 10
031 + 7226 · 11.6 + 2 · 8079 = 11 · 104

Using equation (E.7),

To calculate the magnitude of the reignition overvoltages, from equation (E.11),

λmaxr = 10032 + 7226 (11.6−8.33) + 2 · 8079

13.3 1.51 10.2 106 623

3.7 1.05 2.9 30 171

12.6 1.49 9.9 104 094

4.9 1.1 4.1 43 186

13.3 1.62 11.5 120 109

12.9 1.39 8.7 90 983

13.2 1.51 10.2 106 623

13.2 1.5 10 105 362

13.2 1.56 10.8 112 835

13.2 1.4 8.8 92 335

ta
(ms)

ka
(pu)

ich
(A)

λλλλ
(A/F0.5)

kamax 1
3 2( )⋅ 11 10

4⋅( )
2

2 377 135 10
6⋅ ⋅ ⋅

-------------------------------------------+=

1.31=

krvmax 1 1.31+=

2.31 pu=
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From equation (E.7),

From equations (E.9) and (E.10),

kp = 1 + 0.5 (1 + 1.07)

 = 2.04 pu

ks = (1 + 0.5) (1 + 1.07)

 = 3.1 pu

Option 1.2: Metal oxide surge arrester applied across the circuit breaker

The surge arrester is taken to have a protective level karr equal to 1.6 pu (refer to 5.3.2). The effect of the surge arre
on the circuit breaker is to limit the reignition voltage and tends to reduce the arcing time. The maximum arcin
will thus be 11.6 ms or less. Therefore

kamax≤ 1.31 pu

krvmax = 1.6 pu

kpmax≤ 1 + 0.5 · (1.6)

≤ 1.8 pu

ksmax≤ 1.6 (1 + 0.5)

≤ 2.4 pu

Option 1.3: Controlled opening applied to the circuit breaker

With controlled opening applied to the circuit breaker, the maximum chopping overvoltage is determined by the
time setting of the synchronizer to achieve no reignitions. A setting at 5 ms arcing time will allow some varia
mechanical opening time since the maximum arcing time with reignitions was 3.9 ms in the laboratory tests.

Again, from equation (E.8),

λmax = 10,031 + 7226 · 5 + 2 · 8079

 = 6.23 · 104

kamax = 1.11 pu

krvmax = 2.11

kpmax = 0 pu

kamaxr 1
3 2( )⋅ 4.98 10

4⋅( )
2

2 377 135 10
6⋅ ⋅ ⋅

----------------------------------------------+=

1.07 pu=

kamaxr 1
3 2( )⋅ 4.98 10

4⋅( )
2

2 377 135 10
6⋅ ⋅ ⋅

----------------------------------------------+=

1.07 pu=
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ksmax = 0 pu

Case 2: Neutral reactor grounded shunt reactor

The inductance of the neutral reactor LN is 4.24 H, L being 5.43 H. With reference to annex C,

Option 2.1: Without overvoltage limitation measures applied.

From equation (E.7),

From equation (7),

From equations (E.9) and (E.10),

kp = 1 + 0.5 (1 + 2·0.3 + 1.07)

= 2.33 pu

ks = (1 + 0.5) (1 + 2·0.3 + 1.07)

= 4 pu

Option 2.2: Metal oxide surge arrester applied across the circuit breaker

The surge arrester is identical to that applied in option 1.2 above.

kamax≤ 1.32 pu

kcmax≤ 0.6

krvmax = 1.6 pu

kpmax≤ 1.8 pu

ksmax≤ 2.4 pu

Option 2.3: Controlled opening applied to the circuit breaker

K 1
5.43
4.24
---------- 2+
--------------------=

0.3=

kamxax 1.3 1
3 2( ) 11 10

4⋅( )
2

⋅

2 377 135 10
6

1.3⋅ ⋅ ⋅ ⋅
-------------------------------------------------------+ 0.3–=

1.32=

kcmax 2 0.3⋅ 1.32+=

1.92 pu=

krvmax 1 1.92+=

2.92 pu=

kamaxr 1.3 1
3 2( ) 4.98 10

4⋅( )
2

⋅

2 377 135 10
6

1.3⋅ ⋅ ⋅ ⋅
-------------------------------------------------------+ 0.3–=

1.07 pu=
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reaker
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er, i.e.
λmax = 6.23 · 104ka = 1.1 pu

kcmax = 1.7 pu

krvmax = 2.7 pu

kpmax = 0 pu

ksmax = 0 pu

Case 1 overvoltage predictions are summarized in table E.2.

Table E.2 —Case 1 predicted overvoltage values

The wet bias switching surge capability across the circuit breaker is 3.15 pu (1350 kV, 1 pu =
kV crest). Taking the position that the maximum allowable voltage across the circuit bre

shall not exceed 80% (i.e. 2.52 pu) of the withstand capability, the following can be concluded:

a) No overvoltage limitation measures are essential for the application of the proposed circuit breaker.
b) Some shunt reactor surge arrester operations will occur (protective level approximately 2 pu). Th

reactor will be exposed to a maximum voltage excursion of 3.1 pu.
c) The relative merit of applying Options 1.2 and 1.3 is evident, both in terms of impact on the circuit b

and the shunt reactor, respectively.

Case 2 overvoltage predictions are summarized in table E.3.

Table E.3 —Case 2 predicted overvoltage values

Applying the same 2.52 pu maximum allowable voltage across the circuit breaker, the following can be conclu

a) The circuit cannot be applied without some form of overvoltage limitation.
b) Option 2.2 can be applied without any further measures.
c) Option 2.3 can only be applied if the neutral reactor is bypassed prior to opening the circuit break

switching duty becomes identical to case 1, option 1.3.

Option
Overvoltage (pu)

kamax krvmax kpmax ksmax

1.1 1.31 2.31 2.04 3.1

1.2 ≤ 1.31 1.6 ≤ 1.8 ≤ 2.4

1.3 1.11 2.11 0 0

Option
Overvoltage

kamax kcmax krvmax kpmax ksmax

2.1 1.32 1.92 2.92 2.33 4.0

2.2 ≤ 1.31 ≤ 0.6 1.6 ≤ 1.8 ≤ 2.4

2.3 1.1 1.7 2.7 0 0

pu 525 2 3⁄ 428==
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Figure E.1 —Case study laboratory test circuit

Figure E.2 —Linear regression analysis of test points derived in laboratory test
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Annex F Statistical formulas for derivation of chopping and reignition overvoltages

(Informative)

F.1 General

The purpose of the annex is to provide, for convenience, the statistical formulas used in the derivation of chopp
reignition overvoltages.

F.2 Chopping number independent of arcing time

With reference to equation (E.4),

(F.1)

and

(F.2)

where

n is the number of test shots
λi is the chopping number corresponding to the ith test shot

F.3 Chopping number dependent on arcing time

Calculate values for Sxx, Syy, and Sxy as follows:

where n and λi are as noted above and tai is the arcing time corresponding to the ith test shot.

λmean
1
n
--- λi

i 1=

n

∑=

σ2

n λ2
i

i 1=

n

∑ λi

i 1=

n

∑
 
 
 
  2

–

n n 1–( )
-------------------------------------------------=

Sxx n t2ai

i 1=

n

∑ tai

i 1=

n

∑
 
 
 
  2

–=

Syy n λi
2 λi

i 1=

n

∑
 
 
 
  2

–

i 1=

n

∑=

Sxy n taiλi tai

i 1=

n

∑
 
 
 
 

λi

i 1=

n

∑
 
 
 
 

–

i 1=

n

∑=
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With reference to equation (E.8),

(F.3)

(F.4)

(F.5)

B
Sxy

Sxx
-------=

A
1
n
--- λi

i 1=

n

∑ B
n
--- 

  tai

i 1=

n

∑–=

Se
2 1

n n 2–( )
-------------------- Syy B2Sxx–( )=
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Annex G Bibliography for the annexes

(Informative)

[G1] Freund, J. E. and Miller, I., Probability and Statistics for Engineers. Prentice Hall, 1965.

[G2] Yamane, T., Statistics, An Introductory Analysis. Harper & Row, 1964.
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This is a revision of IEEE Std C37.91-1985, IEEE Guide for Protective Relay Applications to Power Trans-
formers. This guide will aid in the effective application of relays and other devices for the protection of
power transformers.
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— Several figures were corrected.

— Subclauses 5.5.2 and 6.2.3 on current inrush were rewritten to include a new form of inrush restraint. 

— Current transformer connections were updated in 5.4 to be in line with IEEE Std C37.110-1996,
IEEE Guide for Application of Current Transformers Used for Protective Relaying Purposes.

— Geomagnetic influence on transformers and protective relays is discussed in Clause 13.

— Clause 11, Gas analysis, was revised to reflect current philosophy and practice.
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IEEE Guide for Protective Relay 
Applications to Power Transformers

 

1.Overview

 

1.1 Scope

 

This guide covers practical applications, general philosophy, and economic considerations of power trans-
former protection.

 

1.2 Purpose

 

The purpose of this guide is to aid in the effective application of relays and other devices for the protection
of power transformers. Emphasis is placed on practical applications. The general philosophy and economics
of transformer protection are reviewed. The types of faults experienced are described, and technical
problems with such protection, including current transformer (CT) behavior during fault conditions, are
discussed. Various types of electrical, mechanical, and thermal protective devices are also described and
associated problems such as fault clearing and reenergizing are discussed. 

 

2.References

 

This guide shall be used in conjunction with the following publications. When the following standards are
superseded by an approved revision, the revision will apply.

IEEE Std 32-1972 (Reaff 1997), IEEE Standard Requirements, Terminology, and Test Procedures for Neu-
tral Grounding Devices.

 

1

 

IEEE Std C37.2-1996, IEEE Standard Electrical Power System Device Function Numbers and Contact
Designations.

IEEE Std C37.110-1996 IEEE Guide for the Application of Current Transformers Used for Protective
Relaying Purposes.

 

1

 

IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA (http://standards.ieee.org/).
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IEEE Std C57.12.00-2000, IEEE Standard General Requirements for Liquid-Immersed Distribution, Power,
and Regulating Transformers. 

IEEE Std C57.91-1995, IEEE Guide for Loading Mineral-Oil-Immersed Transformers.

IEEE Std C57.92-1981 (Reaff 1991), IEEE Guide for Loading Mineral-Oil-Immersed Power Transformers
Up to and Including 100 MVA with 55 

 

°

 

C or 65 

 

°

 

C Average Winding Rise.

 

2

 

 

IEEE Std C57.109-1993, IEEE Guide for Liquid-Immersed Transformer Through-Fault-Current Duration. 

 

3.Philosophy and economic considerations

 

Protective relaying is applied to components of a power system for the following reasons: 

a) Separate the faulted equipment from the remainder of the system so that the system can continue to
function 

b) Limit damage to the faulted equipment 

c) Minimize the possibility of fire 

d) Minimize hazards to personnel 

e) Minimize the risk of damage to adjacent high-voltage apparatus

In protecting some components, particularly high-voltage transmission lines, the limiting of damage
becomes a by-product of the system protection function of the relay. However, since the cost of repairing
faulty transformers may be great and since high-speed, highly sensitive protective devices can reduce dam-
age and therefore repair cost, relays should be considered for protecting transformers also, particularly in the
larger sizes. 

Faults internal to a transformer quite often involve a magnitude of fault current that is low relative to the
transformer base rating. This indicates a need for high sensitivity and high speed to ensure good protection. 

There is no one standard way to protect all transformers, or even identical transformers that are applied dif-
ferently. Most installations require individual engineering analysis to determine the best and most cost-effec-
tive scheme. Usually more than one scheme is technically feasible, and the alternatives offer varying degrees
of sensitivity, speed, and selectivity. The plan selected should balance the best combination of these factors
against the overall economics of the situation while holding to a minimum

a) Cost of repairing damage

b) Cost of lost production

c) Adverse effects on the balance of the system

d) The spread of damage to adjacent equipment

e) The period of unavailability of the damaged equipment

In protecting transformers, backup protection needs to be considered. The failure of a relay or breaker during
a transformer fault may cause such extensive damage to the transformer that its repair would not be
practical. When the fault is not cleared by the transformer protection, remote line relays or other protective
relays may operate. Part of the evaluation of the type of protection applied to a transformer should include
how the system integrity may be affected by such a failure. In this determination, since rare but costly
failures are involved, a diversity of opinion on the degree of protection required by transformers might be
expected among those familiar with power system relay engineering. The major economic consideration is
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This standard has been revised and redesignated to IEEE Std C57.91-1995.
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not      ordinarily the fault detection equipment but the isolation devices. Circuit breakers often cannot be
justified on the basis of transformer protection alone. At least as much weight should be given to the service
requirements, the operating philosophy, and system design philosophy as to the protection of the
transformer. Evaluations of the risks involved and the cost-effectiveness of the protection are necessary to
avoid going to extremes. Such considerations involve the art rather than the science of protective relaying.
See [B22], [B24], [B29], and [B59]

 

3

 

.

 

4.Types of transformer failures 

 

The electrical windings and the magnetic core in a transformer are subject to a number of different forces
during operation, for example

a) Expansion and contraction due to thermal cycling

b) Vibration

c) Local heating due to magnetic flux

d) Impact forces due to through-fault current

e) Excessive heating due to overloading or inadequate cooling

These forces can cause deterioration and failure of the winding electrical insulation. Table 1 summarizes
failure statistics for a broad range of transformer failure causes reported by a group of U.S. utilities over a
period of years. 

This guide deals primarily with the application of electrical relays to detect the fault current that results from
an insulation failure. Clause 5 examines the current a relay can expect to see as a result of various types of
winding insulation failures.

The detection systems that monitor other transformer parameters can be used to indicate an incipient electri-
cal fault. Prompt response to these indicators may help avoid a serious fault. For example

a) Temperature monitors for winding or oil temperature are typically used to initiate an alarm requiring
investigation by maintenance staff.

 

3

 

The numbers in brackets correspond to the references listed in Annex B of this guide.

 

Table 1—Failure statistics for three time periods

 

1955–1965 1975–1982 1983–1988

Number Percent of 
total Number Percent of 

total Number Percent of 
total

 

Winding failures 134 51 615 55 144 37

Tap changer failures 49 19 231 21 85 22

Bushing failures 41 15 114 10 42 11

Terminal board failures 19 7 71 6 13 3

Core failures 7 3 24 2 4 1

Miscellaneous failures 12 5 72 6 101 26

Total 262 100 1127 100 389 100
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b) Gas detection relays can detect the evolution of gases within the transformer oil. Analysis of the gas
composition indicates the mechanism that caused the formation of the gas; e.g., acetylene can be
caused by electrical arcing, other gases are caused by corona and thermal degradation of the
cellulose insulation. The gas detection relays may be used to trip or alarm depending on utility
practice. Generally, gas analysis is performed on samples of the oil, which are collected periodically.
Alternatively, a continuous gas analyzer is available to allow on-line detection of insulation system
degradation.

c) Sudden-pressure relays respond to the pressure waves in the transformer oil caused by the gas evolu-
tion associated with arcing.

d) Oil level detectors sense the oil level in the tank and are used to alarm for minor reductions in oil
level and trip for severe reductions.

These various relays are discussed in greater detail in later clauses of this guide.

 

5.Relay current 

 

Two characteristics of power transformers combine to complicate detection of internal faults with current-
operated relays 

a) The change in magnitude of current at the transformer terminals may be very small when a limited
number of turns are shorted within the transformer. 

b) When a transformer is energized, magnetizing inrush current that flows in one set of terminals may
equal many times the transformer rating. These and other considerations require careful thought to
obtain relay characteristics best-suited to the particular application. 

 

5.1 Minimum internal faults

 

The most difficult transformer winding fault for which to provide protection is the fault that initially involves
one turn. A turn-to-turn fault will result in a terminal current of much less than rated full-load current. For
example, as much as 10% of the winding may have to be shorted to cause full-load terminal current to flow.
Therefore, a single turn-to-turn fault will result in an undetectable amount of current.

 

5.2 Maximum internal faults

 

There is no limit to the maximum internal fault current that can flow, other than the system capability, when
the fault is a terminal fault or a fault external to the transformer but in the relay zone. The relay system
should be capable of withstanding the secondary current of the CT on a short-time basis. This may be a
factor if the transformer is small relative to the system fault and if the CT ratio is chosen to match the
transformer rating. 

 

5.3 Through-faults

 

Fault current through a transformer is limited by the transformer and source impedance. While current
through a transformer thus limited by its impedance can still cause incorrect relay operations or even trans-
former failure, CT saturation is less likely to occur than with unlimited currents. 

The above favorable aspect may disappear if the transformer protective zone includes a bus area with two or
more breakers on the same side of the transformer through which external fault current can flow with no
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relationship to the transformer rating. An example is a transformer connected to a section of a ring bus with
the transformer protection including the ring bus section. 

 

5.4 Performance of CTs

 

5.4.1 Internal faults

 

During an internal fault, or a fault external to the transformer but in the protected zone of the relay system,
the CTs may saturate, perhaps severely. Severe CT saturation can cause the harmonic restraint unit to pick
up, thereby resulting in the failure of a transformer differential relay to operate or in a delay of its operation.
The effect depends on the relay’s response to distorted current. On a transient basis, with a saturated CT,
second and third harmonics predominate initially. Ultimately, the even harmonics disappear with the decay
of the offset direct-current component of the short-circuit current. Whether or not the odd harmonics
disappear depends on the CT’s steady-state saturation characteristic. CTs should be rated to avoid steady-
state saturation.

 

5.4.2 External faults

 

Transformers can be connected to buses in such ways that either the CTs used for the differential will be in
series with the transformer windings or they will be in breakers that are part of the bus, such as a ring bus or
breaker-and-a-half scheme. For the CTs with primaries in series with the transformer winding, the CT
primary current for through-faults will be limited by the transformer impedance. When the CTs are part of
the bus scheme, as mentioned above for ring buses or breaker-and-a-half schemes, the CT primary current is
not limited by the transformer impedance. In fact, high primary currents may be experienced. In either case,
any deficiency of CT output caused by saturation of one CT that is not matched by a similar deficiency of
another CT will cause a difference current to appear in the operating circuit of a differential relay. See IEEE
Committee Report [B8]. Time overcurrent relays, without restraint, can overcome this problem only by
having their pickup and time dial settings made sufficiently high, to override this false differential current.
Percentage differential relays offer the advantage of faster speed and security with reasonable sensitivity.
Ideally they should be applied with a restraint element in each CT circuit. Also, the burden of each CT
secondary circuit must not be too high to avoid a ratio error exceeding that recommended by the relay
manufacturer (see IEEE Std C37.110-1996). 

 

5.4.3 CT connections

 

CT performance is a function of the secondary burden. The method of connecting the CTs and the relay bur-
den will determine the total effective burden. Also, the physical and electrical locations of auxiliary CTs can
similarly affect the effective burden. For more information on the effect of CT connections, see
IEEE Std C37.110-1996 

First, the relay’s capabilities must be evaluated. Some 

 

differential 

 

relays can internally accommodate the
phase shift of the transformer, allowing the engineer to choose CT connections at the transformer that suit
other schemes connected to the same CTs. Many relays do not have this versatility, and therefore, the CTs
must be connected to create the same phase shift as the primary transformer windings.

For example, a transformer using both 

 

∆

 

 and Y connections creates a 30˚ phase shift between the respective
terminals of the transformer. By connecting the CTs in 

 

∆

 

 on the Y side of the transformer and the CTs in Y
on the 

 

∆

 

 side of the transformer, the 30˚ phase shift can be matched between the transformer and the CT cur-
rents. Therefore, the relay does not see any phase shift at its input terminals.

Second, 

 

∆

 

-Y transformers are a source of ground fault current. The zero sequence current on the grounded Y
side is not reflected in the terminals on the 

 

∆

 

 side. Some relays can ignore this contribution as part of the
above internal phase shift accommodation. Again, many other relays can not accommodate this function and
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must use the CTs to filter out the apparent ground current contribution. As for the above example, the 

 

∆

 

 CT
connection on the Y side of the transformer traps the zero sequence current from the CT secondaries and pre-
vents the differential relay from seeing the mismatch current. 

 

5.5 Reasons for mismatch current

 

There are non-fault-related currents or factors that may require compensation to prevent undesirable relay
operation. The following subclauses include a discussion of some of those situations. 

 

5.5.1 Unbalance caused by CT ratios

 

Even if a transformer has a fixed ratio, it is frequently difficult to match CT ratios exactly on the two (or
more) sides of a transformer. CT mismatch causes current flow in the operating circuit of the differential
relay. If the transformer has a load tap changer, the possible mismatch is increased further. During a
through-fault condition, the differential operating current due to mismatch can approach the current rating of
the transformer. 

 

5.5.2 Magnetizing current inrush

 

This is a phenomenon that causes the violation of the basic principle of differential relaying since the
magnetizing branch of the transformer can have a very low impedance without a transformer fault. Current
produced by magnetizing inrush can reach many times the transformer rating, and these currents appear in
the differential relay. The inrush current duration can range from a few cycles up to many seconds. See [B23]
and [B17] for an explanation of this mechanism. 

Although usually considered only in conjunction with the energizing of a transformer, magnetizing current
inrush can be caused by any abrupt change of magnetizing voltage. Such transients include the occurrence of
a fault, the removal of a fault, the change of character of a fault (for example, the change from a single-
phase-to-ground fault to a two-phase-to-ground fault), and out-of-phase synchronizing. Thus, a desensitizing
scheme that is operative only when energizing a transformer may not be adequate. 

There are several conditions that cause particularly severe magnetizing inrush phenomena [B23]. One
involves the energizing of a transformer at a station at which at least one other transformer is already ener-
gized [B48]. The inrush phenomenon [B17] will involve transformers that are already energized as well as
the transformer being energized. This inrush transient may be particularly long in duration. It is important to
realize that the inrush into the transformer being energized occurs during the opposite half-cycle to that of
the already energized transformer. Thus, the net inrush into all transformers may approximate a sine wave of
fundamental frequency, and therefore not operate the harmonic restraint unit of a differential relay if it is
protecting both parallel transformers. Another inrush phenomenon involves the energizing of a transformer
by means of an air switch. Arcing of the switch can result in successive half-cycles of arc of the same polar-
ity. Thus if the first half-cycle results in substantial residual magnetism in a transformer core, succeeding
half-cycles can cause a cumulative increase in residual magnetism, each time resulting in a more severe
inrush. 

Two important characteristics of magnetizing inrush current are

a) It contains substantial harmonics, particularly the second harmonic. These harmonics are not always
present in high quantities in all three phases (see 6.2.3.1).

b) That there is always a time during each cycle where the current magnitude is almost zero. This time
is always greater than a quarter cycle. See Figure 1 for a plot of typical inrush current [B22].

The harmonic content of the inrush current depends on various factors such as remnant flux in the core,
switching angle, and load on the transformer. Harmonic analysis of the inrush current during the events in
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Figure 1 shows that the second harmonic content of the inrush current is sensitive to all these conditions. The
second harmonic content reduces appreciably with increasing load at lagging power factor conditions [B19].

 

5.5.3 Magnetizing current during overexcitation

 

Sudden loss of load can subject the generator step-up transformer to substantial overvoltage. This can also
occur during start-up or shutdown of the generator if nominal voltage is maintained while the speed is below
normal (an overexcitation condition). If saturation occurs, substantial exciting current will flow, which may
overheat the core and damage the transformer severely. The waveform will be distorted and again the wave
will have harmonic content and current zero periods. The extent of these effects will depend on the generator
connections and the transformer design and connections. Relay current harmonic content will also be altered
by 

 

∆

 

 CT connections. 

 

5.5.4 Phase-shifting transformers

 

A phase-shifting transformer, as its name implies, has a purposely introduced angular voltage difference,
usually adjustable in steps, between the primary and secondary voltages. If the angular difference is fixed at
30˚, as it is with the familiar Y-

 

∆

 

 transformer, CT connections for proper differential relaying are easy to
obtain. However, if the phase angle shift is variable or some fixed angle other than 30˚, then specific knowl-
edge of the transformer design is necessary to develop a custom differential scheme for that transformer.
Because of the variety of designs for phase-shifting transformers, the manufacturers of the transformer and
of the protection scheme should be consulted for the best type and placement of CTs.

 

6.Electrical detection of faults 

 

Fuses are commonly used to provide fault detection for transformers with minimum nameplate ratings up to
5000 kVA, three phase (Categories I and II). Transformers of 10 000 kVA and larger, three phase, minimum
nameplate (Categories III and IV) are generally protected by a combination of protective devices, as shown
in Figure 2. Transformers that fall between these two ratings are protected by either fuses or relays. The
choice of protection depends on the criticality of the load, the relative size of the transformer compared to
the total system load, and potential safety concerns. System considerations, such as coordinating fuses with
upstream relays or with transformer damage curves, may determine what protection is used. Some other
considerations include types of faults, personal safety issues, speed of clearing, single phasing of load, and
ferroresonance. See Annex A for further definition of these categories.

Figure 1—Typical magnetizing inrush current wave
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6.1 Fuse protection

 

Fuses have the merits of being economical and requiring little maintenance. 

 

Battery

 

 supply and a relay
building are not needed. Fuses can reliably protect some power transformers against damage from primary
and secondary external faults. They will provide limited protection for internal faults. Generally, more
sensitive means for protection from internal faults is provided for transformers of 10 MVA and higher. Fuses
have been used at higher transformer ratings, depending on the currently available fuse ampere ratings.
Primary fuses for power transformers are not applied for overload protection, their main purpose being fault
protection (see 6.6.1). It should be recognized that the blowing of one fuse on a three-phase system will not
necessarily deenergize the fault. If the fault is not deenergized, the resulting single-phase service may be

Figure 2—Protection for a ∆-Y transformer
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detrimental to the connected polyphase motors and other loads. If required, special protection should be
added for single-phase conditions.

A typical transformer that exhibits this protection shortfall is a 

 

∆

 

 primary, grounded T secondary distribution
station transformer that is protected with fuses on the primary side. If a phase-to-phase-to-ground fault
occurs on the secondary side between the transformer terminals and the low-side protective device, then the
fault must be cleared by the high-side fuses. The fuse with the highest current will operate first, leaving the
transformer energized through the remaining two fuses. At this point the secondary fault is further limited by
twice the transformer impedance and, depending on the fuse size, transformer impedance, and system
impedance, the remaining fuses may or may not operate. This condition could overload the transformer but
severely overloads the neutral connection because the currents in the secondary windings are in phase and
sum algebraically in the neutral connection. Table 2 shows the magnitude of currents for a typical 69–
13.2 kV, 8.4 MVA distribution transformer before and after the first fuse clears. This transformer would nor-
mally be protected by a 100E fuse. The table clearly shows that the current in the neutral connection remains
essentially the same after the first fuse opens and will persist until the second fuse opens. 

 

ΝΟΤΕ

 

—

 

∅

 

 = Phase

 

The selection of the fuse and proper ampere rating should be based on the following factors: 

a) Fuse fault-interrupting capability and available system fault current 

b) Maximum anticipated peak load current, daily peak loads, emergency peak loads, maximum permis-
sible transformer load current, and the applicable transformer through-fault current duration curve
(see Annex A) 

c) Hot load pickup (inrush current on instantaneous reclosing of source-side circuit breaker) and cold
load pickup (inrush current and undiversified load current after an extended outage) 

d) Available primary system fault current and transformer impedance

e) Coordination with source-side protection equipment 

f) Coordination with low-side protection equipment 

g) Maximum allowable fault time on the low-side bus conductors 

h) Transformer connections and grounding impedance as they affect the primary current for various
types of secondary faults 

i) Sensitivity for high-impedance faults 

j) Transformer magnetizing inrush

 

Table 2—Currents for a typical distribution transformer

 

Phase B-C-ground fault
before first fuse opens

Phase B-C-ground fault
after first fuse opens

High-side phase 
current

(A)

Low-side phase 
current

(A)

High-side phase 
current

(A)

Low-side
phase current

(A)
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A 226
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A 0
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B 3764

 

∅
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B 2050
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C 0
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C 2050
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Ampere rating selection is facilitated by data published by fuse manufacturers. Such data include time-
current characteristic curves, ambient temperature, and preloading adjustment curves, plus daily and
emergency peak-loading tables. Coordination examples are included in Annex A. 

 

6.2 Differential protection

 

Current differential relaying is the most commonly used type of protection for transformers of approxi-
mately 10 MVA three-phase (self-cooled rating) and above (IEEE Committee Report [B49]). The term refers
to the connection of CTs so that the net operating current to the relay is the difference between input and out-
put currents to the zone of protection. Relays of three general classes are used with this current differential.
They are

a) Time overcurrent relay, which may include an instantaneous trip unit having a high-current setting

b) Percentage differential with restraint actuated by the input and output currents 

c) Percentage differential relay, with restraint actuated by one or more harmonics in addition to the
restraint actuated by the input and output currents 

CT connections and ratios must be such that the net current in the relay operating coil or element for any
type or location of external fault is effectively zero, unless relay current matching taps are available. Various
types of CT connections are shown in Figure 3, Figure 4, and Figure 5. Paralleling of two or more CTs for
connection to a single restraint coil or element usually should be avoided for the most effective restraint
action. 

If breaker CTs are used for input to the transformer differential, bypassing the breaker will affect the inputs
for the differential relays. Assuming that the differential relay is removed from service and there are other
relay schemes protecting the transformer, care must be taken to ensure that other breakers will trip in lieu of
the bypassed breaker. If this alternative tripping is not available, the transformer breaker should not be
bypassed.

 

6.2.1 Differential protection using time overcurrent relays

 

Overcurrent relays without restraint are seldom used because of their susceptibility to false operation from
causes such as

a) Saturation errors or mismatch errors of CTs

b) Magnetizing inrush current when the transformer is energized 

To compensate for the saturation/mismatch errors, the overcurrent relays must be set to operate above antic-
ipated values. Time delay to override inrush is necessary to compensate for the magnetizing inrush current.
Because of the possibility of power transformer saturation, caution is advised against the use of this relay
where exposure to geomagnetic induced currents (GICs) is possible.

 

6.2.2 Differential protection using percentage differential relays

 

To overcome the drawbacks of applying simple overcurrent relays to differential protection, manufacturers
developed percentage differential relays. These relays offer sensitive differential protection at low currents
and tolerate larger mismatches at high currents, while still tripping for internal faults.

The basis of the percentage differential relay is the difference current (as measured at the ends of the pro-
tected zones), which must exceed a predetermined percentage of the through current before tripping can
occur. The through-current is referred to as the restraint current. The percentage difference can be fixed or
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variable, depending on the relay’s design. There is also a minimum differential current threshold before trip-
ping, without regard to the restraint current.

The basic arrangement for percentage differential protection of a two-winding transformer is shown in
Figure 3.

Details of minimum pickup, restraint current, and characteristic slope vary among manufacturers. Slope may
not be a straight line, but may curve up depending on the design of the percentage restraint system. The
curve allows even larger percentage mismatches, up to approximately 70%, during heavy through-currents. 

High-voltage power transformers present several possibilities for current mismatch as seen by the differen-
tial relay. These mismatches, caused by different sources, can add to or offset each other, thus making the
total mismatch hard to predict. Therefore, the percentage differential relay must be tolerant of the worst-case
addition of the mismatch errors.

Figure 3—Typical schematic connections for percentage differential protection
of a ∆-Y transformer
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First, the ratio of the high-voltage transformation inherently mandates different currents at the primary and
secondary terminals. 

Figure 4—Typical schematic connections for percentage differential protection of a Y 
autotransformer with an unloaded tertiary



 
IEEE

APPLICATIONS TO POWER TRANSFORMERS Std C37.91-2000

Copyright © 2000 IEEE. All rights reserved.

 

13

Depending on the transformer ratio, sometimes this difference is precisely compensated for by using offset-
ting ratio differences in the CT primary ratings. For example, a 138–69 kV transformer could use 600:5 CTs
on the 138 kV side and 1200:5 CTs on the 69 kV side.

For Y-

 

∆

 

 transformer connections, the 30

 

°

 

 phase shift can be compensated for by proper connection of the CT
secondaries, but the current ratio difference is affected by the  multiplier for currents leaving the 

 

∆

 

 CT
secondary connection. Alternatives are available when it is not possible to match the high-voltage current
ratio with a ratio of standard available CT primary current ratings. Some relays are built with internal current
taps to compensate for current input ratio differences. Special-ratio auxiliary CTs are sometimes used to
compensate for the ratio differences.

Figure 5—Typical schematic connections for percentage differential protection of Y-∆-Y 
transformer with a loaded ∆ tertiary

3
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Second, a large contribution to current mismatch is the application of load tap changers (LTCs) for voltage
regulation. A typical LTC range of 

 

±

 

10% in voltage creates a 

 

±

 

10% variation in current. This is a substantial
mismatch for which the differential must not operate.

Last, a third contributor to current mismatch is the difference in performance of CTs applied to the different
voltage terminals of the transformer. At low currents, such as for load, the errors are very small and insignif-
icant compared to the CT ratio and LTC errors discussed above. For heavy faults just outside the differential
zone, CT saturation is a likely possibility. The difference in performance between the CTs on different trans-
former terminals appears as difference current in the operate coil or element of the differential relay.

 

6.2.3 Differential protection using percentage differential relays with inrush restraint

 

The addition of some type of restraint that recognizes the characteristics of the inrush current provides
greater sensitivity when a power transformer is energized.

 

6.2.3.1 Harmonic restraint

 

Harmonic restraint is used to avoid undesired tripping of the percentage differential relay by the inrush cur-
rent when the transformer is energized. In addition, harmonic restraint allows more sensitive settings and
greater speed. These relays utilize frequency-selective circuits responsive to at least the second harmonic
current, which is present in all transformer energizing surges, to restrain or greatly reduce the sensitivity of
the relay during the time the inrush current exists. Several designs utilize other harmonics in addition to the
second harmonic to develop the restraint.

The purpose of all of these designs is to provide a relay that properly restrains regardless of the amount of
inrush and yet permits relatively high-speed operation if an internal fault occurs during the inrush period.
Another design objective is to not have excessive restraint resulting from the harmonic distortions of the CT
secondary currents. This can happen as a result of CT saturation during a severe internal fault even when the
presence of CT saturation causes the appearance of harmonics. To provide protection for this condition, fre-
quently the differential harmonic restraint relay will also include an unrestrained instantaneous relay unit.
The unrestrained instantaneous relay unit is set above possible transformer inrush current but below the cur-
rent that might result in CT ac saturation. The usual factory setting is 8 to 10 times the tap value. Refer to
IEEE Std C37.110-1996 for considerations regarding ac and dc saturation of CTs.

Another consideration in the use of harmonic restraint relays is the performance during transformer overex-
citation (see 5.5.3). Whether a differential relay will operate on exciting current due to overexcitation
depends on the magnitude of exciting current, the harmonic content of the current (predominately odd har-
monics), the shape of the waveform, and the restraint characteristic of the relay. A relay that restrains on odd
harmonics (in addition to the second harmonic present during initial inrush) is less likely to operate under
such conditions. On the other hand, rectifier transformers, where relatively high levels of odd harmonics are
normally present, would be better protected by the harmonic restraint relays using only the second harmonic.
The relay application engineer should check the Bibliography, Annex B, for assistance in defining specific
transformer protection objectives and hence the preferred type of harmonic restraint relay characteristic. 

Harmonic restraint differential relays often can be justified by considering the following points: 

a) Fewer false trips due to inrush 

b) Faster operating time (0.01–0.05 s versus 0.1–0.2 s for the percentage restraint type) 

c) Lower pickup (10–50% of transformer rating versus 40–100% for the percentage restraint type) 

Occasional false trips by harmonic restraint differential relays have been observed when transformers with
connected transmission lines were energized. Analysis of magnetizing inrush current waveforms for this
configuration showed noticeable reduction in harmonic content compared to energizing the transformer
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isolated from the line. The same point-on-wave closing signal was used for proper comparison. It was
concluded that insufficient inrush harmonic content for this configuration was the cause of false trips. The
relays sensitivity to harmonics was increased.

Harmonic restraint relays can be improved by using time-limited cross-blocking. In cross-blocking, one
phase with sufficient harmonics can restrain the whole unit; sufficient harmonics in all three phases are not
required. This feature can be limited to inrush current by using a time limitation, since harmonic restraint
can cause trip delays on internal faults with CT saturation.

 

6.2.3.2 Inrush restraint using the zero-current time period of the current waveform

 

Another type of relay uses the period of the inrush waveform when the current magnitude is equal to the nor-
mal magnetizing current to identify the inrush condition. These relays also use an instantaneous element that
is set to about 4 times rated current. Because the instantaneous element detects both the polarity and the
magnitude of each loop of the inrush waveform, no operation occurs when the inrush is of a unidirectional
nature (magnitude of up to 15 times rated current) or of the bidirectional nature (up to 3.5 times the rated
current).

 

6.2.4 Unit generator transformer sets

 

On cross-compound generators, the fields may be applied while the generators are on turning gear, or at
speeds of 15–35% of synchronous speed, depending on the design and users’ preferences. Application of the
fields to such machines normally excites the generator step-up and unit station service transformers and the
generator, therefore, protection is required for all of the unit system. The filter circuit of some harmonic
restraint relays may block relay operation if a fault occurs before the machine is up to synchronous speed.
Since relay designs vary, the relay performance at reduced frequency should be checked. Unit voltage per
unit frequency (V/Hz) relaying may be required to protect the transformer from damage due to overexcita-
tion (see 8.2.4 for further details).

 

6.2.5 Generator station service

 

Where a start-up or station service transformer is connected to the high-voltage bus, high-speed fault clear-
ing is usually required for stability reasons, even though the transformer is relatively small. The low CT ratio
required for satisfactory sensitivity may result in severe CT saturation for high-side faults. If the burden is
high, the high peak voltages could result in insulation breakdown and, hence, failure of the differential to
operate. An additional CT with a high ratio, supplying an overcurrent relay with instantaneous unit would
then be required to back up the differential. If high sensitivity is not required, the differential relay may be
omitted. 

When a unit auxiliary transformer is connected at a point between the generator and step-up transformer, a
CT connection should be provided for the overall differential scheme. A connection from the overall differ-
ential to the low-side CTs of the unit auxiliary transformer avoids the saturation problem that may occur
with high-side CTs. This saturation problem could prevent the operation of the unit auxiliary transformer
differential relays. The overall differential thus connected provides protection for the unit auxiliary trans-
former and the generator and the step-up transformer. It should be noted, however, that the relay sensitivity
for the unit auxiliary transformer faults may be low because of the high CT ratios. If additional sensitivity is
desired, time and instantaneous overcurrent relays are utilized on the high side of the auxiliary transformer.

 

6.2.6 Multiple-winding transformer differential

 

Differential relays for transformers with three or more windings are available in the percentage differential
and harmonic restraint relay types. Multiple-winding transformers frequently have different capacity ratings
on the individual windings. For example, a three-winding transformer may have a high-side rating of
90 MVA, with the other two windings each rated at 50 MVA. The sum of the small windings’ ratings can be
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greater than the main (input) winding rating. Care should be taken in selecting CT ratios and selecting differ-
ential relay current balancing taps. These should be based on the through-flow of current equivalent to the
largest winding rating regardless of the rating of the other winding considered. Proper restraint tap selection
may be accomplished if through-load current involving only the high side and one other winding is studied
at a time. 

 

6.2.7 Parallel transformers

 

A major disadvantage of using one differential relay to protect two transformers is the reduction in sensitiv-
ity. The CT ratios are selected on the basis of total kilovoltamperes (kVA), and hence, the sensitivity for each
transformer is less than one-half what it would be if individual protection were provided. When a trans-
former is energized in parallel with an already-energized transformer (see 5.5.2), the harmonic restraint unit
on a differential relay protecting both transformers may not restrain. Thus, an undesired trip may occur.
Therefore, each transformer should be protected by separate sets of differential relays. 

 

6.2.8 Effect of overexcitation on differential relays

 

Overexcitation of a transformer could cause unnecessary operation of transformer differential relays. This
situation may occur in generating plants when a unit-connected generator is separated (tripped) while
exporting VARs. The resulting sudden voltage rise impressed on the unit transformer windings from the loss
of VAR load can cause a higher than nominal volts per hertz condition and, therefore, an overexcitation
event. This could also occur in transmission systems where large reactive load is tripped from a transformer
with the primary winding remaining energized. 

When the primary winding of a transformer is overexcited and driven into saturation, more power appears to
be flowing into the primary of the transformer than is flowing out of the secondary. A differential relay, with
its inputs supplied by properly selected CTs to accommodate ratio and phase shift, will perceive this as a
current differential between the primary and secondary windings and, therefore, will operate. This would be
an undesirable operation, as no internal fault would exist, with the current imbalance being created from the
overexcitation condition.

Three methods have been applied to prevent false transformer differential operations when overexcitation
occurs. These methods would be in addition to the second harmonic or gap detection principle used for
inrush detection and restraint (described in 5.5.2).

a) Use a V/Hz relay to block the tripping of the differential relay, or to desensitize the differential relay
when V/Hz reaches a certain level.

b) Since overexcitation manifests itself with the production of odd harmonics, and since the third har-
monic (and other triplens) may be effectively cancelled in 

 

∆

 

 transformer windings, use the level of
fifth harmonic as a restraining quantity in the differential relay. 

c) Use a modified differential scheme that extracts and uses the third harmonic exciting current from
the transformer 

 

∆

 

 winding to restrain the differential relay (described in 12.1).

 

6.2.9 Differential protection of autotransformers using high-impedance relays

 

Some utilities provide protection for large high-voltage and extra-high-voltage autotransformers by using
voltage-operated bus-type high-impedance differential relays. Typical connections of this protective system
for autotransformers, with the neutral point of the wye winding solidly grounded, are shown in Figure 6.
This arrangement provides protection for all types of phase faults and ground faults, but not turn-to-turn
faults. In this application, three sets of three-phase CTs are required, one set on the high-voltage side,
another set on the low-voltage side, and the third set in the neutral ends of the winding. All CTs should have
the same turns ratio and should be reasonably matched in accuracy class. A single high-impedance relay
connected in a ground differential scheme is also applicable for autotransformer protection. 
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This protection is immune to the effects of magnetizing inrush current because inrush current is cancelled by
the neutral CTs. Also, there is no imbalance current in the relay circuit due to the load tap changing equip-
ment. Thus a high-impedance differential relay can be applied without any harmonic restraint, load bias, or
time delay. 

Autotransformers are often provided with a 

 

∆

 

 tertiary winding. It should be noted that with this type of
scheme no protection is afforded for faults occurring in the 

 

∆

 

 tertiary winding. Where the terminals for this
winding are not brought out to supply load, one corner of the 

 

∆

 

 can be connected between the end of one
phase of the main winding and its neutral CT. This connection is shown in Figure 6. In such an arrangement,
the tertiary winding is included in the differential protection zone, and the relay would sense ground faults in
the tertiary winding. This scheme does not provide protection for phase faults or turn-to-turn faults in the ter-
tiary winding. 

Where the tertiary winding is used to supply load, the ∆ winding corner connection cannot be used. Hence,
separate protection is required. The tertiary winding overcurrent protection is described in 6.3.3.

6.2.10 CT requirements

The CT ratios and relay matching taps should be selected to minimize the unbalance current at the center of
any applicable tap changer range. These should also be selected to avoid CT saturation during a maximum

Figure 6—Typical schematic connections for high-impedance differential protection of a 
Y autotransformer with unloaded tertiary
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symmetrical through-fault (see IEEE Std C37.110-1996). If saturation will occur, burdens and CT capability
should be matched so that both CTs begin to saturate at about the same fault level. CT capability is increased
and cable burden reduced by using the highest CT ratio compatible with relay taps. Cable burdens may be
further reduced by using larger conductor or two conductors per phase.

6.3 Overcurrent relay protection

A fault external to a transformer can result in damage to the transformer. If the fault is not cleared promptly,
the resulting overload on the transformer can cause severe overheating and failure. Overcurrent relays (or
fuses, see 6.1) may be used to clear the transformer from the faulted bus or line before the transformer is
damaged. On some small transformers, overcurrent relays may also protect for internal transformer faults,
and on larger transformers, overcurrent relays may be used to provide relay backup for differential or pres-
sure relays. Thermal relays (Clause 8) may also be used to protect transformers from harmful overload.
However, thermal relays often are used for alarm only. Coordination examples are included in Annex A. 

6.3.1 Phase time overcurrent

Time overcurrent relays are inexpensive, simple, and reliable protective devices. Since sensitive settings and
fast operation are usually not possible with overcurrent relays, they will provide limited protection for inter-
nal transformer faults. Since the pickup value of phase overcurrent relays must be high enough to take
advantage of the overload capabilities of the transformer and be capable of withstanding energizing inrush
currents, insensitive settings result. Fast operation is not possible, since the transformer relays should coordi-
nate with load-side protection, including dealing with reclosing cycles and service restoration inrush. Where
time overcurrent relays are used for primary transformer protection, extensive damage to the transformer
from an internal fault may occur. 

Settings of phase overcurrent relays on transformers involve a compromise between the requirements of
operation and protection. The pickup setting should be high enough to permit overloading the transformer
when necessary, but the higher the setting, the less the protection. A setting of 125–150% of maximum kVA
nameplate rating of a transformer is common, although higher values are sometimes used. On multiple-
rated transformers, a higher setting may be necessary so as to utilize the full capability of the transformer at
the higher forced-cooling rating. 

If overcurrent protection (relays or fuses) is applied only to the high-voltage (∆) side of a ∆−Y grounded
transformer, it can have a problem providing sensitive fault protection for the transformer and still
coordinating with low-side protective devices. For low-voltage (Y side) phase-to-phase faults, the high-side
line current will be 115% of the low-voltage per unit fault current. For low-voltage (Y side) phase-to-ground
faults, the high-side line current will be only 58% of the low voltage per unit fault current (see Figure 7,
Figure A6, Figure A7, and Figure A8 in Annex A). When the Y is grounded through a resistor, the high-side
fault current may be less than the maximum transformer load current. Similar concerns are applicable when
the Y is grounded through a reactor.

The time setting should coordinate with relays on downstream equipment. Transformers are mechanically
and thermally limited in their ability to withstand short-circuit current for finite periods of time. For proper
backup protection, the relays should operate before the transformer is damaged by an external fault. (Refer
to Annex A for the transformer through-fault current duration limits and relay setting examples.) Solid-state
or microprocessor-based relays with special features such as fast reset should be evaluated for coordination
with downstream devices. 

In setting transformer overcurrent relays, the short-time overload capability of the transformer in question
should not be exceeded. Low values of 3.5 or less times normal base current may result from overloading
rather than faults. For such cases see IEEE C57.91-1995, since allowable time duration may be different
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Figure 7—Line and transformer winding currents for ∆-∆ and
∆-Y connected transformers
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from those in the through-fault current duration curves. Pending establishment of additional transformer
standards, it is recommended that the manufacturer be consulted for the capability of a specific transformer. 

Distribution supply transformers are subject to many through-faults and autoreclosing into line faults. The
use of extremely inverse tripping characteristics for distribution circuit reclosers permits fast clearing of the
more severe faults. Where the use of instantaneous relaying for either transformer or distribution feeder pro-
tection is limited, time overcurrent relays with very inverse time characteristics will provide fast clearing for
the more severe faults.

6.3.2 Phase instantaneous overcurrent

Fast clearing of severe internal faults may be obtained through the use of instantaneous overcurrent units.
When used, instantaneous overcurrent units should be set to pick up at a value higher than the maximum
asymmetrical through-fault current. This is usually the fault current through the transformer for a low-side
three-phase fault. For instantaneous units subject to transient overreach, a pickup of 175% (variations in set-
tings of 125–200% are common) of the calculated maximum low-side three-phase symmetrical fault current
generally provides sufficient margin to avoid false tripping for a low-side bus fault, while still providing pro-
tection for severe internal faults. For instantaneous units with negligible transient overreach, a lesser margin
can be used. The settings in either case should also be above the transformer inrush current to prevent nui-
sance tripping. In some cases, instantaneous trip relays cannot be used because the necessary settings are
greater than the available fault currents. In these cases, a harmonic restraint instantaneous relay may be con-
sidered to provide the desired protection.

6.3.3 Tertiary-winding overcurrent

The tertiary winding of an autotransformer, or three-winding transformer, is usually of much smaller kVA
rating than the main windings. Therefore, fuses or overcurrent relays set to protect the main windings offer
almost no protection to tertiaries. During external system ground faults, tertiary windings may carry very
heavy currents. Hence, to guard against failure of the primary protection for external ground faults, separate
tertiary overcurrent protection may be desirable. 

The method selected for protecting the tertiary generally depends on whether or not the tertiary is used to
carry load. If the tertiary does not carry load, protection can be provided by a single overcurrent relay con-
nected to a CT in series with one winding of the ∆. This relay will sense system grounds as well as phase
faults in the tertiary or in its leads. 

When tertiary windings are connected by cables, the overcurrent protection provided to the tertiary winding
should account for the thermal withstand of the cables. Alarming and tripping as a result of a prolonged
unbalance condition or load tap changer malfunction should prevent damage to cables.

If the tertiary is used to carry load, partial protection can be provided by a single overcurrent relay supplied
by three CTs, one in each winding of the ∆ and connected in parallel to the relay. This connection provides
only zero sequence overload protection and does not protect for positive and negative sequence overload cur-
rent. In this case, the relay will operate for system ground but will not operate for phase faults in the tertiary
or its leads. Where deemed necessary, separate relaying such as differential type should be provided for pro-
tection for phase faults in the tertiary or its leads. 

The setting of the tertiary overcurrent relay can normally be based on considerations similar to those in
6.3.1. However, if the tertiary does not carry load, or if load is to be carried and the three CT, zero sequence
connection is used, the associated overcurrent relay can be set below the rating of the tertiary winding. This
relay should still be set to coordinate with other system relays. 
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6.4 Ground fault protection

Sensitive detection of ground faults can be obtained by differential relays or by overcurrent relays specifi-
cally applied for that purpose. Several schemes are practical, depending on transformer connections, avail-
ability of CTs, zero sequence current source, and system design and operating practices. 

6.4.1 Faults in ∆-connected transformer windings

A residual relay, device 51N, as shown in Figure 8 and Figure 9, will detect ground faults within the ∆ wind-
ing of the transformer and in the phase conductors between the CTs and the winding, when an external
source of zero sequence current is available. Instantaneous overcurrent relays may be used, but sensitive set-
tings will probably result in incorrect operations from dissimilar CT saturation and magnetizing inrush. This
can be avoided by using a short-time overcurrent relay with a sensitive setting. The scheme is particularly
valuable in plants or systems where the transformers are remote from the circuit breakers. By using CTs at
the circuit breaker, sensitive detection is obtained for cable, bus, ∆ winding, and bushing faults. A single
window or doughnut CT supplying an instantaneous relay (as commonly used in motor protection) is secure,
but is limited to cases of low and medium voltages where all three conductors can be fitted through the CT
window. 

  

Figure 8—Complete ground fault protection of a ∆-Y transformer using a residual
overcurrent and differentially connected ground relay
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6.4.2 Faults in grounded Y-connected transformer windings

To successfully detect faults in grounded Y-connected transformer windings, the relay system should dis-
criminate between faults internal and external to the protected zone. The ground differential relay, device
87G in Figure 8, typically an overcurrent relay, or the directional ground relay, device 67G, connected as in
Figure 9, is satisfactory. Both relay schemes will operate correctly for any internal ground faults with the cir-
cuit breaker in the circuit to the grounded Y winding open or closed. They will operate correctly with an
external zero sequence current source, and they will not operate for external ground faults. The auxiliary CT
is necessary if the phase and neutral CTs are of different ratio. Both schemes are particularly applicable
where the ground fault current is limited and phase differential relays may not respond. The device 67G
operating coil or element current is zero for an external fault with CT ratios matched. Therefore, it is wise to
select the auxiliary CT ratio to give positive nontrip bias to device 67G for an external ground fault (auxil-
iary CT secondary current slightly greater than the transformer neutral CT secondary current).

Unequal CT action can produce residual error current during external phase faults. No transformer neutral
current is produced and sensitive relays could misoperate.

Figure 9—Complete ground fault protection of a ∆-Y transformer using a residual
overcurrent and directional relay
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6.4.3 Case ground

On a grounded neutral system, it is possible to isolate the transformer case from ground except for a single
point. A CT and overcurrent relay at this grounding point would detect any internal ground fault or bushing
flashover. Although effective, several problems are encountered. The system should be tested periodically to
determine that no accidental grounds have been added. Incorrect operations can result from accidental
grounds from power tools and transformer auxiliary equipment. Careful coordination between auxiliary
equipment circuit breaker or fuse curves, arrester characteristics, and a time overcurrent trip relay can mini-
mize this danger. 

6.4.4 Impedance-grounded system

Transformer differential relays may not be sensitive enough to operate on ground faults where the
transformer bank or system is grounded through an impedance. In these cases, it may be necessary to apply
a sensitive time overcurrent relay in the transformer impedance-grounded neutral or a time overvoltage relay
connected across the neutral impedance. These relays should be coordinated with any feeder and line
protection relays that they may overlap. It is possible to provide high-speed protection and to avoid the need
for coordination by using sensitive product-type relays, which are connected to trip only for ground in the
protected zone. Figure 10 is a method used when there is no other possible ground source. An overcurrent
relay connected to a neutral CT is torque-controlled by the blocking contacts of a plunger-type instantaneous
relay in the neutral of the main breaker CTs. Since the transformer differential relays may not operate for
such ground faults within the differential zone, these ground fault relays must trip the source-side circuit
breakers.

6.4.5 Ground relays also used for sensitive ground fault protection

The primary advantage of ground relays over phase relays is their sensitivity. In systems where the ground
fault current is purposely limited, their use may be vital. Ground relays can normally be applied with
sensitivities of 10% or less of full load current. This compares very favorably with differential relays, whose
pickup current may be from 20–60% of full load current under the most advantageous conditions. It is
common practice in the United Kingdom and other countries influenced by the U.K. to protect all power
transformers with the restricted earth relay. The term restricted earth is an expression referring to a sensitive
ground relay system that is designed to detect ground faults within a well-defined protective zone (similar to
that in Figure 8).

6.5 Fault detection for special-purpose transformers

6.5.1 Regulating transformers

The exciting winding of a regulating transformer presents a special protection problem, since ordinary
power transformer differentials are not sensitive enough to sense faults in this high-impedance winding.
Regulating transformers can be either the most common in-phase type employing only voltage regulation, or
the phase-shifting type that provides regulation of phase angle, or both. 

Sudden-pressure or fault-pressure relays will offer good protection for all three types. However, electrical
protection may differ substantially between the in-phase type and the others. The tap changer mechanism
compartment may be protected with gas or oil sudden-pressure relays. Pressure variations during normal tap
changing arc interruption have not been found to cause false operation of the sudden-pressure relays. The
use of vacuum interrupter switches in the tap changing mechanism eliminates any pressure variations in the
tap changing compartment.
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Transformer manufacturers usually provide special protection and monitoring schemes of their own design
on regulating transformers. The scheme may stop the tap changing sequence or initiate a trip for a switch or
mechanism malfunction. 

6.5.1.1 In-phase type

Although overall differential relaying is usually provided for in-phase regulators, special-purpose relays are
also available to protect the exciting winding more sensitively. On each phase, this type of relay compares
the exciting winding current (obtained from a CT in the high-voltage lead or neutral end of the exciting
winding) with one of the phase currents, as shown in Figure 11 (a). 

The relay has one operating coil or element and one restraint coil or element and is generally set to operate
for a current imbalance of 15% greater than the imbalance due to maximum regulation. It should be noted
that the exciting winding of a ±10% regulator has a full load current rating only 10% of the rating of the
series winding; CT ratios should be chosen with this in mind. The use of ∆−connected CTs is a necessary
precaution to prevent tripping for external ground faults (if the neutral of the exciting winding is grounded).
Because of the location of the CT in the exciting winding, the proper CT should be specified when the trans-
former is ordered. 

Figure 10—Sensitive high-speed ground fault protection with impedance grounding 
(alternative to Figure 8)
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6.5.1.2 Phase-shifting or combined phase-shifting and in-phase regulating transformers

For these types of transformers, neither type of protection shown in Figure 11 (a) is suitable. For example,
for a quadrature phase-shifting transformer, the exciting winding in Figure 11 (a) might introduce a voltage
not in the same phase, but rather in each of the other two phases. Conversely, the series winding in
Figure 11 (a) would instead be two series windings deriving their voltages from the exciting winding of the
other two phases. 

Figure 11—Protection for phase-shifting and regulating transformers:
(a) protection for in-phase regulating transformers; 

(b) protection for phase-shifting transformers
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The effects of these factors are as follows:

a) With respect to the normal percentage differential relay in Figure 11 (a), an external fault on either
of the other two phases, or both, can produce current predominantly on only one side of the differen-
tial relay. This relay operates as though there were an internal fault if the fault current is above
pickup. 

b) With respect to the exciting winding protection of Figure 11 (a), an external fault on either one of the
other two phases, or both, can cause the exciting (operating) current to be substantially equal to the
line (restraining) current. The relay, connected as shown, would operate. 

The relay protection of the phase-shifting transformer presents problems not common to a normal trans-
former. The primary winding, the series transformer, and the shunt transformer should all be considered in
determining a viable relay protection scheme. Because of the large number of possible varieties of
phase-shifting transformers, specific electrical protection of them is beyond the scope of this guide. It is per-
tinent, however, to point out that electrical protection will probably require CTs inside the transformer rather
than the usual bushing CTs [see Figure 11 (b)]. Consequently, the protection must be decided on early
enough that CTs can be specified before the transformer design is started. For protection of this type of
transformer, the sudden-pressure or fault-pressure relay should be considered the first line of protection. See
Ibrahim and Stacom [B31] and Plumptre [B32] for further information on phase-shifting transformer protec-
tion.

6.5.2 Combined power and regulating transformers

A power transformer, such as a Y-∆ transformer, may also have regulating features, either in-phase,
out-of-phase (such as quadrature), or both. Such transformers are called tap-changing-under-load, or
load-tap-changing, transformers. 

The protection of a transformer of the in-phase variety has been previously covered in this guide. The electri-
cal protection of the out-of-phase variety is even more difficult than the protection of the phase-shifting reg-
ulating transformer because the power transformer has no exciting winding, since excitation is obtained
from loaded windings. The comments on phase-shifting regulating transformers apply equally well to this
type of transformer (see 6.5.1.2). In any case, the sudden-pressure or fault-pressure relay should be consid-
ered the first line of protection. 

6.5.3 Grounding transformers

A grounding transformer can be either a zigzag (z-z) or a Y-∆-connected transformer. The electrical protec-
tion scheme is simple, consisting of overcurrent relays connected to ∆-connected CTs, as shown in
Figure 12(a, Figure 12(b, and Figure 12(c. 

If the grounding transformer is of the z-z variety, internal faults, such as turn-to-turn faults, may be limited
by the magnetizing impedance of an unfaulted phase. Consequently, a sudden-pressure or fault-pressure
relay should be considered to be the first line of protection, even though it may be marginal. 

Grounding transformers are seldom switched by themselves. However, when they are switched, they are
subject to magnetizing inrush current, like any other type of transformer. Harmonic restrained overcurrent
relays may be used to prevent inadvertent tripping upon energizing. 

A phase-to-ground fault should not be allowed to persist on a grounding transformer with a low or no neutral
impedance that permits a fault current magnitude greater than the continuous current rating. Therefore, the
selection of a CT ratio associated with the grounding transformer depends more on the pickup of the ground
relay than the rating of the grounding transformer. However, if a fault is allowed to persist, then the CT ratio
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must be selected with the continuous current in mind. A grounding transformer has a continuous rating
based on a set fraction of its thermal current rating according to IEEE Std 32-1972.

Figure 12(a)—Protection of grounding transformers: zigzag

Figure 12(b)—Protection of grounding transformers: Y-∆



IEEE
Std C37.91-2000 IEEE GUIDE FOR PROTECTIVE RELAY

28 Copyright © 2000 IEEE. All rights reserved.

If the continuous current rating is not available, it can be determined as follows: 

a) Obtain the zero phase sequence impedance (ohms, percent, or per unit on some base) from the trans-
former manufacturer. 

b) Determine a kilovoltampere rating that will have approximately the same zero sequence impedance
relative to the grounded neutral side by assuming a mean value of the standard range of impedances. 

c) Having determined the fictitious kilovoltampere rating, choose the CT ratio based on full load cur-
rent for that kilovoltampere rating. 

Figure 12(c)—Zig-zag grounding transformer differential protection with backup 
ground relay
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6.6 Backup and external fault protection

Protection of a transformer against damage due to failure to clear an external fault should always be care-
fully considered. 

Such damage usually manifests itself as internal, thermal, or mechanical damage caused by fault current
flowing through the transformer. Figures A.1–A.4 and Figure A6 (a, b, and c) in Annex A show curves of the
maximum through-fault currents that will limit damage to the transformer. Through-faults that can cause
damage to the transformer include restricted faults and those some distance away from the station. The fault
current, in terms of the transformer rating, tends to be low (approximately 0.5–5.0 times transformer rating)
and the bus voltage tends to remain at relatively high values. The fault current will be superimposed on load
current, compounding the thermal load on the transformer. 

Several factors will influence the decision as to how much and what kind of backup is required for the trans-
former under consideration. Significant factors are the operating experience with regard to clearing remote
faults; the cost-effectiveness of providing this coverage, considering the size and location of the transformer;
and the general protection philosophies used by the utility. 

Backup protection for the transformer can be divided into several categories, as described in the following
subclauses. 

6.6.1 Overcurrent relays

When overcurrent relays are used for transformer backup, their sensitivity is limited because they should be
set above maximum load current. Separate ground relays may be applied with the phase relays to provide
better sensitivity for some ground faults. Usual considerations for setting overcurrent relays are described in
6.3. 

When overcurrent relays are applied to the high-voltage side of transformers with three or more windings,
they should have pickup values that will permit the transformer to carry its rated load plus margin for over-
load. Locating phase overcurrent relays on the low-voltage side of each winding allows a gain in sensitivity,
since only the full load rating of an individual winding need be considered. 

When two or more transformers are operated in parallel to share a common load, the overcurrent relay set-
tings should consider the short-time overloads on one transformer upon loss of the other transformer. Relays
on individual transformers may require pickup levels greater than twice the forced-cooling rating of the
transformer to avoid tripping. Higher pickup levels result in a loss of backup protection sensitivity. To
improve the sensitivity of backup protection, the CTs on each transformer source to a bus may be paralleled
so that one set of overcurrent relays receives the total current of the sources associated with the individual
bus. Switching out a transformer, therefore, does not affect the relay sensitivity. However, all sources should
be tripped when the overcurrent relays operate. This is usually referred to as a bus overload or partial differ-
ential scheme.

For sensitive ground protection, each transformer neutral may be grounded through a CT with a lower ratio
than that used for the phase overcurrent relay. With due consideration for imbalanced phase-to-ground load
and time coordination, it may be possible to approach the sensitivity of the feeder ground relays. See 6.3 and
6.4 for a comprehensive discussion of overcurrent and ground protection, respectively. 

6.6.2 Negative sequence relays

Since these relays do not respond to balanced-load or three-phase faults, negative sequence overcurrent
relays may provide the desired overcurrent protection. This is particularly applicable to ∆−Y grounded
transformers where only 58% of the secondary per unit phase-to-ground fault current appears in any one
primary phase conductor. Backup protection can be particularly difficult when the Y is impedance-grounded.
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A negative sequence relay can be connected in the primary supply to the transformer and set as sensitively as
required to protect for secondary phase-to-ground or phase-to-phase faults. This relay will also provide
better protection than phase overcurrent relays for internal transformer faults. The relay should be set to
coordinate with the low-side phase and ground relays for phase-to-ground and phase-to-phase faults. The
relay must also be set higher than the negative sequence current because of unbalanced loads.

6.6.3 Fuses

Application of fuses to the high-voltage or source windings of transformers presents the same types of sensi-
tivity problems discussed in 6.3. In addition, fuses are single-phase devices and operate individually. See 6.1
for discussion of the application of fuses. 

6.6.4 Breaker failure

Protection for the failure of a feeder breaker to clear a fault may be provided by addition of a timer started by
the operation of feeder overcurrent relays in a breaker failure scheme. The principal advantage of this
arrangement is that the backup sensitivity is equal to that of the feeder protection. The additional complica-
tion of this protection does increase the risk of inadvertent loss of the station load due to relay malfunction or
testing errors. Breaker failure protection associated with a transformer requires a scheme that may have to
recognize small fault currents. Breaker “a” switches may have to be used in combination with fault current
detectors. A transformer connected to a line without a line-side breaker requires transfer-trip or a ground
switch to cause the remote breaker to trip. If the remote breaker fails to trip, the transformer fault probably
will not be cleared. See Annex B for additional information. 

6.6.5 Dual-input relays

System voltages are lower during fault conditions than during load conditions with comparable current. This
results from the fault current being highly reactive, which causes larger voltage drops across the system. This
fact is utilized in several different dual-input relays. 

6.6.5.1 Voltage-controlled overcurrent relay

In this relay, the overcurrent unit is set on the basis of the minimum fault-current condition independent of
any load-current requirements. This relay is then torque-controlled by an undervoltage relay. The undervolt-
age unit is set to operate below the normal minimum system load voltage, but above the maximum expected
fault voltage. Thus, sensitive phase fault protection is provided with no hazard of tripping due to load cur-
rent. Low-side potential should be used to allow the undervoltage unit to drop out for low-side faults. The
potential supply should be monitored. There may be an application problem with this relay if the system
voltage during a limited fault is not reduced substantially. 

6.6.5.2 Voltage-restraint overcurrent relay

In this relay the overcurrent unit operating value is a function of the applied voltage. The relay is set so that
maximum load current will not cause operation with the minimum expected system operating voltage. Dur-
ing fault conditions, the reduced voltage causes less restraint and the relay will operate at a lower current,
which varies with the voltage magnitude. There may be an application problem with this relay if the system
voltage during a limited fault is not reduced substantially. 

6.6.5.3 Impedance relay controlling an overcurrent relay

This scheme is less dependent on the exact change in the level of system voltage than either of the above two
methods. In this method, the impedance from the relay location to the most distant fault needing backup pro-
tection is set on the distance relay, with suitable margin. The overcurrent relay is then set at a current less
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than the minimum expected fault current. An mho-type distance relay characteristic provides improved fault/
load discrimination over a straight impedance relay. 

6.6.5.4 Overcurrent directional relay

This relay, in contrast to a directional overcurrent relay, responds only to the product of the current magni-
tude times the cosine of the angle between this current and a voltage reference. The magnitude of the voltage
does not enter into the operating equation, provided it is above a prescribed limit. In this application, the
relay can be connected to respond only to the reactive component of current. It will not respond to the real
component of any load current and hence has good loadability. The relay is set for the minimum expected
fault current with suitable margin. 

6.7 Temperature relays

Transformer damage from remote low-current faults that are not properly cleared may be similar to that from
sustained overload causing thermal damage. The most direct solution to the backup problem is the use of
thermal relays as discussed in Clause 8. 

6.8 Miscellaneous relays

In certain applications, advantages can be taken of relays not directly associated with the transformer. In the
case of a unit-connected generator, backup may be provided by protective relays essentially designed for
generator backup. These include the voltage-controlled overcurrent relay, the distance relay for remote faults
(usually applied with a fixed time delay rather than inverse time delay), the generator negative sequence
overcurrent relay, and the generator overexcitation relay.

7.Mechanical detection of faults

Some transformer faults go undetected when the schemes described in Clause 6 are used. A turn-to-turn fault
can cause considerable current in the shorted turn, while current in the remaining winding remains relatively
unchanged. Since there is little or no change in the current monitored by the CTs, there is no differential cur-
rent to operate the relays. Eventually, the turn-to-turn fault will evolve into a ground fault, giving the protec-
tive relays the necessary change in current to operate.

There are two methods of detecting transformer faults other than by electric measurements. These methods
are 

a) Accumulation of gases due to slow decomposition of the transformer insulation or oil. These relays
can detect heating due to high-resistance joints or due to high eddy currents between laminations. 

b) Increases in tank oil or gas pressures caused by internal transformer faults. 

7.1 Gas accumulator relay

This type of relay, commonly known as the Buchholz relay, is applicable only to transformers equipped with
conservator tanks and with no gas space inside the transformer tank. The relay is placed in the pipe from the
main tank to the conservator tank and is designed to trap any gas that may rise through the oil. It will operate
for small faults by accumulating the gas over a period of time or for large faults that force the oil through the
relay at a high velocity. This device is able to detect a small volume of gas and accordingly can detect arcs of
low energy. The accumulator portion of the relay is frequently used for alarming only; it may detect gas that
is not the result of a fault, but that can be evolved by gassing of the oil during sudden reduction of pressure.
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This relay may detect heating due to overall heating, high-resistance joints, high eddy currents between lam-
inations, low- and high-energy arcing, or accelerated aging caused by overloading. 

7.2 Gas detector relay

The gas detector relay can be used only on conservator transformers, either conventional or sealed. The relay
will often detect gas evolution from minor arcing before extensive damage occurs to the windings or core.
This relay may detect heating due to overall heating, high-resistance joints, high eddy currents between lam-
inations, low- and high-energy arcing, or accelerated aging caused by overloading. 

Essentially, the gas detector relay is a magnetic-type liquid-level gage with a float operating in an oil-filled
chamber. The relay is mounted on the transformer cover with a pipe connection from the highest point of the
cover to the float chamber. A second pipe connection from the float chamber is carried to an eye-level
location on the tank wall. This connection is used for removing gas samples for analysis. The relay is
equipped with a dial graduated in cubic centimeters and a snap action switch set to give an alarm when a
specific amount of gas has been collected. 

7.3 Pressure relays

When high current passes through a shorted turn, a great deal of heat is generated. This heat, along with the
accompanying arcing, breaks down the oil into combustible gases. Gas generation increases pressure within
the tank. A sudden increase in gas pressure can be detected by a sudden-pressure relay located either in the
gas space or under the oil. The sudden-pressure relay usually operates before relays sensing electrical quan-
tities, thus limiting damage to the transformer.

One drawback to using a sudden-pressure relay is its tendency to operate on high-current through-faults. The
sudden high current experienced from a close-in through-fault causes windings of the transformer to move.
This movement causes a pressure wave that is transmitted through the oil and detected by the sudden-
pressure relay. If the pressure is large enough, the sudden-pressure relay operates. Various methods to
prevent undesired operation have been developed. The most common method takes advantage of the fact that
a close-in through-fault creates a high current in the transformer. An instantaneous overcurrent relay
supervises the sudden-pressure relay. Any high-current condition detected by the instantaneous overcurrent
relay blocks the sudden-pressure relay. This method limits the sudden-pressure relay to low-current incipient
fault detection. Another method, used less often, is to place sudden-pressure relays on opposite corners of
the transformer tank. Any pressure wave due to through-faults will not be detected by both sudden-pressure
relays. The contacts of the sudden-pressure relay are connected in series so both must operate before
tripping.

Experience with sudden-pressure relays varies. Because of the drawback mentioned above, some users
choose to use sudden-pressure relays for alarm only. Others are reevaluating their use altogether, since most
times the high-speed differential relay and the sudden-pressure relay both operate for faults. Still, the
sudden-pressure relay is a viable protection alternative for turn-to-turn fault detection in some applications,
particularly grounding transformers and transformers with complicated circuits, such as phase-shifting
transformers, which make applying differential protection difficult.

7.3.1 Sudden-oil-pressure relay

The sudden-oil-pressure relay is applicable to all oil-immersed transformers and is mounted on the
transformer tank wall below the minimum liquid level. Transformer oil fills the lower chamber of the relay
housing, within which a spring-backed bellows is located. The bellows is completely filled with silicone oil,
and additional silicone oil in the upper chamber is connected to that in the bellows by way of two small
equalizer holes.
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A piston rests on the silicone oil in the bellows, but extends into the upper chamber, separated from a switch
by an air gap. Should an internal fault develop, the rapid rise in oil pressure or pressure pulse is transmitted
to the silicone oil by way of the transformer oil and the bellows. This then acts against the piston, which
closes the air gap and operates the switch.

In the event of small rises in oil pressure—due to changes in loading or ambient, for example—the increased
pressure is also transmitted to the silicone oil. However, instead of operating the piston, this pressure is grad-
ually relieved by oil escaping from the bellows into the upper chamber by way of the equalizer holes. The
bellows then contracts slightly. The pressure bias on the relay is thus relieved by this differential feature.
Relay sensitivity and response to a fault are thus independent of transformer operating pressure.

This relay has proven sufficiently free from false operations to be connected for tripping in most applica-
tions. It is important that the relay be mounted in strict accordance with the manufacturer’s specifications.
Further, a scheme similar to Figure 13 (a) or Figure 13 (b), providing a shunt path around the 63X auxiliary
relay coil or element, is preferred to prevent its operation by control circuit electrical disturbances. 

7.3.2 Sudden-gas/oil-pressure relay

A more recent version of the above relays utilizes two chambers, two control bellows, and a single sensing
bellows. All three bellows have a common interconnecting silicone-oil passage with an orifice and ambient-
temperature-compensating assembly inserted at the entrance to one of the two control bellows. 

An increase in transformer pressure causes a contraction of the sensing bellows, thus forcing a portion of its
silicone oil into the two control bellows and expanding them. An orifice limits the flow of oil into one control
bellows to a fixed rate, while there is essentially no restriction to flow into the second control bellows. The
two control bellows expand at a uniform rate for a gradual rate of rise in pressure, but during high rates of
transformer pressure rise, the orifice causes a slower rate of expansion in one bellows relative to the other.
The dissimilar expansion rate between the two control bellows will cause a mechanical linkage to actuate a
snap-action switch, which initiates the proper tripping. 

7.3.3 Sudden-gas-pressure relay

The sudden-gas-pressure relay is applicable to all gas-cushioned, oil-immersed transformers and is mounted
in the region of the gas space. It consists of a pressure-actuated switch, housed in a hermetically sealed case
and isolated from the transformer gas space except for a pressure-equalizing orifice. 

The relay operates on the difference between the pressure in the gas space of the transformer and the pres-
sure inside the relay. An equalizing orifice tends to equalize these two pressures for slow changes in pressure
due to loading and ambient temperature change. However, a more rapid rise in pressure in the gas space of
the transformer due to a fault results in operation of the relay. High-energy arcs evolve a large quantity of
gas, which operates the relay in a short time. The operating time is longer for low-energy arcs. 

This relay has proven sufficiently free from false operations to be connected for tripping in most applica-
tions. It is important that the relay be mounted in strict accordance with the manufacturer’s specifications.
Further, a scheme similar to Figure 13 (a) or Figure 13 (b), providing a shunt path around the auxiliary relay
coil or element, is preferred to minimize the effects of control circuit electrical disturbances. 

7.3.4 Static pressure relay

The static pressure relay can be used on all types of oil-immersed transformers. It is mounted on the tank
wall under oil and responds to the static or total pressure. These relays, for the most part, have been super-
seded by the sudden-pressure relay, but many are in service on older transformers. However, because of their
susceptibility to operation by temperature changes or external faults, a majority of the static pressure relays
that are in service are connected for alarm only. 
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8.Thermal detection of abnormalities

8.1 Thermal relays for winding temperature

8.1.1 Causes of transformer overheating

Transformers may overheat because of

a) High ambient temperatures

b) Failure of cooling system 

c) External faults not cleared promptly 

d) Overload 

e) Abnormal system conditions such as low frequency, high voltage, nonsinusoidal load current, or
phase-voltage unbalance 

Figure 13—Fault pressure relay schemes:
(a) auxiliary relay at control panel;

(b) auxiliary relay at transformer with manual reset

(a)

(b)
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8.1.2 Undesirable results of overheating

a) Overheating shortens the life of the transformer insulation in proportion to the duration and magni-
tude of the high temperature. 

b) Severe overtemperature may result in an immediate insulation failure. 

c) Severe overtemperature may heat the transformer coolant above its flash temperature, causing a fire. 

d) Overheating can generate gases that could result in an electrical failure

8.1.3 Hot-spot location

The location of the hottest spot within a transformer is predictable from the design parameters. It is custom-
ary to measure or to simulate this hot-spot temperature and to base control action accordingly. The desired
control action will depend on the user’s philosophy, on the amount of transformer life the user is willing to
lose for the sake of maintaining service, and on the priority the user places on other aspects of the problem.
Transformer top-oil temperature may be used, with or without hot-spot temperature, to establish the desired
control action. 

A common method of simulating the hot-spot temperature is with a thermal relay responsive to both top-oil
temperature and to the direct heating effect of load current. In these relays, the thermostatic element is
immersed in the transformer top oil. An electric heating element is supplied with a current proportional to
the winding current, so that the responsive element tracks the temperature that the hot spot of the winding
attains during operation. If this tracking is exact, the relay will operate at the same time that the winding
reaches the set temperature. Since insulation deterioration is also a function of the duration of the high tem-
perature, additional means are generally used to delay tripping action for some period of time. One common
method is to design the relay with a time constant longer than that of the winding. Thus, the relay does not
operate until some time after the set temperature has been attained by the winding. There are no standards
established for this measuring technique, nor is information generally available for one to make an accurate
calculation of the complete performance of such a relay. The relay can have from one to three contacts that
close at successively higher temperatures. With three contacts, the lowest level is commonly used to start
fans or pumps for forced cooling and the second level to initiate an alarm. The third step may be used for an
additional alarm or to trip load breakers or deenergize the transformer. 

Loss of oil flow requires special attention in transformers without a self-cooled rating. Heat exchangers in
these transformers will dissipate only insignificant amounts of heat without operable cooling systems. The
hot-spot relay is calibrated to replicate true hot-spot temperature with forced oil circulation in the windings,
and will indicate a temperature many degrees cooler than the actual hot spot if oil flow is restricted. In such
cases, detection of loss of oil flow may be used to drop load and deenergize the transformer. There are also
some techniques that allow measurement of actual winding temperature.

Another type of temperature relay is the replica relay. This relay measures the phase current in the
transformer and applies this current to heater units inside the relay. Characteristics of these heaters
approximate the thermal capability of the protected transformer. In the application of replica relays, it is
desirable to know the time constants of the iron, the coolant, and the winding. In addition, the relay should
be installed in an ambient temperature approximately the same as that of the transformer and should not be
ambient-compensated. 

8.2 Other means of thermal protection

8.2.1 Top-oil temperature

Many transformers are equipped with a thermometer element immersed in the top oil. If this element is
equipped with contacts that close at selected temperatures, the contacts can be used to start cooling fans or
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pumps, or to sound an alarm. Since the top-oil temperature may be considerably lower than the hot-spot
temperature of the winding, especially shortly after a sudden load increase, the top-oil thermometer is not
suitable for effective protection of the winding against overloads. However, where the policy toward
transformer loss of life permits, tripping on top-oil temperature may be satisfactory and has the added
advantage of directly monitoring the oil temperature to ensure that it does not reach the flash temperature. 

8.2.2 Fuses and overcurrent relays

Other forms of transformer protection such as fuses and overcurrent relays provide some degree of thermal
protection to the transformer. Application of these devices is discussed in 6.1 and 6.3. 

8.2.3 Thermal relays for tank temperature

In Y-connected, three-legged core-type transformers without ∆ windings, during unbalanced conditions, the
transformer tank acts as a high-impedance ∆−tertiary winding (generally known as a phantom tertiary), and
under severe conditions, damaging heat can be produced. A thermal relay mounted to sense tank temperature
will detect this condition, and since this condition usually occurs because of an open phase, which does not
cause other protection to operate, the device should trip the transformer. The device can be a dial-type
temperature indicator with a switch or a direct-acting thermostat. In either case, it should be placed in direct
contact with the transformer tank. Settings of 105–125 °C will be above temperatures reached under normal
operating conditions, and will correspond to temperatures reached in 1–4 min under maximum heating
conditions (one phase of supply open and grounded). See 12.4 for overcurrent relay application. 

8.2.4 Overexcitation protection

Overexcitation of a transformer can occur whenever the ratio of the per unit voltage to per unit frequency
(V/Hz) at the secondary terminals of a transformer exceeds its rating of 1.05 per unit (PU) on transformer
base at full load, 0.8 power factor, or 1.1 PU at no load. For the generator, the limit is 1.05 PU (generator
base). When an overexcitation condition occurs, saturation of the laminated steel cores of the generator and
transformer can occur. Stray magnetic fields increase in magnitude, particularly at the ends of the cores.
Nonlaminated components at the ends of the cores, which were not designed to carry these higher levels of
flux, begin to heat up because of the higher losses induced in them. This can cause severe localized
overheating in the transformer and generator and eventual breakdown in the core assembly or winding
insulation. The permissible short-time overexcitation capability of a specific transformer or generator
should be obtained from the manufacturer. Figure 14 shows V/Hz limiting curves provided by three
different transformer manufacturers. 

Overexcitation is of major concern on directly connected generator unit transformers. One of the primary
causes of excessive V/Hz on generators and unit transformers is operation of the unit under regulator control
at reduced frequencies during generator start-up and shutdown. Another cause of excessive V/Hz is inadvert-
ent manual overexcitation during generator start-up and shutdown. Overexcitation can also occur during
complete load rejection that leaves transmission lines connected to a generating station. Under this condition
the V/Hz may exceed 1.25 PU. With the excitation control in service, the overexcitation will generally be
reduced to safe limits in a few seconds. With the excitation control out of service, the overexcitation may be
sustained and damage can occur to the generator and/or transformers. Failures in the excitation system or
loss of signal voltage [i.e., blown voltage transformer (VT) fuse] to the excitation control can also cause
overexcitation.

Occasionally a transformer remote from a generation station will be exposed to overflux conditions that may
not be protected by an overvoltage relay or by the V/Hz protection associated with a generation station. A
typical case would be a transformer on the end of a long line connected to a generating plant. During a load
rejection in which this transformer is connected to the generator, the transformer may have a significantly
higher V/Hz than that at the generator facility as a result of the Ferranti effect. In this case, or similar cases,
V/Hz protection should be applied to the remote transformer.
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Overexcitation protection for the transformer is generally provided by the generator overexcitation
protection, which uses the VTs connected to the generator terminals. So, the curves that define generator and
transformer V/Hz limits must be coordinated to properly protect both pieces of equipment. Generally, the
transformer V/Hz curve is put on a generator voltage basis

Figure 14—Transformer overexcitation limits of three manufacturers

Transformer V/Hz limit on generator basis Transformer V/Hz limit( ) Transformer primary voltage rating( )

Generator voltage rating
--------------------------------------------------------------------------------------------------------------------------------------------------------=
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Therefore, a 13.2/115 kV transformer being used as a step-up transformer for a 13.8 kV generator will reach
its continuous no-load V/Hz limit of 110% at a generator voltage of 105.2% of the generator rated voltage.

Generator manufacturers recommend an overexcitation protection system as part of the generator excitation
system. These systems (V/Hz limiters) will limit the V/Hz to a safe value in the automatic control mode. To
provide protection when the unit is under manual control, the V/Hz limiter may send a relay alarm signal
during an overexcitation condition and, if the condition persists, decrease the generator excitation or trip the
generator and field breakers, or both. The generator manufacturer should be asked for recommendations for
overexcitation protection.

It should be noted that, if the generator can be operated leading, the high-side voltage of the transformer may
have a higher PU V/Hz than the generator V/Hz. This aspect may need to be considered in proper V/Hz pro-
tection of the transformer.

It is common practice to apply separate V/Hz protection in addition to the protection built into the excitation
control system. Several forms of protection are available including definite time, preprogrammed inverse
time curves, and user-programmable inverse time curves. A detailed discussion on various forms of V/Hz
relays can be found in 4.5.4 of IEEE Std C37.102-1995 [B86]. When the transformer rated voltage is equal
to the generator rated voltage, the same V/Hz relay that is protecting the generator may be set to protect the
transformer. In some cases, however, the rated transformer voltage is lower than the rated generator voltage
and protection may not be provided. It may, therefore, be desirable to provide supplementary protection for
the transformer. Since the V/Hz capabilities of transformers may differ appreciably, it is not possible to pro-
vide definitive protection recommendations that would cover all units.

8.3 Testing thermal relays

Manufacturers’ recommendations should be followed in testing and calibrating these devices. For example,
a method with one design is to remove the relay from the transformer and immerse the temperature-sensitive
element in a controlled-temperature oil bath. The heating element that provides the load current effect is an
integral part of the well in which the relay sensing element is mounted, and provision is made to circulate
current from a test source through the heater to check the operation of this element. These relays consist of
dial-type temperature indicators with shaft-operated switches, and the design should ensure that the
high-temperature contact, which is used for tripping, cannot be operated by reverse rotation under very low
temperature conditions. 

Calibration procedures should ensure that the relay contacts and the temperature-dial indication are within
specified limits. The thermal time constant of the system is not usually field-adjustable. It can be confirmed
by plotting the indicated temperature versus time duration of a constant load current. The time constant is the
time it takes for the reading to reach 63.2% of the total change of temperature readings. This should relate to
the 5–15 min time constant of the transformer winding, rather than to the 1–2 h time constant of the oil. The
calibration cannot be considered complete without confirming the ratio of the CT used to provide current to
the relay heating element. These CTs are generally made to saturate at high fault current, so as to avoid
heater damage and to ensure that the thermal relay does not operate before planned protective relay action
occurs. Should severe overloads also cause CT saturation, the thermal relay will not respond in the desired
manner. 

9.Fault clearing

A faulted transformer can be separated from its power source by devices such as circuit breakers, power-
operated disconnect switches, circuit switchers, and fuses, or by remote tripping of fault-interrupting
devices. In addition to separating the transformer from its power source, due consideration should be given
to tripping oil pumps and fans to reduce their possible adverse effects in sustaining or spreading a
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transformer oil fire and to halt circulation of contaminants in the oil resulting from the arc. Determination of
the type of fault-clearing devices to be used should consider factors such as 

a) Installation and maintenance cost 

b) Fault-clearing time relative to fire hazard and repair or replacement costs of the transformer 

c) System stability and reliability 

d) System operating limitations 

e) Device interrupting capability

9.1 Relay tripping circuits

Usually a transformer protective relay operation requires a careful inspection for the cause of tripping before
any attempt is made to reenergize the transformer. Usually two or more breakers or switching devices must
be tripped. Therefore, tripping is usually done by a lockout relay that also blocks closing circuits and must
be reset manually.

For a large transformer having several protective relays, two lockout relays and dc power supplies are often
used. If both lockout relays trip the same breakers, the differential relays may operate one lockout relay and
the sudden-pressure relay and overcurrent relays, including instantaneous units, may operate the second
lockout relay for the greatest redundancy. If the two lockout relays perform different tripping functions, then
a different assignment of protective relays to each lockout relay may be desired. The lockout relay contacts
may initiate breaker failure relaying and may be supplemented by a small self-reset relay operated in parallel
with the lockout relay coil for redundancy.

Relays should be connected to trip fault-interrupting devices that will clear faults in the zone that the relay is
intended to protect. For example, the relay devices 87G in Figure 8, 67G in Figure 9, and 51GB and 51GT in
Figure 10 must trip the transformer high-side (source) circuit breaker in order to clear a ground fault on the
low-voltage side of the transformer.

9.2 Circuit breakers

Circuit breakers directly actuated by a protective relay system are usually provided where it is desirable to
isolate a faulted transformer with minimum effect on other segments of the power system. They offer the
fastest fault-clearing time and highest interrupting capability. 

Many of the diagrams in this guide show only relay connections and not circuit breaker location. Wherever
possible, the circuit breaker should be included in the relay zone of protection so that a fault in the breaker or
leads to the transformer and its bushings is detected.

9.3 Remote tripping of circuit breakers

In some situations, it may be difficult to justify the cost of local circuit breakers. Tripping of remote-source
circuit breakers by use of local relays and a communications channel, or by use of a fault-initiating switch
(high-speed ground switch) are alternatives. 

9.3.1 Transfer trip schemes

Five types of communication channel are in general use for transferring a trip signal to remote circuit break-
ers: pilot wire, power-line carrier, fiber optic, and microwave or radio. In direct-transfer trip schemes, the
receipt of a signal will trip local circuit breakers independently of local relays. The signal may be a simple
application of voltage or audio tones on a pair of wires or may utilize frequency-shift-type audio tones, or
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frequency-shift carrier. Frequency-shift equipment employs a guard frequency for channel monitoring and
added security against trips by spurious signals. Transformer protective relays will actuate the shift to trip
frequency. These schemes have the advantage of speed and the ability to block reclosing of the remote cir-
cuit breakers until the faulted transformer is isolated from the system. 

9.3.2 Fault-initiating switch (high-speed ground switch)

Remote tripping of circuit breakers can be accomplished by applying a fault (usually solid single
phase-to-ground) to the source line so that the remote line relays will detect it and trip the remote circuit
breakers. A disadvantage of this scheme is the additional time involved while the ground switch is closing
and remote relays in turn detect the fault. Another consideration is that the ground switch phase and the
faulted phase on the transformer may be different, thus imposing a multiphase fault on the system. 

9.3.3 Disconnecting switch

When remote tripping is used, a power-operated disconnecting switch is usually connected on the source
side of the transformer to isolate it from the system. The switch is arranged to open automatically and can-
cels the remote transfer trip signal or isolates the ground switch from the system. In both cases, this permits
the remote breakers to reclose. 

9.4 Circuit switcher

A circuit switcher is a mechanical switching device with a limited fault-interrupting rating. Internal faults or
secondary faults limited by transformer impedance, where the magnitude of current is below the interrupting
rating of the circuit switcher, can be cleared. It should be possible to coordinate remote line relays to avoid
remote tripping for the lower-magnitude faults. High-magnitude source-side faults on the transformer
exceeding the interrupting rating of the circuit switcher should be detected by remote line relays and cleared
by the remote breakers before the circuit switcher opens. The circuit switcher may be blocked from tripping
by an instantaneous overcurrent relay or it may be allowed to attempt interruption, depending on user prefer-
ence. The remote breakers should clear the fault before the slower circuit switcher contacts open. 

9.5 Fuses

When applicable, power fuses are used because of their low installation cost and simplicity (see 6.1). 

9.6 Other practices

It is not uncommon to adapt permissive overreaching tone or carrier-blocking line protection schemes to
permit the remote line relaying to operate to clear a faulted transformer from the electric system. If line
protection schemes employ impedance-measuring types of relays, however, they may not respond to low-
side or winding faults. 

Another practice is to use the source-side motor-operated disconnect switch with no fault-interrupting capa-
bility as a backup for one of the above applications. The transformer protective relays initiate opening of the
switch independently of other protective devices on the basis that should the switch fail, a fault develops of a
magnitude sufficient to cause remote relay operation. These switches are usually quite slow in opening (2 s
or more), depending on the motor operator used. 
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10.Reenergizing practice

There is no universal practice with respect to reenergizing a transformer that has been disconnected from the
system by relay action that may have been caused by a transformer fault. Since no one would intentionally
energize an internally faulted transformer, the differences in practice seem to be based on the lack of knowl-
edge of where the fault was or whether there was a fault. 

Consider a transformer differential arrangement that includes external leads. A fault within the differential
zone may not be an internal fault. If the transformer has a pressure relay, this may give indication of an inter-
nal fault. If not, one has to rely on the presence or lack of evidence indicating an external fault. In the
absence of definite information that a fault was external, most operating companies will not reenergize the
power transformer without a complete check. 

Now consider a form of transformer protection that includes just the transformer. This may be a differential
relay (operating from transformer bushing CTs) or a pressure relay. The one reason to reenergize a
transformer so protected is the lack of confidence in the relays. While a few may reenergize a transformer so
protected, it may be argued that such a practice does not appear to be warranted with modern relays. 

The use and location of the transformer will affect the decision whether or not to reenergize. One is less
likely to reenergize a generator step-up transformer or a large system tie transformer than a small substation
transformer. The presence of a spare transformer would lessen the necessity to reenergize right away. A his-
tory of failures of a certain type transformer may affect the decision by operating companies to reenergize
that type of transformer. 

If a user’s practice is not to reenergize after a protective relay has disconnected the transformer from the
system, a real and continuing problem is how to proceed after such a relay operation; that is, if no fault is
evident on visual inspection, what should be done to determine whether or not an actual fault exists? Several
tests are available to check a transformer prior to reenergizing. Turns ratio tests, resistance tests, and
low-voltage impulse tests are available, but gas analysis is now the most used test. Gas analysis has become
increasingly popular and found to be quite reliable when properly performed. See IEEE Committee Report
[B51] and Pugh and Wagner [B76]. 

Normally, power transformers are not reenergized by automatic reclosing schemes except where the trans-
former may be connected to a line or bus that may be reenergized after a relay trip by the line or bus-protec-
tive relays. The transformer protective relays usually operate a lockout relay that trips the local interrupting
devices (power circuit breaker, circuit switcher, or disconnect switch) and prevents the devices from closing.
Where a local interrupting device is not present, transfer trip may be used to operate a remote interrupting
device. The transfer trip may also be used to lock out the remote interrupting device, thus preventing reener-
gizing the transformer (Clause 9). If an automatic grounding switch is used on the high side of a transformer
and high-speed reclosing is used on the line, the transformer will probably be reenergized before a high-side
motor-operated disconnect switch (MODS) can open. However, if delayed reclosing is used on the line, the
MODS will have time to open and the transformer will not be reenergized. Usually, high-speed reclosing
would not be used on lines with automatic grounding switches.

If a transformer tapped on a line is fused on the high side, there is no way to prevent its reenergizing if the
line relays detect the fault and trip, unless all three fuses blow.

Philosophies have changed somewhat in recent years, in that operating companies seem to have an increas-
ing reluctance to reenergize transformers after a protective relay operation where the transformer might be
subjected to a second fault. This reluctance is partly because of recent transformer failure rates and partly
because of increased cost and time to repair internal failures. Also, operating companies are gaining more
confidence in protective relays, particularly pressure relays. 
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11.Gas analysis

Electrical faults in oil-filled transformers usually generate gases, some of which are combustible. Many
transformer faults in their early stages are incipient and deterioration is gradual, but sufficient quantities of
combustible gases are usually formed to permit detection and allow corrective measures to forestall a serious
outage.

Depending on the transformer oil preservation system, the gas may either be dissolved in the oil or enter the
gas space above the oil. In certain types of transformer design that facilitate the accumulation of gas, it may
be possible to install a gas detector relay. These relays are usually set to alarm for the presence of gas.

It is common practice to draw off samples of oil or gas for periodic analysis of combustible gas content. If
there is a gas space in the oil preservation system, it is possible to directly draw off a sample of the gas and
perform an on-the-spot analysis with a portable gas analyzer. If there is no gas space in the transformer, it is
necessary to analyze an oil sample for dissolved gas content by gas chromatography (see Bean and Cole
[B69]).

The presence of key gases is an indicator of the location of the source of the gas

a) Hydrogen is generated by corona or partial discharges. The presence of other key gases can indicate
the source of the discharge.

b) Ethylene (C2H4) is the key gas associated with the thermal degradation of oil. Trace generation of
associated gases (ethane and methane) may start at 150 °C. Significant generation of ethylene begins
around 300 °C.

c) Carbon monoxide and carbon dioxide are generated when cellulose insulation is overheated.

d) Acetylene (C2H2) is produced in significant quantities by arcing in the oil.

To interpret the results of the analysis, the relative ratios of key gases are used. There has been substantial
work to define the best methods for interpreting the results and guidelines have been published in
IEEE Std C57.104-1991 [B74] and IEC 60599: 1978 [B8].

Gas analysis on transformers should be made periodically by manual or automatic methods. The interval
between tests may be varied according to size, importance, loading, and exposure to faults. This test should
also be made after protective relay or relief diaphragm operation and before reenergizing, if practical. It
should be made on new transformers after installation and original loading. 

12.Special protective schemes

Many transformer protection problems can be solved by means of special CT connections. The applications
presented are in industry use but are not readily found in the published literature. 

12.1 Overall unit generator differential

12.1.1 Configuration

This consists of a unit generator and a transformer with the winding of the generator in Y, high-impedance
grounded through a transformer with secondary resistor. The unit transformer low-side winding is in ∆ with
the high-side winding in a solidly grounded Y. 
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12.1.2 Problem

Overall unit differential relay operation on sudden unloading of a machine is to be avoided. False tripping
and indicating of unit trouble can cause operating confusion and delay restoration. 

A sudden unit unloading during a fault may be caused by the clearing of a system fault and, hence, the
machine may be at ceiling excitation if the fault has persisted for a second or more. The unit transformer
may be excited with voltages exceeding 130% of normal. Because of transformer iron saturation with
overexcitation, the exciting current can exceed 25% of the unit current rating. Hence, for relays without
overexcitation restraint capability, normal differential relay connections could result in relay operation under
these conditions. 

12.1.3 Solution

As the transformer magnetizing current has appreciable harmonic content during overvoltage conditions,
this current is used for additional restraint. Thus, the normal differential CT connections are altered as shown
in Figure 15. The additional restraint is provided by inside-the-∆ CTs having the same ratio as those on the
generator. The paralleling of the inside-the-∆ CTs eliminates normal load current. Only zero sequence
current, third harmonics, and odd multiples of the third harmonic are supplied to the primaries of the three
auxiliary CTs connected in series. The output of the auxiliary CTs is connected in Y and each supplies a
differential relay restraint coil or element. 

Normally a three-restraint coil or element differential relay is used for the overall unit. The three-relay
restraint coils or elements are supplied from the generator, transformer high side, and station service CTs. To
provide separate relay restraint from the inside-∆ CTs, the station service differential CTs are now paralleled
with the generator CTs. 

The conventional differential connections have Y CTs on the ∆-winding side and ∆ CTs on the high-side
grounded-Y winding. Thus the ∆ CTs on the high side normally act as zero sequence filters. However, as
zero sequence current is now inserted in the low-side connections, it also should be introduced in the
high-side connections. This is done by connecting the high-side CTs in Y. Then, for proper phasing relation-
ship, the low-side CTs are connected in ∆. Considering only the generator ∆ CTs and the transformer
high-side Y CTs, it is interesting to note that this connection is proper for load and external phase faults but
not for external ground faults. The inside-the-∆ CTs provide the balance for external ground faults. 

Thus, on overexcitation of an unloaded transformer, additional harmonic restraining current is provided to
prevent misoperation of the relays. These CT connections to the harmonic restraining differential relays have
been tested to 135% normal voltage. The transformer of one unit tested had a 150 MVA, 17/132 kV rating
with exciting current of 23 A at normal voltage. With 135% of normal voltage applied, the exciting current
was 604 A. On another 150 MVA, 17/132 kV unit, 135% of normal voltage resulted in 1175 A exciting cur-
rent, which is 23% of full-load current. The saturation characteristic of each transformer determines the
magnitude of exciting current at ceiling generator voltages. Several installations have performed correctly
after clearing of high-voltage bus faults. 

Figure 15 also shows the proper balance for an external ground fault. The main transformer is given as 1:1
overall voltage ratio and the CT ratios are shown for this condition. The fault current is assumed as 1 PU.
Phasors for the CT connections are also shown in Figure 15. 

NOTE—This modification must be used with caution, since transformers have been severely damaged by high tempera-
tures from excessive magnetizing current. When this scheme is used, overexcitation relaying should be considered. 
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12.2 Unit transformer of three-legged core form type

If the unit transformer has three-legged core form construction, the zero sequence current contribution of the
transformer case is not accounted for by the connections shown in Figure 15. In such core form transform-
ers, the case may contribute as much as 20–25% of the zero sequence current. Thus the previously described
differential connections require modification. While exact solutions are possible with additional auxiliary
CTs, for simplicity these are not discussed. A simple empirical solution is to adjust the ratio of the
inside-the-∆ auxiliary CTs so that the current to the relay is increased by 25% (Figure 15). The ratio of the
auxiliary CTs can be determined more accurately from the transformer manufacturer’s zero sequence imped-
ance test data. 

12.3 Grounding transformer inside the main transformer differential zone

12.3.1 Configuration

To establish a grounded system, a grounding transformer is frequently tapped on the low-side leads of the
supply transformer and is thereby included in the transformer differential zone. 

Figure 15—Special differential relay connections for overall protection of unit generator 
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12.3.2 Problem

Zero sequence current supplied by the grounding transformer may cause differential relay operation during
an external ground fault. 

12.3.3 Solution

Since external ground faults cause zero sequence current to flow in the CT secondary circuits, a zero
sequence filter is provided for the low-side differential Y-connected transformers. This filter is composed of
three auxiliary CTs and can be formed in several ways. The simplest form is to connect the primaries in Y
and the secondaries in ∆. In Figure 16, the ratio of the auxiliary CTs is not critical, but a 5:5 ratio is
suggested. 

The alternative filter connection in Figure 16 requires a 1:3 ratio for the auxiliary CTs. The primaries are
connected in Y and the junction or sum of the primaries is wired to the secondaries connected in series. Thus
the secondaries carry three times the primary current. Both of these connections present relatively high mag-
netizing impedance to all but zero sequence current. However, modern differential relays are of even lower
burden than the usual auxiliary CTs. Thus, the common point of the relay connections should not be con-
nected to the common point of the Y-connected transformers (a connection that is necessary without the zero
sequence filter). Only the filter neutral should be connected to the CT common point. 

Figure 16 also shows the primary current and CT secondary current for an external ground fault. The zero
sequence filter prevents a relay imbalance. A 1:1 overall voltage ratio is assumed in Figure 16 with 1 PU
fault current flowing. 

12.4 Unbalanced voltage protection for Y-connected, three-legged, core-type 
transformers

12.4.1 Configuration

Three-phase, three-legged, core-type Y-Y-connected transformer or autotransformer. 

12.4.2 Problem

In Y-connected core-type transformers, the transformer case acts as a high-impedance ∆ winding during
unbalance voltage conditions. Damaging heat can be produced by sustained circulating current in the case. 

12.4.3 Solution

An overcurrent relay is energized by CTs connected to duplicate the effective tertiary current in the case. For
a two-winding transformer, the required zero sequence current is obtained by the connection of high- and
low-side neutral CTs as shown in Figure 17 (a). An alternative method is shown in Figure 17 (b), where the
sum of the residuals of Y-connected high- and low-side CTs is used. Figure 17 (c) shows the connections for
an autotransformer using the residual of Y-connected CTs and a neutral CT. 

12.4.4 Relay setting

The proper equivalent tertiary impedance of the case should be used to determine the zero sequence current
for various faults. From this, the required relay sensitivity is established. A long-time dial setting for over-
current relay operation will provide thermal protection and coordination with other relaying for external
faults. 
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An application example using an inverse relay has relay pickup at 30% of transformer rating and a time of
1.7 s at 300% of setting. The pickup depends on the effective contribution of the equivalent tertiary of the
case. The transformer manufacturer should be consulted. 

12.4.5 Alternative solution

See 8.2.3. 

12.5 Differential protection of single-phase transformers connected in three-phase 
banks

When single-phase transformers are connected in three-phase banks, care should be taken to ensure that a
differential relay will operate for all internal transformer faults, particularly when the transformer has a ∆−
connected winding. If CTs for the ∆ tertiary are located in a breaker, the differential may be connected as it
normally is for a three-phase transformer. But if the CTs should be located in the transformer, some special
connections should be considered. 

Figure 16—Grounding transformer in differential zone (external fault condition shown)
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Complete protection for internal faults requires CTs on both bushings of a winding if that winding is in a
three-phase ∆ connection. Without CTs on both bushings, an internal bushing flashover can go undetected by
a differential relay if the connected system is grounded. 

12.6 Differential protection of a bank of three single-phase autotransformers with ∆ 
tertiary

Figure 18 and Figure 19 show two differential relay connections to provide complete winding protection for
the ∆ winding on a bank of single-phase autotransformers with a ∆ tertiary. Note that the CT ratios and taps
should take into account that the CTs in the ∆ supply the relay with twice the winding current. 

Figure 17—Protection of Y-connected core-type transformers with no ∆ for 
unbalanced voltage conditions 
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There are advantages for both connections. The connection in Figure 18 provides greater relay sensitivity
because of the method of connecting the CTs in the ∆ tertiary. Additionally, third-harmonic current in the ∆
flows in the differential relay restraint circuit. The connection in Figure 19 will permit more than one relay to
detect an internal fault with ∆−connected CTs on the high side, and the connection is more like that normally
used on the three-phase transformer. It should be noted that the high-side CT in Figure 18 should not be used
without the CTs in the tertiary. If connected in Y, the differential could operate for an external ground fault
without the tertiary CTs to balance it. While other relays, such as fault-pressure, would probably detect these
internal faults, the differential relay should be connected so as to operate for all faults internal to the pro-
tected transformer.   

12.7 Differential protection of single-phase transformers in a three-phase bank with 
a spare transformer

With the increase in use of single-phase transformers in three-phase banks with spare transformers, the ques-
tion frequently arises of how to best include the spare in a transformer differential scheme. Differential relay
connections are dependent to some extent on transformer connections, location of CTs, and whether the
spare power transformer will be energized all the time. 

If the differential zone extends to circuit breakers on both sides of a transformer, then changing the CT sec-
ondary circuits is not required to place the spare transformer in service. However, if the spare transformer is
to remain energized all the time, consideration should be given on how to protect the spare when not in use.

Figure 18—Differential protection of a bank of three single-phase autotransformers with a 
∆ tertiary and two CTs on each phase of tertiary

NOTE—This scheme requires additional relaying to provide protection on the tertiary makeup bus.
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When the transformer bank differential is used to protect the spare transformer, the result is not always as
sensitive to protection of the spare as of the transformers in service. 

If bushing CTs are used on both sides of the transformer bank, a separate relay for the spare could be used to
ensure that it is put in service rapidly. This is true whether or not it will remain energized. It will provide an
energized spare with adequate protection. To connect a differential relay for three-phase and single-phase
transformers, see 12.5. 

The most difficult situation to handle is that in which CTs on one side of a transformer bank are located in a
circuit breaker, and those on the other side are in the transformer. Unfortunately, this is a common
occurrence. In such cases, CT secondary circuits have to be switched or rewired to place the spare power
transformer in service. 

With any of the above combinations of transformer connections, it is possible to switch or rewire the CT
secondaries. However, switching CT secondary circuits is not recommended as a good practice without a
thorough analysis of the switching device and the risks of an open CT connection during the switching or as
a result of a defective switching contact. 

13.Other considerations

There are several conditions that can occur on a power system that can adversely affect power transformers,
and these conditions are not generally covered by the transformer protection. The conditions discussed here
are those in which a power transformer could be subjected to excessive nonfundamental frequency currents.

Figure 19—Alternative differential protection of a bank of three single-phase 
autotransformers with a ∆ tertiary

NOTE—This scheme requires additional relaying to provide protection on the tertiary makeup bus.
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The imposition of direct current (dc) into the power transformer can occur from several sources including
geomagnetic storms and cathodic protection systems. If sufficient dc is present in a winding of a power
transformer, the core will saturate. The amount of dc required to saturate the core will vary with design but
could be as low as 0.3 A in a winding or 0.9 A in the neutral of a three-phase transformer. Magnetizing cur-
rent of a transformer in saturation will consist of a series of unidirectional current pulses that are a measure
of the average value of applied dc.

DC can be introduced into the power transformer windings in several ways. Three sources of sufficient dc to
harm transformers and power systems are: geomagnetic storms (see IEEE working group report [B27]),
cathodic protection systems, and dc- operated traction systems. Documented cases show that the dc mea-
sured in the neutral of a three-phase transformer due to a geomagnetic storm has been as high as 83 A and
the dc measured in the neutral of a generator step-up transformer at a gas turbine plant due to cathodic pro-
tection has been as high as 37 A.

The effects of dc saturation of a power transformer are increased harmonic current flow in the transformer as
well as in the power system and increased heating, sound level, and vibration of the transformer. If the satu-
ration is severe enough, there is potential for damage to the transformer from additional heating of the wind-
ings, leads, and structural components, and insulation deterioration from the increased vibration. This flow
of harmonic currents in the system may cause additional heating of rotors in nearby generators and motors,
which could damage these devices or cause operation of negative sequence protection.

If there is any possibility of the presence of dc in the power transformer and suspicion of failures being initi-
ated by these currents, it may be wise to monitor and alarm for excessive levels.

Transformers supplying static loads, such as adjustable speed drives, and inverter loads can be subjected to
high harmonic currents. These harmonic currents can limit the safe loading of a transformer to a level that is
significantly less than the transformer rating. Under these conditions, the transformer should be derated
according to IEEE Std C57.110-1986, or as recommended by the manufacturer.

14.Device numbers 

Device numbers used in this guide are outlined in IEEE Std C37.2-1996. 

24 V/Hz relay
26 Thermal device 
49 Thermal relay 
50N Instantaneous neutral overcurrent relay 
51 AC time overcurrent relay 
51G AC time overcurrent relay
51N AC time neutral overcurrent relay 
51NB AC time neutral overcurrent relay, backup
51NT AC time neutral overcurrent relay, torque controlled 
52 AC circuit breaker 
59 Overvoltage relay 
60 Voltage or current balance relay
63 Pressure switch or relay 
67 AC directional overcurrent relay 
67G AC directional overcurrent relay, neutral
86 Lockout relay
87 Differential relay 
87G Ground differential relay
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Annex A

(informative) 

Application of the transformer through-fault current duration 
guide to the protection of power transformers 

Overcurrent protective devices such as relays and fuses have well-defined operating characteristics that
relate fault-current magnitude to operating time. It is desirable that the characteristic curves for these devices
be coordinated with comparable curves, applicable to transformers (see IEEE Std C57.109-1993) that reflect
their through-fault withstand capability. Such curves for Category I, II, III, and IV transformers (as described
in IEEE C57.12.00-2000) are presented in this annex as through-fault protection curves. These curves apply
to transformers designed to IEEE Std C57.12.00-2000. Based on the historical evolution of the short-circuit
withstand requirements, these curves should be applicable to transformers built beginning in the early 1970s.
However, as a precaution, it is recommended that the manufacturer be consulted for confirmation of this,
especially for transformers built during the early 1970s. For transformers built prior to the 1970s, the
manufacturer must be consulted for the short-circuit withstand capabilities. It should also be noted that the
coordination curves shown are curves of currents that are in any specific winding of a transformer. The
protection for overcurrent of that winding may be applied on a leg of the transformer that may see a different
magnitude of current. The protection should be adjusted so that the detecting protective device will operate
at or less than the suggested levels of current in each transformer winding.

It is widely recognized that damage to transformers from through-faults is the result of thermal and mechan-
ical effects. The latter have recently gained increased recognition as a major concern of transformer failure.
Though the temperature rise associated with high magnitude through-faults is typically quite acceptable, the
mechanical effects are intolerable if such faults are permitted to occur with any regularity. This results from
the cumulative nature of some of the mechanical effects, particularly insulation compression, insulation
wear, and friction-induced displacement. The damage that occurs as a result of these cumulative effects is a
function of not only the magnitude and duration of through-faults, but also the total number of such faults. 

The through-fault protection curves presented in this annex take into consideration that the transformer
damage is cumulative, and the number of through-faults to which a transformer can be exposed is inherently
different for different transformer applications. For example, transformers with secondary-side conductors
enclosed in conduit or isolated in some other fashion, such as those typically found in industrial,
commercial, and institutional power systems, experience an extremely low incidence of through-faults. In
contrast, transformers with secondary-side overhead lines, such as those found in utility distribution
substations, have a relatively high incidence of through-faults, and the use of reclosers or automatic
reclosing circuit breakers may subject the transformer to repeated current surges from each fault. For a given
transformer in these two different applications, a different through-fault protection curve should apply,
depending on the type of application. For applications in which faults occur infrequently, the through-fault
protection curve should reflect primarily thermal damage considerations, since cumulative mechanical
damage effects of through-faults will not be a problem. For applications in which faults occur frequently, the
through-fault protection curve should reflect the fact that the transformer will be subjected to thermal and
cumulative mechanical damage effects of through-faults.

In using the through-fault protection curves to select the time-current characteristics of protective devices,
the protection engineer should take into account not only the inherent level of through-fault incidence but
also the location of each protective device and its role in providing transformer protection. Substation
transformers with secondary-side overhead lines have a relatively high incidence of through-faults. The
secondary-side feeder protective equipment is the first line of defense against through-faults, and its
time-current characteristics should be selected by reference to the frequent-fault-incidence protection curve.
More specifically, the time-current characteristics of feeder protective devices should be below and to the
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left of the appropriate frequent-fault-incidence protection curve. Main secondary-side protective devices (if
applicable) and primary-side protective devices typically operate to protect for through-faults only in the
rare event of a fault between the transformer and the feeder protective devices, or in the equally rare event
that a feeder protective device fails to operate or operates too slowly because of an incorrect (higher) rating
or setting. The time-current characteristics of these devices should be selected by reference to the
infrequent-fault-incidence protection curve. In addition, these time-current characteristics should be selected
to achieve the desired coordination among the various protective devices. 

In contrast, transformers with protected secondary conductors (for example, cable, bus duct, or switchgear),
experience an extremely low incidence of through-faults. Hence, the feeder protective devices may be
selected by reference to the infrequent-fault-incidence protection curve. The main secondary-side protective
device (if applicable) and the primary-side protective device should also be selected by reference to the
infrequent-fault-incidence protection curve. Again, these time-current characteristics should also be selected
to achieve the desired coordination among the various protective devices. 

For Category I transformers (5–500 kVA single-phase, 15–500 kVA three-phase), a single through-fault pro-
tection curve applies (see Figure A.1). This curve may be used for selecting protective device time-current
characteristics for all applications regardless of the anticipated level of fault incidence.   

For Category II transformers (501–1667 kVA single-phase, 501–5000 kVA three-phase), two through-fault
protection curves apply (see Figure A.2). 

The left-hand curve reflects both thermal and mechanical damage considerations and may be used for select-
ing feeder protective device time-current characteristics for frequent-fault-incidence applications. It depends
on the impedance of the transformer for fault current above 70% of maximum possible and is based on the
I2t of the worst-case mechanical duty (maximum fault current for 2 s). 

The right-hand curve reflects primarily thermal damage considerations and may be used for selecting feeder
protective device time-current characteristics for infrequent-fault-incidence applications. This curve may
also be used for selecting main secondary-side protective device (if applicable) and a primary-side protective
device time-current characteristics for all applications, regardless of the anticipated level of fault incidence. 

For Category III transformers (1668–10 000 kVA single-phase, 5001–30 000 kVA three-phase), two
through-fault protection curves apply (see Figure A.3). 

a) The left-hand curve reflects both thermal and mechanical damage considerations and may be used
for selecting feeder protective device time-current characteristics for frequent-fault-incidence appli-
cations. It depends on the impedance of the transformer for fault current above 50% of maximum
possible and is keyed to the I2t of the worst-case mechanical duty (maximum fault current for 2 s). 

b) The right-hand curve reflects primarily thermal damage considerations and may be used for select-
ing feeder protective device time-current characteristics for infrequent-fault-incidence applications.
This curve may also be used for selecting main secondary-side protective device (if applicable) and
primary-side protective device time-current characteristics for all applications-regardless of the
anticipated level of fault incidence. 

For Category IV transformers (above 10 000 kVA single-phase, and above 30 000 kVA three-phase), a single
through-fault protection curve applies (see Figure A.4). This curve reflects both thermal and mechanical
damage considerations and may be used for selecting protective device time-current characteristics for all
applications, regardless of the anticipated level of fault incidence. It depends on the impedance of the
transformer for fault current above 50% of maximum possible and is keyed to the I2t of the worst-case
mechanical duty (maximum fault current for 2 s). 
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The delineation of infrequent- vs. frequent-fault-incidence applications for Category II and III transformers
can be related to the zone or location of the fault (see Figure A.5). 

For convenience, the through-fault protection curves for Category I, II, III, and IV transformers are summa-
rized in Table A.1. 

Fuse or overcurrent relay coordination with the through-fault protection curves, or both, is shown in
Figure A6–Figure A8. 

These should be self-explanatory. A primary-side fuse or overcurrent relay on a ∆-primary, Y-grounded
secondary transformer will detect only 57.7% of the Y-side phase-to-ground fault current. The applicable
primary side curves are shifted to the right on the phase-to-ground fault figures to properly show
coordination at the indicated low-side current values.

A secondary phase-to-phase fault on a ∆-primary, Y-secondary transformer will result in secondary currents
that are 86.7% of the three-phase fault value. However, the high-side phase currents will be 100% of the
three-phase fault current in the high phase and 50% of the three phase fault current in the other two phases.
The applicable primary-side curves are shifted to the left on the phase-to-phase fault figures to properly
show coordination for the high-side high phase current at the indicated low-side current values.

An example of the application of the new thermal/mechanical limit curves to a three-winding autotrans-
former (Y-Y-∆) with overcurrent relays on the 30 MVA tertiary follows. The example uses Table A.2. 

The coordination steps are as follows: 

a) Select the category from the minimum nameplate rating of the principal winding (75 000 kVA is
Category IV).

b) Select the impedance to use so as to plot the Category IV curves (Z 132 – 13.2 = 7.94% at
30 000 kVA).

c) Calculate “constant” K = I2t = (100/7.94)2 (2) = 317.24 at 2 s. 

d) Times normal base current at 2 s >> 12.59.

e) The 50% point is (317.24)/(12.59/2)2 >> 8 s.

The coordination of the overcurrent relays for this example is shown in Figure A.15.
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Figure A.1—Category I transformers:
5–500 kVA single-phase;
15–500 kVA three-phase 

2000
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Figure A.2—Category II transformers:
501–1667 kVA single-phase;
501–5000 kVA three-phase

2000
2000
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Figure A.3—Category III transformers:
1668–10 000 kVA single-phase;
5001–30 000 kVA three-phase

2000

2000
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Figure A.4—Category IV transformers:
above 10 000 kVA single-phase;
above 30 000 kVA three-phase
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Figure A.5—Infrequent- and frequent-fault incidence zones for Category II and 
Category III transformers
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NOTES:

1—Impedance volts 5.00% 132 000 GR Y–66 000GR Y V at 60 MVA.

2—Impedance volts 7.94% 132 000 GR Y–13 200 V at 30 MVA.

3—Impedance volts 11.43% 66 000 GR Y–13 200 V at 30 MVA

Table A.1—Summary of through-fault protection curves;
minimum nameplate (kVA) (principal winding)

Category Single phase (kVA)  Three phase (kVA) Through-fault
protection curvea

I 5–500  15–500 Figure A.1

II 501–1667 501–5000 Figure A.2

III 1668–10000 5001–30 000 Figure A.3

IV Above 10000 Above 30 000 Figure A.4

aThe times normal base current scale in Figures A.1—A.4 relates to minimum nameplate kVA. Low values of 3.5 or

less times normal base current may result from overloads rather than faults, and for such cases, loading guides may

indicate allowable time durations different from those given in Figures A.1—A.4 (see IEEE Std C57.91-1995).

Table A.2—An application example of the thermal mechanical limit curves 
for a three-winding transformer

60 Hz, Class OA/FA/FOA, three-phase voltage rating: 132 000 GR Y/76 200–66 000 GR Y/38 100–13 200

H winding X winding 
(MVA)

Y winding 
(MVA) Cooling

MVA rating 75 (output) 60 30 Continuous 55 °C rise, self-cooled 

MVA rating 100 (output) 80 40 Continuous 55 °C rise, forced-air cooled

MVA rating 125 (output) 100 50 Continuous 55 °C rise, forced-oil and 
forced-air cooled

MVA rating 140 (output) 112 56 Continuous 65 °C rise, forced-oil and 
forced-air cooled 
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Figure A.6—Protection of Category II transformer serving protected secondary-side 
conductors (e.g., cable, bus duct, or switchgear) for a three-phase secondary-side 

fault
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Figure A.7—Protection of a Category II transformer serving protected secondary-side
conductors (e.g., cable, bus duct, or switchgear) for three-phase secondary-side fault
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Figure A.8—Protection of a Category II transformer serving protected
secondary-side conductors (e.g., cable, bus duct, or switchgear) for phase-to-ground 

secondary-side fault



IEEE
APPLICATIONS TO POWER TRANSFORMERS Std C37.91-2000

Copyright © 2000 IEEE. All rights reserved. 63

Figure A.9—Protection of a Category III transformer serving
secondary-side overhead lines, for three-phase secondary-side fault
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Figure A.10—Protection of a Category III transformer serving
secondary-side overhead lines, for phase-to-ground secondary-side fault
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Figure A.11—Protection of a Category III transformer serving
secondary-side overhead lines, for phase-to-phase secondary-side fault
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Figure A.12—Protection of Category III transformer three-phase secondary fault
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Figure A.13—Protection of Category III transformer phase-ground secondary fault
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Figure A.14—Protection of Category III transformer phase-phase secondary fault
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Figure A.15—Coordination of tertiary overcurrent relays for large autotransformer
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Introduction

 

(This introduction is not part of IEEE Std C37.108-2002, IEEE Guide for the Protection of Network Transformers.)

 

This guide was prepared by the Network Transformer Protection Working Group of the Substation
Protection Subcommittee of the IEEE Power System Relaying Committee. This guide is intended to aid in
the effective application of relays and other devices for the protection of power transformers in network
transformer vaults. New additions to this guide include clauses on distributed source generation and network
distribution Supervisory Control and Data Acquisition (SCADA).

Network distribution systems differ from radial distribution systems due to several factors. These factors
include: high-fault currents on the low-voltage side of the transformers, possible frequent operation of
network protectors, varying practices of providing dedicated high-voltage transformer protection, confined
spaces, backfeed issues, and proximity to dense public populations in city streets and office buildings.

Protection techniques presented in this guide will help minimize the effects and damage caused by network
faults. However, proper protection applications are only a supplement to other important issues related to
network power equipment. These issues, covered in other appropriate publications, include the following
items:

a) Vault and equipment design, construction, operation, and maintenance should conform with applica-
ble standards and regulations, including company, municipal, state, and country operating rules.

b) Manufacturers’ recommended operating and maintenance procedures should always be utilized. 

 

Participants

 

At the time this guide was approved, the working group membership was as follows:

 

C. R. Sufana, 

 

Chair

 

J. J. Horwath, 

 

Vice

 

 

 

Chair

C. H. Castro
W. T. Chew
S. P. Conrad
C. J. Cook
D. J. Finley
D. Fulton

S. E. Grier
J. W. Hohn
H. D. Joham
R. J. Landman
J. Moffat
G. P. Moskos
K. K. Mustaphi

A. P. Napikoski
S. Phegley
H. J. Pinto
R. V. Rebbapragada
D. R. Smith
T. E. Wiedman



 

iv

 

Copyright © 2002 IEEE. All rights reserved.

 

The following members of the balloting committee voted on this standard. Balloters may have voted for
approval, disapproval, or abstention. 

Hanna E. Abdallah
William J. Ackerman
Alexander P. Apostolov
Thomas M. Barnes
George J. Bartok
Robert W. Beckwith
Kenneth L. Black
Jack  A. Buchsbaum
John F. Burger
Jeffrey A. Burnworth
Simon R. Chano
James F. Christensen
Stephen P. Conrad
Ken L. Cooley
Robert W. Dempsey
Frank A. Denbrock
William K. Dick
Clifford Downs
Ahmed Elneweihi
Markus E. Etter
Dennis R. Falkenheim
Joseph R. Fragola
Jeffrey G. Gilbert
Stephen E. Grier
E. A. Guro
Robert W. Haas
David L. Harris
Roy E. Hart
Irwin O. Hasenwinkle
Roger A. Hedding
Charles F. Henville

Gary R. Hoffman
Jerry W. Hohn
John J. Horwath
James D. Huddleston, III
James W. Ingleson
George G. Karady
Mark J. Kempker
Hermann Koch
Terry L. Krummrey
Robert Landman
Lawrence M. Laskowski
William J. Marsh, Jr.
J. E. McConnell
Michael J. McDonald
M. Meisinger
A. P. Sakis Meliopoulos
Gary L. Michel
Daleep C. Mohla
George Moskos
Charles J. Mozina
Brian Mugalian
George R. Nail
Philip R. Nannery
Benson P. Ng
Michael W. Pate
Shashi G. Patel
Carlos O. Peixoto
Gary A. Petersen
Alan C. Pierce
Henry Pinto
John M. Postforoosh

Roger E. Ray
Radhakrishna V. Rebbapragada
Paulo F. Ribeiro
Jesus Martinez Rodriguez
Miriam P. Sanders
David Shafer
Tarlochan Sidhu
Mark S. Simon
Patrick Smith
James E. Stephens
Peter G. Stewart
James E. Stoner
William M. Strang
Charles R. Sufana
Malcolm J. Swanson
Richard P. Taylor
Bill Thompson
James S. Thorp
Charles F. Todd
Demetrios A. Tziouvaras
Joe T. Uchiyama
Eric A. Udren
Charles L. Wagner
Ken D. White
Thomas E. Wiedman
Georg Wild
David J. Zaprazny
Janusz Zawadzki
Karl Zimmerman
John A. Zipp
John A. Zulaski



 

Copyright © 2002 IEEE. All rights reserved.

 

v

When the IEEE-SA Standards Board approved this standard on 21 March 2002, it had the following
membership:

 

James T. Carlo,

 

 Chair

 

James H. Gurney,

 

 

 

Vice Chair

 

Judith Gorman,

 

 

 

Secretary

 

*Member Emeritus

 

Also included is the following nonvoting IEEE-SA Standards Board liaison:

 

Alan Cookson, 

 

NIST Representative

 

Satish K. Aggarwal, 

 

NRC Representative

 

Noelle D. Humenick

 

IEEE Standards Project Editor

Sid Bennett
H. Stephen Berger
Clyde R. Camp
Richard DeBlasio
Harold E. Epstein
Julian Forster*
Howard M. Frazier

Toshio Fukuda
Arnold M. Greenspan
Raymond Hapeman
Donald M. Heirman
Richard H. Hulett
Lowell G. Johnson
Joseph L. Koepfinger*
Peter H. Lips

Nader Mehravari
Daleep C. Mohla
Willaim J. Moylan
Malcolm V. Thaden
Geoffrey O. Thompson
Howard L. Wolfman
Don Wright



 

vi

 

Copyright © 2002 IEEE. All rights reserved.

 

Contents

 

1. Overview.............................................................................................................................................. 1

2. References............................................................................................................................................ 2

3. Definitions............................................................................................................................................ 3

4. General background............................................................................................................................. 4

4.1 Network development.................................................................................................................. 4

4.2 Application considerations of adding protection to spot-network vaults versus 
grid-network vaults ...................................................................................................................... 6

5. Operation of equipment in a network transformer vault under fault conditions.................................. 6

5.1 Primary feeder faults.................................................................................................................... 6

5.2 Network equipment faults............................................................................................................ 7

6. Methods available to provide improved network transformer protection ......................................... 10

6.1 Electrical detection of faults ...................................................................................................... 10

6.2 Mechanical detection of faults ................................................................................................... 13

6.3 Thermal detection of faults ........................................................................................................ 14

6.4 Ultraviolet detectors................................................................................................................... 15

7. High-voltage, fault-interrupting devices............................................................................................ 15

7.1 Circuit breakers.......................................................................................................................... 15

7.2 Remotely located circuit breakers with transfer tripping........................................................... 15

7.3 Fault interrupters........................................................................................................................ 16

7.4 Power fuses and current-limiting fuses......................................................................................16

8. Low-voltage, fault-interrupting devices............................................................................................. 18

8.1 Network protector ...................................................................................................................... 18

8.2 Low-voltage fuses...................................................................................................................... 18

9. Distributed source generation ............................................................................................................ 18

10. Network distribution SCADA............................................................................................................ 20

Annex A (informative) Response of network relays to system faults ........................................................... 21

Annex B (informative) Example: 12.5 kV/480Y/277 V spot vault network transformer protection ............ 24

Annex C (normative) Other concepts being investigated .............................................................................. 29

Annex D (informative) Bibliography............................................................................................................. 30



 

Copyright © 2002 IEEE. All rights reserved.

 

1

 

IEEE Guide for the Protection 
of Network Transformers

 

1. Overview

 

Network transformer vaults are fire retardant enclosures normally within or adjacent to buildings or
underneath streets and alleys. They typically contain two or more power transformers. These transformers
are supplied from different subtransmission or distribution lines and are paralleled on their low-voltage side
through circuit interrupting devices called 

 

network protectors.

 

 Typically, high-voltage current-interrupting
devices have not been applied within the network vault. The low-voltage bus of a network vault may be
electrically tied to a number of other vaults to form a network secondary distribution system, which will be
called a 

 

low-voltage network grid

 

 in this guide, or each individual vault may stand alone as a 

 

spot network.

 

 A
one-transformer vault can be considered a network vault if connected to other such vaults via low-voltage
cables.

Low voltage in this guide implies 600 V or less, and high voltage implies 2400 to 34 500 V. Typical low
voltages are 208Y/120 V, 480Y/277 V, and 600Y/347 V. A typical high voltage is 12 500 V.

Low-voltage network systems have been used since the 1920s as a method of providing a highly reliable
source of electrical power to densely populated commercial areas, such as office buildings. Equipment
protection within the network vaults is typically limited. Historically, users have depended upon the physical
design of the vault to limit the risks of fault damage for faults within the vault. They have relied upon remote
detection and interruption for transformer faults and low-voltage devices, such as transformer fuse links and
low-voltage cable limiters, to provide a measure of low-voltage bus fault protection.

This guide is intended to aid those engineers who have reevaluated problems associated with faults within
network vaults, particularly for those network vaults located within or near high-rise buildings. It will also
identify currently available devices that are being used in network transformer protection schemes. These
devices should act to sense the fault and initiate fault interruption locally or remotely, thereby minimizing
damage and restoration time. These devices will be described as to their fault detecting capabilities. 

Several annexes are included with this guide. Annex A describes network protector response for high-
voltage feeder faults. An example utilizing a number of protective schemes is presented in Annex B.
Annex C addresses other concepts that are currently being investigated. Annex D provides bibliographic
references, such as IEEE

 

®

 

 Conference papers and IEEE Transaction papers, e.g., Anderson [B1].
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3. Definitions

 

The following definitions are found in 

 

The Authoritative Dictionary of IEEE Standards Terms,

 

 Seventh
Edition [B9] and may aid in the understanding of this guide.

 

3.1 network feeder: 

 

A feeder that supplies energy to a network.

 

3.2 network limiter:

 

 An enclosed fuse for disconnecting a faulted cable from a low-voltage network distri-
bution system and for protecting the unfaulted portions of that cable against serious thermal damage.

 

3.3 network master relay:

 

 A relay that functions as a protective relay by opening a network protector when
power is backfed into the supply system and as a programming relay by closing the protector in conjunction
with the network phasing relay when polyphase voltage phasors are within prescribed limits.

 

3.4 network phase relay:

 

 A monitoring relay that has as its function to limit the operation of a network mas-
ter relay so the network protector may close only when the voltages on the two sides of the protector are in a
predetermined phasor relationship.

 

3.5 network protector (power and distribution transformers):

 

 An assembly comprising a circuit breaker
and its complete control equipment for automatically disconnecting a transformer from a secondary network
in response to predetermined electrical conditions on the primary feeder or transformer, and for connecting a
transformer to a secondary network either through manual control or automatic control responsive to prede-
termined electrical conditions on the feeder and the secondary network.

 

3.6 network protector fuse: 

 

A backup device for the network protector.

 

3.7 network secondary distribution system: 

 

A system of alternating current distribution in which the sec-
ondaries of the distribution transformers are connected to a common network for supplying light and power
directly to consumers’ services.

 

3.8 network transformer (power and distribution transformers): 

 

A transformer designed for use in a
vault to feed a variable capacity system of interconnected secondaries.

 

3.9 network tripping and reclosing equipment:

 

 A piece of equipment that automatically connects its asso-
ciated power transformer to an ac network when conditions are such that the transformer, when connected,
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will supply power to the network and automatically disconnects the transformer from the network when
power flows from the network to the transformer.

 

3.10 spot network:

 

 A small network, usually at one location, consisting of two or more primary feeders,
with network units and one or more load service connections.

 

3.11 spot-network type:

 

 A unit substation, which has two step-down transformers, each connected to an
incoming high-voltage circuit. The outgoing side of each transformer is connected to a common bus through
circuit breakers equipped with relays that are arranged to trip the circuit breaker on reverse power flow to the
transformer and to reclose the circuit breaker upon the restoration of the correct voltage, phase angle, and
phase sequence at the transformer secondary.

 

3.12 vault: 

 

A structurally solid enclosure above or below ground with access limited to personnel qualified
to install, maintain, operate, or inspect the equipment or cable enclosed.

 

3.13 vault-type transformer (power and distribution transformers): 

 

A transformer that is constructed so
as to be suitable for occasional submerged operation in water under specified conditions of time and external
pressure.

 

4. General background

 

The physical and electrical characteristics of network transformer vaults have evolved over time, as have the
characteristics of the load that they serve. This clause gives a brief description of this evolution. The
application considerations of grid versus spot-network vaults and of 208Y/120 V versus 480Y/277 V
secondaries are also discussed.

 

4.1 Network development

 

The first low-voltage ac network system is reported to have been installed in Memphis, Tennessee, about
1907. The network transformers were supplied by primary feeders through distribution cutouts and were
connected to a solid grid of low-voltage cables that were protected with fuses. In Seattle, Washington, in
1921, improvements were made in the basic system by connecting the secondary terminals of the network
transformers to the solid cable grid through network protectors that would trip automatically upon reverse
power flow and were reclosed manually. In 1922, the first ac network system in which network protectors
were automatically tripped and closed by relays was placed in service in New York, NY by the United
Electric Light and Power Company. The cable grid was a three-phase, four-wire system and it operated at a
nominal voltage of 208Y/120 V. By 1925, this type of system became an accepted method of supplying
combined power and lighting load. Today’s 208Y/120 V network grid systems are very similar in
configuration and basic operation to the first systems. It is from these systems that the design, operating
practices, and overcurrent protection practices evolved for the first 480Y/277 V spot networks installed in
this country.

Grid networks served the needs of the commercial areas of many cities until the early 1950s, although it was
necessary to develop network protectors of higher continuous current ratings to carry the increasing loads.
By then, the loads in some commercial buildings were reaching the level where it was very difficult or
uneconomical for the utility to supply the load at 208Y/120 V from either a grid or spot network. These
higher loads were due mainly to air conditioning, higher lighting levels, and larger buildings. Furthermore,
the wiring costs of the building systems became very high as the loads increased at this voltage level.

Because of economics and equipment availability, higher utilization voltages, either 460Y/265 V or 480Y/
277 V, were adopted for service to large commercial buildings. Use of these higher voltages resulted in
significant reductions in wiring costs and in the cost of the utility system supplying the building load. Many
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utilities decided to serve these loads from 480Y/277 V spot networks. One utility made its first 480Y/277 V
installation in 1937, and by 1954 had eighteen 480Y/277 V vaults in service.

Figure 1 illustrates a typical network system. Many present-day network systems are installed without
network transformer high-side switches. The primary distribution substation bus may have several bus tie or
sectionalizing breakers in order to insure a reliable supply to the network. The bus tie breakers are normally
closed, but may be opened when there is an adequate source to each bus section to avoid voltage differences
between bus sections. A difference in bus voltage magnitude or angle may unload some feeders and cause
network protectors to open.

Figure 1—Typical network system
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4.2 Application considerations of adding protection to spot-network vaults versus 
grid-network vaults

 

As noted earlier, the first network vault installations were operated primarily at 208Y/120 V and were
connected to other vaults on the low-voltage side. These vaults were generally located below grade and
external from buildings, for example, underneath sidewalks in business districts. Historical evidence
indicates that 208Y/120 V faults in these vaults were generally self-clearing. That is, faults were contained
within the vault enclosure and the locations of the vaults were sufficiently isolated from buildings to allow
for the fault to continue until enough conductive material melted, thereby extinguishing the fault-generated
arc without damaging the buildings.

As the loading in newly constructed high-rise buildings increased, the 208Y/120 V vaults were installed
inside them and dedicated to serving the load of the building. Due to the economics of scale, the building
vaults had enough capacity to supply the building load with at least a single contingency outage margin. Ties
between vaults were no longer needed or practical and the era of the spot-network vault was born.
Eventually, 480Y/277 V spot-network vaults replaced the 208Y/120 V spot networks, and during this
transition period, some small 480Y/277 V grid-network systems were installed.

These changes prompted consideration by some utilities to provide additional network vault protection.
Frequently, the damage due to arcing 480 V faults has caused lengthy power outages to buildings, more so
than at 208 V. Since many of these vaults are inside buildings, a higher incidence of damage caused by
smoke has occurred. This has prompted some utilities to provide additional network vault protection.

The principles of protection included in this guide apply equally to spot-network vaults or grid-network
vaults and at any low-voltage level. The need to consider additional protection and the associated high-
voltage interrupting devices should be evaluated on the basis of risk assessment and cost.

 

5. Operation of equipment in a network transformer vault under fault 
conditions

 

A network system can be separated into three parts when considering operation under fault conditions:

a) The high-voltage primary supply circuits,
b) The network equipment, which consists of the network transformer, its associated primary-side

switch (disconnect and grounding), the low-voltage network protector, and the low-voltage bus,
c) Secondary voltage supply to the consumer and interconnecting cables to other transformer vaults, if

any. 

Typical network transformer protective devices for faults in the vault and external to it are described in the
remainder of this clause.

 

5.1 Primary feeder faults

 

Referring to Figure 1, a short circuit on a high-voltage primary feeder circuit is cleared by tripping the
primary feeder breaker at the distribution substation and opening the network protectors of the transformers
connected to the faulted feeder. Primary feeder breaker tripping is usually controlled by nondirectional time
and instantaneous overcurrent relays sensing both phase and ground (residual) currents (devices 50/51 and
50N/51N). The network master relay (device 32) will trip its protector if the net three-phase power (watt)
flow is in the reverse direction, i.e., from the low-voltage bus back to the high-voltage feeder. The sensitively
set network master relay operates by sensing the reverse flow of real power caused by transformer
magnetizing and feeder load. If the feeder fault is single phase-to-ground and the network transformer is
delta connected on the high side, opening the feeder breaker will limit fault current flow to a value allowed
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by the primary system capacitance. If shunt reactors or shunt capacitors are connected to the primary
feeders, they will also influence the amount of current in the fault path. Some network transformer primaries
are connected wye grounded and will permit fault current to flow until its protector opens via the network
master relay. Some types of feeders, for example those with fused sections supplying the network unit,
require that a watt-var network master relay be applied. See Annex A for a description of the operation of the
network protector relays.

The feeder breaker and network protector may operate sequentially since the network master relay may not
operate until the feeder breaker is open. Thus, clearing time is equal to the sum of the feeder relay time,
feeder breaker time, network master relay time, protector opening time, and the arc interrupting time. Total
clearing time is usually 0.5 s or less for faults on the primary feeder excluding the case of a single, phase-to-
ground fault where the total clearing time can be higher due to the limited fault current flow after the feeder
breaker opens. Clearing feeder faults in this fashion does not result in an outage to the load served by the
network.

If the distribution voltage feeder circuit breaker fails to clear the fault, conventional breaker failure relaying
or other forms of backup relaying, such as power transformer overcurrent relays, operate to trip the feeder
breaker to isolate the fault. If the network protector fails to clear the fault, then the transformer low-voltage
current-limiting fuses or low-voltage fuse links are relied upon to melt due to the presence of line fault or
line load current feeding back through the network transformer.

Low-voltage current-limiting fuses are silver and sand devices that are designed primarily to quickly
interrupt high magnitude fault currents. The melted products are contained within a tubular enclosure where
they harden into a glass-like insulating substance called a fulgurite. Fusible links are copper or alloy devices
designed to carry high levels of transformer load current. They melt in the presence of transformer
overcurrent and can be sized to coordinate with the transformer through-fault thermal limit curve. Figure 1
shows the location of these devices in series with the network protector.

 

5.2 Network equipment faults

 

The protection of network transformers should be viewed in light of the physical and electrical environment
of the transformer. The majority of network transformers are located in vaults where space is at a premium.
This means that the usual zones of protection are not well defined. Faults in buses, protectors, and switches
may indirectly cause damage to the transformer itself.

 

5.2.1 Primary-voltage switch faults

 

Most network transformers are supplied by underground cables. These cables enter the transformer through
a compartment filled with insulating compound. On many transformers, the separate phases are attached to a
three-position disconnect switch in another insulating liquid-filled compartment. Both of these
compartments are usually welded to the network transformer tank with a cover plate bolted to the front of
the switch compartment.

Faults involving the high-voltage terminal compartment, disconnect switch, or the leads inside the network
transformer up to the primary coils will result in the same level of fault current as a primary feeder fault.
Such faults should be cleared by tripping the feeder breaker at the remote substation, opening the protector
on the faulted network unit, and opening all other weak sources to the line. These weak sources, which are
capable of sustaining voltage on the faulted line, are commonly called 

 

sources of backfeed.

 

 Sources of
backfeed are usually other transformer(s) electrically connected to a transformer connected to the faulted
line.

Faults in either compartment are generally detected quickly by the distribution substation source
instantaneous trip elements, and locally by network protector reverse power relays. Subsequent clearing,
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even by 0.25 cycle current-limiting fuses, will not insure that these relatively small compartments will not be
ruptured. Water leaking into the compartments is a common cause of these faults, as is low oil in the
compartment. Another cause of faults within the compartment is improper operator switching, such as
inadvertent grounding of the cable or opening of the transformer high-side disconnect switch under load.

 

5.2.2 Transformer faults

 

Transformer failure may result from winding-to-winding or winding-to-core faults, bushing failures, or other
conditions. Faults in the high-voltage winding of the network transformer will be cleared by the same
devices that clear faults in the high-voltage leads. However, the time required for the opening of the primary
feeder breaker will be longer for a winding fault, since a portion of the transformer impedance is in the
circuit.

Faults in the low-voltage winding of the transformer are cleared by opening the same devices. A fault in the
low-voltage winding may have to burn back into the primary winding before it is detected by the primary
feeder relays, which can result in prolonged fault clearing times. Furthermore, the ground relays for the
primary feeder will not detect faults in the secondary winding of the network transformer if it is connected
delta-wye. Experience has indicated that secondary winding faults are rare.

Transformer faults are cleared from the low-voltage bus by the operation of the network protector relays and
the network protector. In the event of a protector failure to clear a fault, the network protector fuse links are
relied upon to isolate the faulted transformer from the low-voltage bus and consumer load.

 

5.2.3 Protector faults

 

Faults within the protector itself are very difficult to clear without involving the transformer. One of the most
serious consequences of a protector fault would be damage to a network transformer tank and fracture of the
low-voltage porcelain bushings or epoxy bushings. 

Arcing type faults involving the transformer low-voltage leads or the network protector may not be detected
by the primary feeder relays. Arcing faults in these locations should be detected by the network master relay,
which should initiate opening of the network protector. However, the network transformer may remain
energized from the primary side. If the fault is self-sustaining in these areas, it can cause extensive damage
to equipment until it burns to such an extent that the fault is detected by the primary feeder relays. By the
time this happens, the fault may involve the network low-voltage bus.

If a fault starts in the protector on the network side of the network protector current transformers, it may not
cause a reverse power flow in the protector, and the protector will not open. The primary feeder relays may
not detect this fault until there is considerable damage to the equipment. Sustained faults in the network
protector may be isolated from the low-voltage network by the network protector fuse links.

 

5.2.4 Low-voltage bus faults

 

The severity of low-voltage bus faults, as well as their frequency of occurrence, has proven to be dependent
on voltage level, exposure to adverse ambient conditions, type of construction, equipment age, and size of
transformers supplying the bus. All of these factors influence the self-sustaining nature of the electrical arc.

For systems operating at 208Y/120 V, there is less chance of damage or expansion of the fault into the
network transformer. Bus faults that occur on systems operated at this voltage normally clear by self-
extinguishing of the arc. This is especially true for open air constructed buses. Faults involving buses in
ducts tend to be less self-extinguishing.
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For buses operated at 480Y/277 V, arcing faults generally do not self-extinguish. They tend to generate high
arcing currents for short intervals, extinguish, and then reignite. The net result is that other equipment such
as transformers, protectors, and feeder cables eventually become involved in the fault.

The only protection for low-voltage bus faults provided by the standard network unit is the protector fuse
links. Some utilities have substituted silver and sand current-limiting fuses for these fuse links. (See 6.1 for a
description of these devices.) Both devices function best for high-current sustained faults. For example, a
sustained high-current primary feeder fault can be cleared by the fuse links before the transformer is
damaged, if the protector fails to operate. The through current can be ten to sixteen times full-load current,
depending on the number of transformers in the vault and their impedance. The drawback for this type of
protection is for arcing low-voltage bus faults. With fault current averaging not much more than load current,
these devices may operate only after tens of seconds or minutes have elapsed.

If the faulted low-voltage bus is a part of a low-voltage grid network, then the grid will also supply fault
current to the bus via intervault cables. Cable limiters located at the ends of the interconnecting cables may
melt or the fault must self-extinguish. These link-type devices are designed to coordinate with the through-
fault capabilities of the cables and as such only provide incidental bus protection. Cable limiters are most
frequently used with 208Y/120 V grid networks. Their primary function is to melt and isolate a faulted low-
voltage cable from the network grid. For faults on a primary feeder where a network protector fails to open,
the protector’s fuse links will usually melt before cable limiters in the 208Y/120 V system are damaged.
Similarly, for faults in a 208Y/120 V intervault cable, it is desired that the cable limiters operate before the
network protector fuses. For 208Y/120 V bus faults, coordination between cable limiters and protector fuse
links in other network vaults is desirable but not always possible.

 

5.2.5 Low-voltage faults in customer supply cables and bus

 

One of the more common locations of a fault is in the consumer’s switchgear or bus duct. Switch failures,
insulating board tracking, rodent and insect infestation, and water in bus ducts are common causes of these
types of faults. Damage to the consumer equipment rarely causes extensive damage to the utility vault. Low-
voltage current-limiting fuses at both ends of cables supplying the consumer switchgear limit the damage in
the cable section of the circuit. There may be four to eight cables per phase for each consumer supply
between protectors and collector bus. These devices should coordinate with the network protector fuse links
or current-limiting fuses.

Current-limiting fuses will generally operate to interrupt high-current consumer faults. However, for low-
current arcing faults, especially at 480Y/277 V networks, they have proven to be ineffective.

 

5.2.6 Other faults

 

Fuse links mounted externally to the transformer protector have been a location for arcing faults on 480 V
networks. Some fuse mounts are above the transformer protector and have a phenolic insulating board
common to all phases. Evidence has shown that tracking has occurred between phases on this type of board
due to water and contamination. Isolated phase construction of fuse mounts, or the use of interphase barriers,
greatly increases the tracking distances, and hence decreases the probability of flashovers between phases.
Alternatively, a barrier built above the fuse mounts would aid in reducing contamination. Enclosing the fuse
links may prevent arc extinction for protector faults and result in additional equipment damage.

Other causes of vault faults include metering current transformer failures, high-voltage cable failures,
insulation breakdown, and inadequate grounding. Insulation is exposed to various stress factors, such as
thermal aging, electrical, mechanical, and environmental stresses. Utility and consumer vault ground grids
should be properly connected to avoid cable and equipment damage when fault current seeks a path to return
to the transformer on 480 V networks. Refer to NESC

 



 

, IEEE Std 80-2000, and IEEE Std 142-1991 for
guidance on proper grounding.
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5.2.7 Primary-voltage cable faults

 

Primary-voltage cable faults have been attributed to many different causes, including improperly installed
stress cones, where the primary-voltage cable comes into the high side of the transformer. Some failures
have been caused by bad cable splices and normal service deterioration factors. There have been failures
attributed to racking installation problems, where the cable has mechanically rubbed or chafed to the point
of completely removing the external insulation jacket. Failed bail are another source of cable failure in that a
retaining spring may corrode or weaken, allowing the bail to become partially or completely disengaged.
Common elbow failures include cross-threaded pins and corona resulting from unrelieved pressure from
improperly racked cables.

 

6. Methods available to provide improved network transformer protection

 

Clause 5 summarized the response of the typical network transformer protective devices to faults both
internal and external to the vault. This clause describes additional protection techniques that can be used to
promptly detect faults occurring within the vault and which can then be used to clear the faults by devices
such as those referred to in 7.1, 7.2, and 7.3 of this guide.

 

6.1 Electrical detection of faults

 

6.1.1 Transformer differential relays

 

Current differential relaying can be used to protect network transformers. The relays are connected to
current transformers on the high side and low side of the network transformer. The net operating current to
the relays is the difference between input and output currents to the network transformer zone of protection.
(See IEEE Std C37.91-2000 for details on relay types and current transformer connections.) Differential
relaying provides a clearly defined zone of protection and is capable of sensitively detecting both multiphase
and single phase-to-ground transformer faults. 

Special protection concerns for protecting network transformers with differential relays are as follows:

a) There are generally no high-side current transformers on existing network transformers.
b) Limited vault space may make it difficult to add current transformers and/or high-side interrupting

devices.

 

6.1.2 Overcurrent relays and fuses

 

A fault external to a transformer can result in damage to the transformer. If the fault is not cleared promptly,
the resulting overcurrent on the transformer can cause severe overheating and failure. Overcurrent relays
and/or fuses may be used to detect and clear the transformer from the faulted bus or line before the
transformer exceeds the thermal or mechanical damage limits. On some transformers, overcurrent relays
and/or fuses may provide protection for internal transformer faults. (See IEEE Std C37.91-2000 for details
on applying time-overcurrent and instantaneous overcurrent relays.) Overcurrent relays, when applied to the
high-voltage side of the network transformer, are an economical means to provide detection of a transformer
fault. High-current faults can be detected by instantaneous overcurrent relays. Time-overcurrent devices may
protect for low-side faults and may provide backup protection for downstream devices provided that these
faults are not high-resistance arcing and low current. Overcurrent devices can be an alternative or
supplemental protection to other forms of protection.

Special protection concerns for protecting network transformers with overcurrent relays are as follows:

a) There are generally no current transformers on existing transformers.
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b) Limited space may make it difficult to add high-side interrupting devices.
c) Arcing low-side fault currents may not be of sufficient magnitude to operate the overcurrent relays.

However, there are several new high impedance/downed conductor/arcing detection relays being
developed with potential for application here.

d) Coordination should be maintained with the network master relay for primary feeder faults.

Special protection concerns for protecting network transformers with fuses are as follows:

a) Undetected operation of only one fuse will result in a single-phase supply to the network trans-
former. Other transformers feeding the secondary system will hide the single-phased condition of
the transformer since three-phase service is still provided to the load. The single-phase condition on
the network transformer leads to tank and core overheating due to flux imbalance, and this can lead
to transformer failure. In general, simple fuse protection of network transformers is not recom-
mended for this reason alone. However, fuses may be applied, with protection sensing enhancements
such as external means, to detect the single-phase condition with an interrupting device that can
interrupt all three phases when this condition exists.

b) Limited space may make it difficult to add high-side fuse interrupting devices, especially those with
schemes that can detect single-phase load conditions to operate a switch to open all three phases.

c) Concerns (3) and (4) for overcurrent relays apply to fuses also.

 

6.1.3 Ground-fault relays

 

Sensitive detection of ground faults can be obtained by differential relays or overcurrent relays specifically
applied for that purpose. Several schemes are practical, depending on transformer connections, availability
of current transformers, zero-sequence current source, system design, and operating practices. Annex B
provides examples of ground-fault relay applications to network transformer protection.

Referring to Figure B.1 in Annex B, high-voltage ground-fault protection for transformer number one is
accomplished with a sensitively set overcurrent device, 51N-T1, and an electronic fuse. The electronic fuse,
described in 7.4, provides instantaneous protection for high-current faults. (See Figure B.2 in Annex B for
the time versus current coordination curves for these devices.) If an electronic fuse or backup current-
limiting fuse (also referred to as a partial range current-limiting fuse, see ANSI C37.47-1981) is not used,
then an instantaneous relay, device 50N, should be used. A special protection concern for high-voltage
ground-fault protection is that these faults may involve all three phases before the protective relays can
operate.

Low-voltage ground-fault protection can be advantageous in network transformer protection. This is
particularly true on 480Y/277 V networks since ground faults are typically low-current, high-resistance
arcing faults. These faults can be at or below load current in magnitude and may be intermittent or restriking
in nature. The installation of current transformers (CTs) is easier on transformer neutral bushings than on the
transformer phases, and of course, fewer in number.

Low-voltage ground-fault devices can be set more sensitively than phase-overcurrent devices. A protective
relay connected to a transformer neutral, such as device 151N-T1 in Figure B.1, will detect all the ground-
fault current and the unbalanced load current returning to transformer one. It should be set above the
maximum unbalanced load that appears as neutral current. As the unbalanced current approaches full-load
current, the setting of this device approaches that of a phase overcurrent device, and therefore, becomes less
effective.

Another approach for ground-fault current detection is to sense current in the grounding conductor of the
transformer, as demonstrated by device 151G-T1 in the Annex B example. Ideally, the only grounds on the
low-voltage network system are at the transformers. If this is the case, and if all single-phase load is
connected phase-to-neutral, then device 151G-T1 can be set very sensitively since only fault current will be
detected. If the neutral is grounded at more than one point as shown in Figure B.1, which is a 1978 and
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beyond code requirement (NESC

 



 

), then this is not as effective. First, a portion of unbalanced load current
may appear in the ground conductor, which requires that the device be set less sensitively. This unbalance
can only be reliably determined by test. Second, due to the shunting effect of the multigrounded neutrals, not
all of the downstream fault current will return on the transformer neutral grounding conductor. This
improves coordination with downstream devices, but also desensitizes the relay. However, for faults in the
utility vault, multigrounding of consumer neutrals should have minimal effect, i.e., the 151G-T devices will
detect almost all of the ground-fault current.

The last ground-fault detection method shown in Figure B.1 is a transformer case ground device, 64GF. This
protection can only be used if the transformer case can be grounded in such a way that all the fault current
can pass through the 64GF’s CT. This includes isolation from high-voltage cable sheaths, concrete
reinforcement bars, etc. Using this protection, all transformer internal faults to ground can be detected
quickly.

Special ground-fault protection concerns for network transformers are as follows:

a) Depending on the relay’s CT location, multiple ground paths between consumer and utility may
shunt some relay current.

b) Transformer neutrals must be isolated from the transformer tank.
c) Faults may involve all three phases before the relays can operate.
d) Relays may have to be set above the maximum unbalanced load current. As a result they may not

operate for arcing faults.

Faults on 480Y/277 V collector buses are especially troublesome because of the non-self-clearing nature of
faults at this voltage and the extreme insensitivity of the protection otherwise provided for these buses. Low-
magnitude burning faults on collector buses will not be detected by supply cable limiters or protector fuses
and will burn to destruction. Improved protection of collector buses can be achieved by ground-fault
schemes of two general types:

a) By electrical isolation and a single-point grounding of the bus enclosure. A current transformer in
the ground lead connects to a sensitive overcurrent scheme, the operation of which is wired to open
the protectors on all the transformers supplying the collector bus. This uses the remote trip contacts
available on the network protectors and is powered by the building service. Since no current should
ever flow in the grounding bond lead of the bus duct enclosure, this scheme can be set very sensi-
tively, responding to ground-fault currents of a few amps.

b) By installing current transformers in the leads of all network transformers and using the residual cur-
rent to operate an overcurrent relay for each transformer. The overcurrent relay for each transformer
operates its associated protector. This scheme is less sensitive than the isolated bus duct described
above, but it is easier to construct. It can also detect imbalanced load current and must not operate
for it. A setting of 1000 A per residual relay will coordinate with National Electrical Code

 

®

 

 (NEC

 

®

 

)
required customer ground overcurrent trip devices and will afford improved protection for the col-
lector bus. For enhanced security of service and to avoid unwanted tripping, the overcurrent scheme
should operate independently for each transformer supplying the collector bus.

 

6.1.4 Distance relays

 

A distance relay that has a separately adjustable phase to phase unit (see Sonnemann, et al. [B22]) can be
used to supplement the overcurrent relaying on the substation feeder to supply protection for several network
transformers on that feeder. Because the phase-to-phase element exhibits immunity to balanced three-phase
load current, it may be possible to detect a bolted phase-to-ground fault on the secondary of the smallest
network transformer on the feeder after its network protector has opened.

Precautions to use with this very sensitive setting are as follows:
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a) Provide sufficient time delay to coordinate with downstream protective devices.
b) Protect for a loss of voltage that may operate the distance relay.

One utility uses a time-overvoltage relay connected phase-to-phase across an open delta voltage
transformer with its contact in series with the distance relay contact. Operation of the distance relay
energizes the time-overvoltage relay, which then operates to trip the feeder after a time delay. The voltage
tap on the time-overvoltage relay is selected so that an operation does not occur if either of the two voltage
transformer fuses has blown.

 

6.1.5 Network protector relays

 

The typical design for network protector relays has predominantly consisted of two mechanical induction-
cup devices. The two electromechanical relays are the network master relay and the network phasing relay.
The master relay contains both the 

 

trip

 

 and 

 

close

 

 functions. When the network protector is closed, the master
relay closes a trip contact after sensing reverse power flow. The phasing relay supplements the close function
of the master relay by only allowing closing of the protector when the transformer secondary voltage leads
the network voltage. The master and phasing relays work together to make sure the network voltages are of
the right magnitude and the correct phase relationship before allowing the network protector to close. The
main problem with this design was that they were not designed to be submersed in water. The most common
failure mode for these types of relays is due to humidity and direct water damage.

Another common problem with mechanical relays is that if the protector is not properly pressurized, then the
relay contacts may slightly oxidize to the point where the protector may stay closed. If the network protector
operates frequently, it is also possible for the contacts to become pitted.

The problems with the electromechanical relays led to a new generation of solid state analog network
protector relays. The solid state analog network protector relay is a single relay replacement for both the
master and the phasing relay and could be used in the applications where it was fully submersed in water.

The latest network protector relay design is a microprocessor controlled network protector relay. This type is
a single relay, three-phase device. The microprocessor design provides added features, such as both remote
monitoring capabilities and communications and control functions. The opening and closing of the protector
can now be controlled remotely by use of the utility’s Energy Management Center Supervisory Control and
Data Acquisition (SCADA).

 

6.2 Mechanical detection of faults

 

One method for detecting transformer faults other than by electric measurements is by the increase in tank
oil or gas pressures caused by internal transformer faults. 

 

Sudden-pressure

 

 relays using this method are
valuable for transformers that are not well suited to differential relaying. These relays may be more sensitive
for certain internal faults than relays that are dependent upon electrical quantities, and thus can be very
valuable in minimizing transformer damage due to internal faults. Sudden-pressure or rapid-pressure rise
relays do not require addition of CTs, and some types can be retrofitted on existing network transformers.
Some utilities use a separate lockout relay, Device 86, with the sudden-pressure relay to provide redundancy.

Special protection concerns for protecting network transformers with any of the above sudden-pressure
relays are as follows:

a) Some types of sudden-pressure relays may operate for close-in through faults. The use of sudden-
pressure inhibit schemes may alleviate this problem.

b) Sudden-pressure relays may be subject to misoperation during seismic disturbances. The use of seis-
mic qualified relays may be used to reduce this concern.
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c) Limited space may make it difficult to add high-side interrupting devices that the mechanical detec-
tion devices must operate to clear a faulted transformer off line.

 

6.2.1 Sudden-pressure relay (gas)

 

The sudden-pressure relay (gas) is applicable to all gas-cushioned, oil-immersed transformers and is
mounted in the region of the gas space. It consists of a pressure-actuated switch, housed in a hermetically
sealed case and isolated from the transformer gas space except for a pressure-equalizing orifice.

The relay operates on the difference between the pressure in the gas space of the transformer and the
pressure inside the relay. An equalizing orifice tends to equalize these two pressures for slow changes in
pressure due to loading and ambient temperature change. However, a more rapid rise in pressure in the gas
space of the transformer due to an internal fault results in operation of the relay. High energy arcs evolve a
large quantity of gas that operates the relay in a short time. The operating time is longer for low energy arcs.

 

6.2.2 Sudden-pressure relay (gas/oil)

 

An available design of the rapid-pressure rise relay utilizes two chambers and two control bellows along
with a single sensing bellows. All three bellows have a common interconnecting silicone oil passage with an
orifice and ambient temperature compensating assembly inserted at the entrance to one of the two control
bellows. Separate versions are available, one for oil pressure and one for gas pressure.

An increase in transformer pressure causes a contraction of the sensing bellows, thus forcing a portion of its
silicone oil into the two control bellows and expanding them. An orifice limits the flow of oil into one control
bellows to a fixed rate, while there is essentially no restriction to flow into the second control bellows. The
two control bellows expand at a uniform rate for gradual rate of rise in pressure, but during high rates of
transformer pressure rise, the orifice causes a slower rate of expansion in one bellows relative to the other.
The dissimilar expansion rate between the two control bellows will cause a mechanical linkage to actuate the
snap-action switch, which initiates proper tripping.

 

6.3 Thermal detection of faults

 

6.3.1 Heat detection

 

One method of detecting arcing faults, which can be very effective, is a heat-sensing system. Arcing faults
on the 208Y/120 V systems are of lesser concern because the arc at these voltages is generally self-
extinguishing. On the 480Y/277 V system, an arcing fault can be a major problem since the arc tends to
sustain itself. Arcing faults are difficult to sense because they are usually of low-magnitude current and are
not rapidly cleared by conventional overcurrent devices. The energy in an arcing fault does, however,
generate tremendous amounts of heat in an extremely short time. A heat-sensing system located inside
network protectors, near bus work, and near cabling, can be used effectively to sense arcing faults. A circuit
can be designed that can alarm and trip once an abnormal condition is detected, using heat probes, eutectic
tubes, etc. Staged fault tests by one utility, see Griffin, et al. [B7], have demonstrated that these devices
operate very quickly, comparable to differential relaying. A special protection concern requires that the heat
detection device be positioned close enough to the protected equipment to ensure quick operation for arcing
faults.

 

6.3.2 Smoke detection

 

Smoke detection can be used to alarm or trip once a situation becomes severe enough to cause combustion
and generate sufficient smoke. However, the protection concern of this type of detection system is that it may
be too slow to prevent major damage.
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6.4 Ultraviolet detectors

 

Ultraviolet detectors have been employed with some success by one utility as a sensitive means of detecting
arcing fault conditions within network vaults, see Roop, Vidonic [B17]. Modern ultraviolet detection
systems are highly reliable, fast, and flexible due to their use of fiber-optic cables for the signal
transmissions. The detectors may be strategically positioned within the vault, on the collector buses, and
within the network protector to sense ultraviolet light emanating from the arcing fault.

A typical ultraviolet detection scheme utilizes very sensitive optical detectors that operate for light with a
wavelength of between 185–245 nm, which corresponds to the arc and firelight emitted from a fault.
Selection of such an operating range provides security against misoperations due to normal switching arc
light, as well as sunlight and artificial sources of light, such as incandescent and fluorescent lights. This
range does not preclude operation of the scheme in the presence of ultraviolet light, such as that caused by
lightning, camera flashes, direct sunlight, and switching arcs in large apparatus.

The arc detector scheme can be made secure against such misoperation by sealing the vault against spurious
sources of ultraviolet light, adding time delay, or adding a ground-fault relay to the scheme. A major
protection concern of this scheme is that it will not detect faults internal to major equipment, such as
transformers and network protectors, until the fault becomes externally visible. 

 

7. High-voltage, fault-interrupting devices

 

The function of a protective device applied on the primary side of a network transformer is, in general, to
provide system protection as well as transformer protection. With respect to system protection, the primary-
side protective device should interrupt a potentially damaging overcurrent condition and operate promptly to
isolate only the faulted segment, thereby minimizing the stresses on the remainder of the system and limiting
the extent of the service interruption. For transformer protection, the primary-side protective device should
operate promptly in response to a fault located between the protective device and the transformer. It should
further provide backup protection for the transformer in the event the low-voltage network protector or other
secondary-side protective device fails to operate properly. Some applicable devices are circuit breakers,
vacuum fault interrupters, and fuses. This clause will describe the presently available power equipment used
for fault current interruption and then discuss some application and coordination considerations of each type
of device. See Annex C for devices under development.

 

7.1 Circuit breakers

 

The conventional circuit breaker equipped with time and instantaneous overcurrent relays can be used to
provide phase and ground-fault detection. In addition, the breaker can be remotely tripped, thus providing
protection and isolation for externally detected faults (Clause 6). Applications of circuit breakers located at
the network transformers have been limited due to the relatively high cost of a breaker and its large size,
which frequently cannot be accommodated in a vault. The use of vacuum fault interrupters may overcome
the size problem. 

 

7.2 Remotely located circuit breakers with transfer tripping

 

Circuit breakers remote from the network vault equipped with phase and ground overcurrent relays set to
coordinate with network transformer secondary faults are used successfully to isolate a transformer faulted
within its high-side switch compartment or primary winding. If secondary winding, protector, and low-
voltage bus faults require tripping of the remote circuit breaker, then transfer tripping is required.
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The installation of transfer trip equipment, transmitter and receiver, is not itself difficult or particularly
expensive. The installation of a communication link, however, can be a problem. Difficulties include 

a) Insufficient duct space to pull all the needed communications cables to the remote substation(s)
b) Susceptibility of metallic pairs to induction problems caused by close proximity to the power cables.

One option may be to install fiber-optic cables. By multiplexing signals, the number of communication
cables that need to go back to the remote substation(s) would be reduced. Also, fiber-optic cable could be put
into the same ducts as the power cables, since it would not be affected by proximity to the power cables.

 

7.3 Fault interrupters

 

The development of the vacuum fault interrupter has led to the introduction of a new generation of fault-
interrupting devices. Interrupting fault current in a vacuum has found application not only in conventional
circuit breakers, but has led to development of the vacuum fault interrupter, which is typically a single-shot
device without automatic reclosing capabilities. Since automatic reclosing is normally not required for
transformer protection, this concept allows design of a protective device providing smaller size, lower cost,
and simpler operation. The smaller size and simplicity of operation allows a submersible type of
construction.

Vacuum fault interrupters utilize short operating strokes; thus a smaller operating mechanism is required.
The insulating medium surrounding the vacuum interrupter can be solid, air, SF

 

6

 

 gas, or conventional
transformer oil. It should also be noted that in some vacuum interrupter designs, a special external
encapsulation process is applied to enhance the external dielectric performance, particularly for applications
requiring high BIL ratings or operation at high altitude. Interruption in vacuum also results in a quiet
operation ideal for a vault-type installation. Vacuum fault interrupters are small in size, lightweight, and can
be mounted on the floor, wall, and even the ceiling of the transformer vault. Conventional phase and ground
overcurrent sensing and tripping can be provided by electromechanical relays or static overcurrent trip
devices. In addition, the vacuum fault interrupters can be remotely tripped from external protective devices
(Clause 6). Their fast operation (approximately 2 cycles) at the higher fault currents reduces damage.

Other interrupting devices that exhibit the same desirable qualities as vacuum fault interrupters are
becoming available. For example, SF
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 fault interrupters are becoming available, which offer similar
advantages of small size, low cost, excellent switching and fault-interrupting performance, and oil less
construction. These automatic fault interrupters are designed and manufactured in accordance with
IEEE Std C37.60-1981.

 

7.4 Power fuses and current-limiting fuses

 

Power fuses are commonly used for protection of outdoor distribution and substation transformers, and they
can be applied for network transformer protection as well, because of their fast response characteristics at
high-fault currents and minimal maintenance. There are two basic types of power fuses: solid material fuses
and current-limiting fuses. Although solid material power fuses can typically be selected to have smaller
ampere ratings than similarly applied current-limiting fuses, they may not be appropriate for network
transformer protection application where current limitation to prevent tank rupture is desired. Current-
limiting fuses are advantageous in network transformer protection applications, since they clear high
magnitude faults completely within the first one-half cycle, limiting peak current and 

 

I

 

2

 

t

 

 let-through to less
than the circuit would deliver if either solid material power fuses or circuit breakers were used.

Another type of power fuse, the electronic fuse, combines many of the features and benefits of both types of
power fuses and even relays, see Glenn [B6]. The electronic fuse has a 600 A continuous rating and can
interrupt 40 kA. The electronic fuse consists of two separate components: an electronic control module that
provides the time-current characteristics and the energy to initiate tripping; and an interrupting module that



 
IEEE

THE PROTECTION OF NETWORK TRANSFORMERS Std C37.108-2002

Copyright © 2002 IEEE. All rights reserved.

 

17

interrupts the current when a fault occurs. These two modules, when joined together, fit in a suitable
mounting. A CT powers two types of logic circuits employed in the control module—one with instantaneous
tripping characteristics and one with time-delay tripping characteristics. These two circuits may be used
alone or in combination to provide a variety of time-current characteristics. When a fault occurs, the control
module triggers a high-speed gas generator that separates the main current path in the interrupting module,
transferring the current into the current-interrupting ribbon elements, which then melt and burn back.

The most important principle to be considered when selecting a transformer primary fuse is that it must
protect the transformer against damage from mechanical and thermal stresses resulting from through faults
that are not promptly interrupted. A properly selected fuse will clear such faults before the magnitude and
duration of the overcurrent exceeds the short-time loading limits recommended by the transformer
manufacturer. In the absence of specific information applicable to an individual transformer, the primary
fuse should be selected in accordance with recognized guidelines for the maximum permissible transformer
through-fault current duration limits. Curves representing these limits and information pertaining to their use
can be found in IEEE Std C57.109-1993 and IEEE Std 80-2000.

Besides selecting a transformer primary fuse to maximize protection for the transformer, it is also important
for the time-current characteristics of the transformer primary fuse to be coordinated with the time-current
characteristics of certain other overcurrent protective devices on both the secondary side and the primary
side of the transformer. Annex B illustrates typical coordinated network installations.

There are a number of items that need to be considered when applying fuses to network transformers:

a) Since fuses are typically sized to carry phase currents, including single contingency overloads, they
will probably not respond very quickly to low-magnitude ground faults. This lack of ground-fault
sensitivity may create difficulties when coordinating fuses with other protective devices that utilize
such sensing. 

b) Since fuses are single-phase devices, operation of a single fuse can result in a single-phase condition
of the transformer. Relays are available, however, that can detect this condition and initiate remote
tripping of a three-phase switching device after a time delay measured in seconds. The device, 51/46
in Annex B, is such a relay.

c) In below-grade street vaults, care should be used to preserve the submersibility of these units.
d) Any form of localized time-overcurrent protection or fusing must coordinate with the network trans-

former low-side fuse links or current-limiting fuses.
e) If high-side current-limiting fuses are to be applied to reduce the risk of tank rupture, they must be

conservatively sized to account for all transformer vault emergency loading situations, cold load
pickup, and transformer inrush.

Generally, application of current-limiting fuses to network transformer protection should be restricted to
partial range (backup) fuses capable of current-limiting only for high-side, high-current faults. (See
IEEE Std 142-1991 for the definition of this device.) In this mode of operation, the user gains speed in high-
current clearing from the high-voltage feeder side of the fault. However, high current will continue to flow
from the low-voltage side after one fuse melts even for single, phase-to-ground faults with a delta high-side
connection. Watt-type protector relays may respond slowly or not at all due to the operation of a high-side
fuse for a transformer fault. As a result, a three-phase opening device on the primary should be used in
conjunction with partial range current-limiting fuses.

Fuses are designed and manufactured in accordance with IEEE Std C37.41-2000 and ANSI C37.42-1996.
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8. Low-voltage, fault-interrupting devices

 

8.1 Network protector

The switching device between each network transformer low-voltage bushing and the network is the network
protector. A secondary network protector consists of an electrically operated, low-voltage air circuit breaker
and network relays with associated equipment for automatic circuit breaker control. A network protector
may be flange mounted directly on the network transformer low-voltage terminals or may be separately
mounted.

Network protectors are available in submersible enclosures for installation in underground vaults or in
nonsubmersible enclosures where no possibility of flooding occurs. They are available in continuous current
ratings for use with network transformers ranging from 225 kVA to 2500 kVA and for network voltages of
208Y/120 V, 480Y/277 V, or 600Y/347 V. Network protectors are rated to interrupt low-voltage fault current
and are designed and manufactured according to IEEE Std C57.12.44-2000.

8.2 Low-voltage fuses

Fuses are usually installed at the output terminals of the network protector to provide backup protection for
the protector breaker. The fuses should not blow on a primary feeder fault before the network relays trip the
protector. If the protector breaker fails to open for a fault on the primary feeder cable, the protector fuse
should be coordinated to blow before the overcurrent relays on the other primary feeders supplying the
network can operate (assuming the remote feeder relays can see the fault). If this is not possible, then
additional protection should be considered.

Network protector fuses are commonly available in two styles: either a low-voltage fuse link or a low-
voltage current-limiting fuse. The fuse link is either a copper fuse or an alloy fuse and is located either
within the network protector enclosure, on the load side of the main contacts, or mounted externally above
the protector. If they are located within the protector enclosure, they can contribute significantly to the heat
within the enclosure and could limit the ability of the protector to carry emergency loads, such as would be
the case if one or more transformers supplying power to the bus were out of service. The alloy fuse link
characteristic varies widely with load and ambient temperature. There have been instances where these
devices have not melted for arcing faults within the protector.

The second type of fuse commonly used with network protectors is the low-voltage, current-limiting fuse. It
is especially applicable on 480 V networks because its arc products are completely confined within its tube.
It is sensitive to temperature and therefore is mounted in housing separate from the network protector
enclosure. At low levels of overcurrent, these devices may become damaged without complete melting.
Subsequent transformer loading can then cause them to overheat, open, or catch on fire. A new version of the
current-limiting fuse that is electronic is now available as a replacement for the Y-link device. It is
triggerable and thus could be initiated by the network protector lockout relay, which in turn was triggered by
the protector heat probes. The advantage of such a device is that the faulted protector could be isolated from
the 480 V bus without the need to trip any other transformer protectors supplying the bus. If the involved
transformer had a high-side interrupting device, then it could be completely isolated inside the vault for a
network protector fault without the need to drop network load.

9. Distributed source generation

A network protector device should not be used as a separation device between a constant frequency network
system and a distributed source of generation. Network protectors were not designed or tested to handle the
recovery voltages involved when interrupting load currents or fault currents between two points that are not
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locked together in synchronism. A review of IEEE Std C37.13-1990, ANSI C37.16-1997, IEEE Std
C37.20.1-1993, IEEE Std C37.29-1981, ANSI C37.50-1989, ANSI C37.51-1989, and IEEE Std C57.12.44-
2000 was made to check for wording related to generator usage. Only IEEE Std C37.13-1990 and
IEEE Std C37.29-1981 had wording specifically aimed at using generators with circuit breakers.
IEEE Std C57.12.44-2000 is specifically for network protectors and the case may be made that the network
protectors should be tested to the same standards as circuit breakers for generator operation. No evidence
indicates that to be the case. The power factors used for the test circuits are not the same.

Utility consumers with noninterruptible loads (e.g., broadcast stations, telephone companies, and hospitals)
have applied to utilities for permission to attach their own emergency generators to distribution networks by
using make-before-break (closed-transition) transfer switches. Such transfer switches would permit periodic
testing of emergency generators and their intended loads, without interrupting that load. Other utility
consumers have requested their peak shaving generators be allowed on a network protected system. This
testing duty or daily use would subject network protectors on the network to potential reverse power
conditions, for which they are not designed. Network protectors are designed to interrupt fault current flow
to a feeder fault from the low-voltage network, but are not designed to separate two dynamic systems—
utility- and consumer-owned generation. Network protectors with transient voltage rating sufficient to
withstand separation of two dynamic systems are generally not available.

Network protectors could be forced to operate more times than designed as the on-site generation responds
to the varying load. It is possible that the generator controls may not respond quickly enough to changing
load patterns and allow power to flow in a reverse direction out onto the power supply such that the protector
opens. Thus, it is possible that the protector may be standing open for long periods of time. Should a
generator fail during this time frame, then the consumer could be de-energized until the network protector
closes back in. Consumers with noninterruptible loads would thus be affected greatly.

Phase and voltage differences between utility network and consumer generation may cause network
protectors to open when they cannot interrupt current flow, or when large voltage or phase angle differences
can arise, resulting in failure. Such incidents have occurred.

Generally, utility practice is to disallow such closed-transition transfers, when network protectors may
operate as a result of the transfer.

Network protector testing and qualification is for network circuits with X/R ratios between 5 and 7, whereas
when applied to generator circuit applications, the circuit X/R ratio may typically be in excess of 20. This
has the effect of substantially increasing the dielectric stresses during circuit interruptions, which will
expose the network protector to voltages beyond its rated limits. Therefore, no transition should be allowed
unless the consumer’s generator output matches the utility voltage in both phase and magnitude, and even
then, the transition must be kept substantially shorter than the 0.05 s operating time of most network
protector relays. A manufacturer recommends against closed-transition transfers.

A battery-based uninterruptible power supply, if implemented to carry consumer load during an open-
transition transfer for periodic testing, would also be available to carry load in the event of failure of the
utility network and subsequent startup of consumer emergency generation, thus improving reliability of
consumer emergency generator backed-up power supply overall.

For cases where distributed generation is connected in parallel with a network system, appropriately rated
interrupting devices built per circuit breaker standards with full duty interrupting current and voltage ratings
should be utilized at all places between the distributed generation and the utility’s high-voltage cable. These
interrupting devices may require a relay and control battery or capacitor trip device. The duty of standard
network protectors is not adequate for placement in systems with energy sources connected on what is
normally their load side.
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10. Network distribution SCADA

As has been stated, underground grid and spot-network systems offer much greater reliability than other
commonly used distribution systems. Because a network system is designed for maximum service
reliability, maintaining power to consumers, even if one of its primary feeders or transformers fails, there is
no obvious indication either to the consumer or utility that there is a malfunction. There is a need to prevent
total network shutdown from secondary faults, to prevent a catastrophic failure in a building vault, and to
minimize damage to consumer and utility facilities. Until SCADA systems became practical, periodic visual
inspections were required, as well as preventive maintenance, to detect incipient failures. Practically
speaking, inspections cannot be frequent enough to detect defective equipment. Besides the relaying, sudden
pressure relays, and other automatic protection schemes described elsewhere, active remote monitoring of
the system is a method that should be considered. It has been demonstrated that SCADA systems can be
used to monitor networks to ensure that their inherent reliability does not become a significant risk factor
(see Landman, Louie [B13]). 



IEEE
THE PROTECTION OF NETWORK TRANSFORMERS Std C37.108-2002

Copyright © 2002 IEEE. All rights reserved. 21

Annex A

(informative) 

Response of network relays to system faults

A.1 Tripping characteristics

If a fault occurs on the primary feeder, and/or if there is a power reversal from the network to the primary
system, the network protector opens automatically. Figure A.1 shows that when the station breaker is opened
to isolate a feeder, the current from the network may be either exciting current or exciting current plus
charging current. The exciting current will be relatively small and will lag the reversed network voltage
phasor by an angle in the order of 65° to 80°. Cable charging currents may be quite large, particularly for the
higher feeder voltages, and the net current may lead the reversed network voltage phasor by an angle of 85°
or more. The watt relay characteristic is designed so that the relay will trip for either of these conditions.
Charging current should not exceed 250% of the protector rating, as the protector may not detect this high
magnitude leading current due to current transformer saturation.

A.2 Balanced faults

Primary feeder three-phase faults will produce short-circuit currents on each phase. Since this phasor falls
within the trip area of the master relay, the relay will open the network protector. Short-circuit currents

Figure A.1—Typical tripping characteristics of master relay
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caused by three-phase or single-phase faults on the secondary grid fall on the right side of the relay
characteristic and do not cause the protector to be tripped.

A.3 Tripping operations on unbalanced faults

If the primary winding of the transformer is connected in delta and if no other sources of zero-sequence
current are connected to the line, fault current will not be supplied from the network for a line-to-ground
fault on the high-voltage feeder after the feeder breaker opens. If the station breaker clears for such a fault,
the network then backfeeds into the transformer the exciting current of the transformer plus an unbalanced
charging current because of the grounded conductor. Net power flow is out of the network and the master
relay will operate to trip the protector. If the transformer primary should be connected in grounded wye, the
master relay will receive this fault current and will trip the protector, if net power flow is out of the network.

If high-side fuses are provided for the transformers of a grid network, high-current faults in the high-voltage
winding or cable on the load side of the fuses will usually cause the feeder to trip even though one or more
fuses may melt. The standard watt characteristic network master relay will then operate to open the network
protector from the transformer-exciting current or cable-charging current.

Spot networks may be served from nondedicated feeders, which also serve other loads. Fuses may be
installed at the primary terminals of the network transformers to prevent lockout of the feeder for a network
transformer fault and avoid interruption to the other loads. Where high-fault currents are available, the fuses
may clear severe faults on the transformer primary leads faster than the feeder breaker, limiting the energy to
such a fault. After the feeder breaker opens, the standard watt characteristic network master relay will open
the network protector due to the reverse power flow to the other loads (with one fuse blown) and exciting
current.

If, however, the fuse clears a single, phase-to-ground fault on the transformer leads or in the high-voltage
winding without tripping the feeder breaker, the unfaulted phases may still supply power to the network. The
net three-phase power flow in the network protector may not be in the reverse direction and may not operate
the watt-connected master relay. However, the reactive flow in the network protector will be in the reverse
direction. A protector master relay connected to provide watt-var characteristics, so that maximum torque
occurs when the current leads the network line-to-neutral voltage by 120°, will operate for this condition.
The tripping characteristic is shown in Figure A.1.

A second reason for recommending the watt-var relay for the spot-network protector when the transformer
primary is fused is to obtain faster protector operation for faults on the primary feeder. This may avoid
possible fuse blowing from the network backfeed. The watt-var characteristic network master relay develops
more torque and will operate faster than the watt-connected relay for the inductive flow to feeder faults.

It should be noted that the watt-var relay will not operate on the capacitive charging current of the primary
cable when the feeder breaker has been opened in the absence of a fault, but requires the inductive load flow
to the other connected loads to operate. If the spot-network nondedicated primary feeder is largely overhead,
the load flow would be primarily inductive unless the feeder was overcompensated with shunt capacitors for
power factor correction. Under fault conditions, either multi or single phase, the newer microprocessor
relays can trip successfully, whereas the older analog or electromechanical relays would not respond to the
highly capacitive backfeed circuits.

New developments include a master relay that exhibits watt characteristics at the low transformer-exciting or
cable-charging current levels and watt-var characteristics at the higher fault current levels.
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A.4 Reclosing characteristics

The master relay recloses an open protector when normal conditions return on the high-voltage feeder.

A typical closing characteristic of a network master relay is shown in Figure A.2. If the voltage difference
phasor terminates to the right of the master relay close characteristic, the relay will operate its closing
contacts and the network protector will close if the phasing relay close contacts are also closed. If the
transformer voltage is low enough to cause the difference phasor to terminate to the left of the relay
characteristic, the protector will remain open.

The relay characteristic is normally spaced away from the tip of the network voltage phasor by a relay
setting of 1.5 V in 208Y/120 V systems, which is referred to as the master relay close setting. The
corresponding setting in a 480Y/277 V system is 3.4 V at 0°.

The characteristic shown is for one phase of a three-phase system. All three phases have identical
characteristics.

If the re-energized transformer voltage should lag the network voltage, reclosing would cause power flow
into the transformer and immediate tripping. To avoid this, a network phasing relay (device 60 in Figure 1) is
used with the master relay to permit reclosing only when the voltage conditions will cause power flow into
the secondary network.

Figure A.2—Typical closing characteristics of master and phasing relays
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Annex B

(informative) 

Example: 12.5 kV/480Y/277 V spot vault network 
transformer protection

Engineers designing spot networks may choose to select from the following or other protection options
depending upon characteristics of their utility’s system and other aspects of their particular application. The
example vault shown in Figure B.1 is in a subbasement of a high-rise office building. For example purposes,
a number of protection devices are used. The vault contains 4–2500 kVA transformers connected delta on the
12.5 kV primary side and wye-grounded on the 480Y/277 V secondary, with 7% impedance. This vault is
fed from a major substation that supplies a portion of a central business district. Each spot-network
transformer is radially supplied from an underground 12.5 kV cable. Maximum three-phase fault current that
must be interrupted by any one 12.5 kV device in the vault is 8500 A (point 2 on Figure B.2). Bolted three-
phase 480 V bus fault current is 130 000 A. The transformers are networked on the low side through 3000 A
network protectors and Y-50 externally mounted fusible links. Conventional watt-type master relays and
phasing relays are used. On the high side of the transformer there is a three-position switch whose insulating
liquid-filled compartment is bolted to the transformer tank. This switch is used to interrupt transformer
magnetizing current, when the switch is opened to de-energize the transformer, to energize the transformer,
and to ground the 12.5 kV cable. For simplicity, Figure B.1 shows only two of the four transformers; all
transformers are protected identically. Figures B.2 and B.3 present the coordination of the current sensing
protective devices for transformer 1.

Protection of this vault starts with the addition of a three-phase vacuum fault interrupter. This device weighs
about 115 kg and is approximately 50 cm × 60 cm × 120 cm. The vacuum bottles are encapsulated in epoxy,
which allows for this rather compact design. The cable and transformer connections to the interrupter are to
be made using conventional 600 A elbow-type connectors. The interrupter has a 12 000 A (symmetrical)
interrupting capability and a minimum total clearing time of about 2 cycles. Line currents are sensed by
encapsulated bushing CTs. Control operation power is obtained from the CTs, so no additional power source
is required for tripping or for overcurrent relaying. The interrupter opens and closes by stored-spring energy.
Spring charging is done automatically via 120 V ac motor or manually after an opening operation. Standard
phase and ground overcurrent devices are used with inverse time and definite time characteristics,
respectively, and are designated as devices 51-T1 and 51N-T1 for transformer 1 in Figure B.1. These devices
trip transformer 1 vacuum interrupter directly, and a 52b contact of the interrupter then initiates a trip of the
protector. This provides backup clearing in the event of a control power failure or lockout relay failure.

In series with the three-phase interrupter are interrupting devices known as electronic fuses. These single-
phase devices interrupt fault currents above 2001 A in about 0.25 cycle. This feature limits energy and
thereby minimizes the possibility of tank rupture. In the nonlimiting region, above 400 A but less than 2001
A, it has a time-current tripping characteristic that coordinates with the feeder time inverse overcurrent
device; see Figure B.2. The _ cycle operating time of this device is too fast for the overcurrent elements to
detect and trip the three-phase interrupter, and therefore, it is possible that one or more fuses may be left
intact following the interruption of the major fault current for a transformer primary winding fault. Since this
condition may cause smoke and arcing to continue, an open phase detector, device 51/48, has been added.
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Referring to transformer 1 in Figure B.1, a sudden-pressure relay, device 63T1, is mounted on one of two
transformer access ports, which trips via the transformer lockout relay, device 86T1. A 450 °F bimetallic
heat probe, device 26T1, is inserted through the protector casing to detect protector faults. Heat probes are
also placed in close proximity to the 480 V utility bus for bus fault detection. Operation of a transformer
protector heat probe trips lockout relay device 86T1 and the bus lockout relay, device 86B. Operation of a
bus heat probe trips the bus lockout relay. Control dc is supplied by the parallel summation of three
individually charged capacitors, which in turn are supplied with half-wave rectified voltage from the 480Y/
277 V ac bus. One power supply is provided for each lockout relay. A loss of any two phases does not
constitute a loss of dc supply. An open or short on all three phases allows one lockout relay operation. Silver-
in-sand current-limiting fuses are placed in series with the 480 V supply cables to the consumer switchgear.
Each supply from the vault consists of 4–500 kcmil cables in parallel per phase. The low-voltage 500 kcmil
cable limiter fuse curve shown in Figure B.3 is assumed to be the sum of four identical cable limiter fuse
curves.

Figure B.1—Example of network transformer vault protection scheme
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For multiphase faults within the transformer high-side windings, the electronic fuse(s) will operate in about
0.25 cycle if the phase current is greater than 2001 A. If the phase current for a multiphase fault is less than
2001 A, then the phase overcurrent protection, device 51T1, will operate if properly coordinated before the
feeder relays, devices 51-L1. For phase-to-ground faults within the transformer windings, the electronic fuse
will operate for faults with the phase current greater than 2001 A and device 51N-T1 will operate before the
feeder relays, device 51N-L1. Note, the time-overcurrent portion of the electronic fuse provides backup for
devices 51-T1 and 51N-T1.

Figure B.2—High-voltage coordination
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For example purposes, three overcurrent ground relays are used for transformer 1 (151N-T1, 151G-T1, and
64GF-T1 in Figure B.1) for low-voltage ground-fault protection. The 151N-T1 device must be set above the
maximum phase-to-neutral unbalanced load current. The 151G-T1 overcurrent device does not sense the
entire unbalanced load current, and therefore, can be set more sensitively than the 151N-T1 device. Test
measurements should be made to determine this division of load current. For any ground faults not involving
a neutral conductor or bus, the 151G device should see the same proportion of total ground-fault current
returning to its respective transformer as unbalanced load current. (See 6.1.3.) Note the suffix “G” is
preferred over “N” to denote that the purpose of the circuit is to detect fault current in a ground path. The
suffix “N” is preferred in the secondary neutral of current transformers or in the secondary of a CT whose
primary winding is located in the neutral of a power transformer or machine (ANSI C37.16-1997). See
Figure B.3 for the time-current coordination of these devices, including the consumer’s downstream ground

Figure B.3—Low-voltage coordination
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sensor relay, device 151G-C1. To apply these relays securely, the transformer neutral bushing should be
isolated electrically from the transformer tank. The 64GF-T1 device is a case ground or point ground
protective device. If the transformer and protector can be insulated from ground, then this very sensitive
instantaneous acting relay can be used to detect only transformer and protector faults involving the case.
Coordination is not necessary with downstream devices, since the 64GF-T1 will not operate. Point 1 on
Figure B.3 represents the maximum low-voltage three-phase bus fault current contributed by one
transformer expressed in amps at 480 V. Point 2 represents a likely value for the maximum transformer fault
current in the presence of a 480 V arc. Each transformer is assumed to supply one-fourth of this total 480 V
bus fault current. See Dunki-Jacobs [B3] for an explanation of the magnitude of arcing current.

For faults located within a transformer low-voltage winding, between the low-voltage winding and its
protector, or in a protector, four units of current will flow—one from each of the unfaulted transformers as
well as one from the faulted transformer. The Y-50 fuse link for the faulted transformer will detect three of
these units of current. However, if the fault is high-resistance arcing and low in current magnitude, then even
three units of current will not be enough to properly melt the Y-50 links. For example, if this type of fault
was in the network protector, then heat detectors, device 26T1, are needed. The higher the current, the more
efficient the operation of the Y-link. The maximum current for a bolted fault would be three times 32 500 A,
or 97 500 A for this example. The Y-50 link would approach 0.2 s in clearing time.

Table B.1—NOTES for Figure B.1– Figure B.3

Device No.a

(includes suffixes)

aSuffix letters denote the location of the device in the circuit. See IEEE Std C37.2-1996 for a complete listing of
device function numbers.

Function (location)

51-L1, L4 Time-overcurrent (line)

51N-L1, L4 Neutral time-overcurrent (line)

51-T1, T4 Time-overcurrent (transformer)

51N-T1, T4 Neutral time-overcurrent (transformer)

51/46-T1, T4 Open phase following high current (transformer)

86-T1, T4 Lockout relay (transformer)

63-T1, T4 Sudden gas pressure (transformer)

64GF-T1, T4 Case ground fault 

151G-T1, T4 Low-voltage ground time-overcurrent (transformer)

151N-T1, T4 Low-voltage neutral time-overcurrent (transformer)

26-T1, T4 Heat detector (transformer)

32-T1, T4 Master (reverse power) (transformer network protector)

60-T1, T4 Phasing (voltage balance) (transformer network protector)

151G-C1, C2 Ground time-overcurrent (consumer)

E-F Electronic fuse (transformer)

Y-link Low-voltage fusible link (transformer)

CLF Low-voltage current-limiting fuse (consumer)

26-B Heat detector (bus)

86-B Lockout relay (bus)
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Annex C

(normative) 

Other concepts being investigated

C.1 Low-voltage arcing fault detection

A utility and a manufacturer of network protectors are jointly working on a project to determine the
applicability of undervoltage and lower order harmonic voltage sensing of 480Y/277 V arcing network vault
faults. Field test data during normal vault operation and laboratory staged fault tests are being analyzed to
determine voltage relay applicability. It appears that an undervoltage device using conventional components
can be set to distinguish a 480 V fault from normal system operation. Lower order harmonics appear to be
the most practical component of bus voltage to detect during an arcing fault, other than the fundamental
frequency component. Both devices should be easy to install and maintain. Both devices are nonselective
and would, therefore, require time delay to coordinate with consumer protection, network protectors, and
fuse links.

C.2 Microprocessor-based current differential relays

Future current differential relays may be developed that overcome the lack of local high-side current
transformers by utilizing fiber-optic channels. It would be possible to use magnetic optic current transducers
located at the source stations in conjunction with the local low-side current transformers if such a relay
existed that allowed optical or traditional wiring for the current transformer connections. The use of the
fiber-optic channel would also allow transfer trip signals to be sent to the source station circuit breakers.

C.3 Current-limiting fuses and three-phase load-break switch

For those network installations where current limitation is important (usually because of very high available
fault currents), another device is being developed that combines current-limiting fuses and a gang-operated,
three-phase load-break switch.

For all fault currents above the interrupting rating of the load-break switch, the current-limiting fuses will
operate to clear the one-, two-, or three-phase fault, resulting in a minimal level of energy into the fault arc.
This is especially important where the network transformers use flammable conventional transformer oil.
Depending on the actual fuses used, I2t can be limited to values as low as 500 000 A2 s or less.

To eliminate any possibility of ferroresonance if only one or two fuses operate, the fuses are equipped with a
striker mechanism that will operate to trip the three-phase load-break switch whenever any fuse operates.

This mode of operation can eliminate the unnecessary blowing of fuses on unfaulted phases and provide the
benefit of three-phase disconnection of the transformer for any fault. The switch can be equipped with phase
and ground overcurrent electronic controls for detection of low-magnitude faults and can be tripped by
remote signals, such as from sudden-pressure relays or heat probes located elsewhere in the network vault.
The fuse and switch will be enclosed in SF6 gas for insulation. Replacement of the fuse(s) will most likely
not be an on-site procedure.
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An American National Standard

IEEE Guide for the Protection of Shunt
Reactors

1. Introduction

This guide covers protection of shunt reactors used typically to compensate for capacitive shunt reactance of
transmission lines. A survey of shunt reactor protection, conducted in 1979 by the Shunt Reactor Protection Working
Group of the IEEE Power System Relaying Committee, was used as a reference to determine the more common circuit
arrangements and protective relaying schemes presently in use.

Other arrangements or special applications of reactors such as harmonic filter banks, static var compensation (SVC),
high voltage direct current (HVDC), or current-limiting reactors are not specifically addressed; however, the protective
methods described in this guide are usually applicable to this equipment.

2. References

This guide shall be used in conjunction with the following publications:

[1] ANSI/IEEE C57.21-1981, Requirements, Terminology, and Test Code for Shunt Reactors Rated Over 500 kVA.1 

[2] ANSI/IEEE C62.2-1987, IEEE Guide for Application of Gapped Silicone Carbide Valve-Type Surge Arresters for
Alternating-Current Systems. 

[3] ANSI/IEEE C62.11-1987, IEEE Standard for Metal-Oxide Surge Arresters for AC Power Circuits. 

[4] ASEA Electric Recommendations for Protective Relays, Pamphlet ZF27-004E Reg. 4771. ASEA Brown Boveri,
Protective Relay Division, Allentown, PA, 1985.

1ANSI/IEEE publications are aviailable from the Institute of Electrical and Electronics Engineers, Service Center, 445 Hoes Lane, P.O. Box 1331,
Piscataway, NJ 08855-1331, or the Sales Department, American National Standards Institute, 1430 Broadway, New York, NY 10018.
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[5] EDWARDS, L., CHADWICK, J. W., JR., RIESCH, H. A. and SMITH, L. E., Single-Pole Switching on TVA's
Paradise-Davidson 500-kV Line Design Concepts and Staged Fault Test Results, IEEE Transactions on Power
Apparatus and Systems, Vol PAS-90, Nov./Dec. 1971, pp. 2436–2450.

[6] ENGELHARDT, K. H., EHV Line-Connected Shunt Reactor Protection Application and Experience,
International Conference on Large High-Voltage Electric Systems, C.I.G.R.E, Paris, France, paper No. 34-09, 1984.

[7] KIMBARK, E. W., Suppression of Ground-Fault Arcs on Single-Pole Switched EHV Lines by Shunt Reactors,
IEEE Transactions on Power Apparatus and Systems, Vol. 83/No. 3, Mar. 1964, pp 285–290.

[8] PICKETT, M.J., et al, Near Resonance Coupling on EHV Circuits, IEEE Transactions on Power Apparatus and
Systems, Vol PAS-87, Aug. 1967, pp 322–325.

[9] Power System Relaying Committee Report. Shunt Reactor Protection Practices. IEEE Transactions on Power
Apparatus and Systems, Vol PAS-103, Aug. 1984, pp. 1970–1976.

[10] S&C Electric Company, Chicago, IL. RD-3221 Operating Description, Aug. 1985.

[11] Trench Electric, Toronto Ontario, Canada. Shunt Reactor Bulletin T100-35-02l, May 1984.

3. Use of Reactors

Shunt reactors are used to provide inductive reactance to compensate for the effects of high charging current of long
transmission lines and pipe-type cables. For light load conditions, this charging current can produce more leading
reactive kVA than the system can absorb without risk of instability or excessively high voltages at the line terminals.

4. Typical Reactor Protection

Two basic shunt-reactor configurations are considered:

1) Dry-type, connected ungrounded wye which are connected to the impedance-grounded tertiary of a power
transformer.

2) Oil-immersed, wye-connected, with a solidly grounded or impedance-grounded neutral, connected to the
transmission system.

Major fault protection for dry-type reactors is achieved through over-current, differential, or negative-sequence
relaying schemes, or by a combination of these relaying schemes. Protection for low-level turn-to-turn faults is
provided by a voltage-unbalance relay scheme with compensation for inherent unbalance.

Major fault protection for oil-immersed reactors is achieved through over-current relaying, differential relaying, or a
combination of both. Protection for low-level turn-to-turn faults is provided by impedance, thermal, gas-accumulator,
or sudden-pressure relays, or by a combination of these relays.

5. Reactor Construction and Characteristics

The two general types of construction used for shunt reactors are dry-type and oil-immersed. The construction features
of each type, along with variations in design, are discussed under the headings which follow.
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5.1 Dry Type

Dry-type shunt reactors generally are limited to voltages through 34.5 kV and are usually applied on the tertiary of a
transformer which is connected to the transmission line being compensated. The reactors are of the air-core (coreless)
type, open to the atmosphere, suitable for indoor or outdoor application. Natural convection of ambient air is generally
used for cooling the unit by arranging the windings so as to permit free circulation of air between layers and turns.

The layers and turns are supported mechanically by bracing members or supports made from materials such as
ceramics, glass polyester, and concrete. The reactors are constructed as single-phase units and are mounted on base
insulators or insulating pedestals which provide the insulation to ground and the support for the reactor.

Because the dry-type shunt reactor has no housing or shielding, a high-intensity external magnetic field is produced
when the reactor is energized. Care is thus required in specifying the clearances and arrangement of the reactor units,
mounting pad, station structure, and any metal enclosure around the reactor or in the proximity of the reactor. A closed
metallic loop in the vicinity of the reactor produces losses, heating, and arcing at poor joints; therefore, it is important
to avoid these loops and to maintain sufficient separation distances. Shielding may be required when it is not possible
to arrange dry-type units in an equilateral-triangle configuration isolated from external magnetic influences. This
shielding is required to limit the impedance deviation between phases. Deviation from impedance values for reactors
will result in a deviation from the actual MVAR rating.

For the same range of applications, the primary advantages of dry-type air-core reactors, compared to oil-immersed
types, are lower initial and operating costs, lower weight, lower losses, and the absence of insulating oil and its
maintenance. The main disadvantages of dry-type reactors are limitations on voltage and kVA ratings and the high-
intensity external magnetic field mentioned above. Because these reactors do not have an iron core, there is no
magnetizing inrush current when the reactor is energized.

5.2 Oil-Immersed

The two design configurations of oil-immersed shunt reactors are coreless type and gapped iron-core type. Both
designs are subject to low-frequency longtime constant currents during de-energizing, determined by the parallel
combination of the reactor's inductance and line capacitance. However, the gapped iron-core design is subject to more
severe energizing inrush than the coreless type.

Most coreless shunt reactor designs have a magnetic circuit (magnetic shield) which surrounds the coil to contain the
flux within the reactor tank. The steel core-leg that normally provides a magnetic flux path through the coil of a power
transformer is replaced (when constructing coreless reactors) by insulating support structures. This type of
construction results in an inductor that is linear with respect to voltage.

The magnetic circuit of a gapped iron-core reactor is constructed in a manner very similar to that used for power
transformers with the exception that small gaps are introduced in the iron core to improve the linearity of inductance
of the reactor and to reduce residual or remanent flux when compared to a reactor without a gapped core.

Oil-immersed shunt reactors can be constructed as single-phase or three-phase units and are very similar in external
appearance to that of conventional power transformers. They are designed for either self cooling or forced cooling.



4 Copyright © 1988 IEEE All Rights Reserved

ANSI/IEEE C37.109-1988 IEEE GUIDE FOR

6. Dry-Type Reactors—Application and Protection

6.1 Reactor Connections

Dry-type reactor banks are generally connected to the tertiary of a transformer bank as shown in Fig 1. Each wye-
connected, ungrounded reactor bank can be switched individually on the supply side of the reactor bank, as shown in
Fig 1, or on the neutral side, as shown in Fig 2. A grounding transformer having a grounded wye-connected primary
and a broken-delta connected secondary, with a grounding resistor, as shown in Fig 1, is normally used on the tertiary
circuit to provide a limited amount of ground current. The grounding transformer and the grounding resistor are sized
for a continuous zero-sequence current at least equal to the zero-sequence current flowing through the tertiary-circuit
capacitance to ground under ground-fault conditions. In addition, the grounding transformer must be rated for
continuous application of line-to-line voltage in order to withstand a continuous ground fault on the tertiary.

The grounding scheme for the tertiary is essentially a high-resistance method utilizing the broken-delta secondary of
the grounding transformer to insert the resistance, as well as provide indication of a ground fault on the tertiary
circuits. This method offers the following advantages:

1) The neutral is stabilized by the zero-sequence resistance.
2) The voltages to ground on the tertiary circuits due to switching are kept low.
3) Currents due to line-to-ground faults, the most prevalent type, are minimized; a few amperes are typical.
4) Excellent ground fault protection is afforded by the voltage relay across the resistor.
5) Any number of banks can be switched without sacrificing the foregoing advantages.

Other tertiary grounding arrangements are possible, however, the multiple advantages of this method have gained wide
acceptance and application.

Surge arrester selection, coordination, and application for protection of shunt reactors is covered ANSI/IEEE C62.2-
1989  [2],2 and ANSI/IEEE C62.11-1987  [3].

6.2 Failure Modes and Types of Faults

The faults encountered in dry type reactor installations can be categorized as follows:

1) Phase-to-phase faults on the tertiary bus, resulting in a high-magnitude phase current.
2) Phase-to-ground faults on the tertiary bus, resulting in a low-magnitude ground current, dependent upon the

size of the grounding transformer and resistor.
3) Turn-to-turn faults within the reactor bank, resulting in a very small change in phase current.

Phase-to-phase faults are not likely to occur in dry-type reactors, since they consist of single-phase units generally
arranged with considerable separation between phases. However, instances have been reported where arcing from a
faulted reactor contacted the tertiary bus to initiate a phase-to-phase fault.

Since dry-type reactors are mounted on insulators or supports which provide standard clearances to ground, direct
winding-to-ground faults are not likely to occur without unusual circumstances, such as when an animal bridges the
insulation to ground. The damage which occurs for a winding-to-ground fault depends on how much ground current is
permitted by the grounding transformer.

2The number in brackets corresponds to those of the references listed in Section 2
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Figure 1—Typical Dry-Type Shunt Reactor Connection With Three-Pole Supply-Side Switching and 
With Grounding Transformer

NOTE  —  Grounding transformer not shown.

Figure 2—Dry-Type Shunt Reactor Connection With Two-Pole or Three-Pole Neutral-Side Switching

Winding-insulation failures in dry-type reactors may begin as tracking due to insulation deterioration or as turn-to-turn
faults, but once an arc is initiated, these failures, if not detected promptly, often involve the entire winding due to the
arc's strong interaction with the magnetic field of the reactor. The result is a phase-to-neutral fault which increases the
current in the unfaulted phases to a maximum of the square root of three times normal phase current. This increase in
phase current, if not detected, will cause thermal damage of the unfaulted phases of the reactor bank.
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6.3 System Considerations

The transmission system is generally not affected by a faulted dry-type reactor, since even a shorted phase leg of an
ungrounded wye-connected reactor connected to a transformer delta tertiary will have only a minor effect on the
magnitude of the phase current. Unless the fault was to evolve into a phase-to-phase fault on the tertiary bus, it is
necessary only to isolate the faulted reactor by tripping the reactor switching device, leaving the rest of the
transmission system intact. If the reactor bank is not equipped with a switching device with fault interrupting
capability, the transformer bank must be tripped in the event of a reactor fault.

When a faulted dry-type reactor is isolated from the tertiary circuit, the voltage on the transmission line will increase.
Studies of the system should be made to be sure that the loss of the reactor will not cause a significant overvoltage
condition on the system.

6.4 Relaying Practices

6.4.1 Protection for Phase-to-Phase Faults

Relaying protection for phase-to-phase faults generally consists of overcurrent, differential, or negative-sequence
current relaying schemes or a combination of these relaying schemes. The more common schemes are illustrated in
Fig 3 [9].

6.4.2 Protection for Phase-to-Ground Faults

Ground fault protection is shown in Fig 1. The broken-delta output of the grounding transformer is monitored by an
overvoltage relay equipped with a harmonic filter to reject any third harmonic voltage that may be present. It is
common practice to alarm but not trip for this condition. This relay cannot differentiate between a reactor ground and
a ground on other portions of the tertiary system.

6.4.3 Protection for Turn-to-Turn Faults

Turn-to-turn faults in dry-type reactors present a formidable challenge to the protection engineer. The current and
voltage changes encountered during a turn-to-turn fault can be of the same order of magnitude as variations expected
in normal service, and therefore, sensitive, reliable protection using the conventional relaying schemes described
above is not possible.

The voltage-unbalance relaying scheme illustrated in Fig 4.A [10] has come into use recently. The voltage signal
appearing between the neutral connection of the reactor bank and ground can be the result of:

1) Reactor-bank unbalance due to a faulted reactor.
2) Reactor-bank unbalance due to manufacturing tolerance.3

3) Tertiary bus-voltage unbalance with respect to ground.

The manufacturing tolerance produces a fixed error voltage that can be negated by an equal and opposite voltage
generated by means of a phase-shifting network. System voltage unbalance may be variable; however, a given percent
change in system unbalance affects both the reactor bank neutral-to-ground voltage and the grounding transformer
broken-delta voltage to the same degree, and therefore these two signals can be used to cancel each other. The
summing-amplifier signal output of Fig 4.A is thus representative of the degree of unbalance due only to the faulted
reactor, and hence, this scheme can discriminate between a turn-to-turn fault and other sources of unbalance.

3per ANSI/IEEE C57.21-1981  [1] in the case of a three-phase shunt reactor or a bank made up of three single-phase reactors, the maximum
deviation of impedance in any one phase shall be within 2% of the average impedance ohms of the three phases. For dry-type shunt reactors without
magnetic-field shielding, this tolerance applies only when units are arranged in an equilateral-triangle configuration and isolated from any external
magnetic influences.
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When the voltage unbalance relaying scheme is applied, consideration should be given to the effect of a tertiary bus
fault to ground on the operation of the reactor protection relays. If the tertiary bus ground relay 59N is connected to trip
the tertiary bus source, the reactors will be de-energized and the response of the reactor neutral voltage relays is
immaterial. However, if the bus ground relay only provides an alarm, it will generally be considered desirable to keep
the reactors in service during the ground fault and the following points about the voltage unbalance scheme should be
reviewed.

1) Under ground-fault conditions, the neutral voltage signal and the grounding transformer broken delta signal
will have high levels.
These signals must cancel in the summing amplifier; therefore, the summing amplifier must be linear up to
the maximum voltages obtained during a ground fault. Failure of these two signals to cancel would result in
an erroneous output from the summing amplifier and possibly cause a false relay trip. An alternate scheme
shown in Fig 4.B keeps the amplifier from seeing the large neutral and grounding transformer signals. The
connection used provides a summation of the neutral and the grounding transformer output so that the
amplifier is only presented with the differential signal during a reactor fault.

2) If the voltage used to supply the phase-shifting network is affected by a tertiary bus ground fault, then the
compensation for reactor unbalance may be changed in magnitude or phase angle, possibly resulting in a false
trip. This can be avoided by using a phase-to-phase, rather than phase-to-ground voltage as the source for the
phase-shifting network, as illustrated in Fig 4.B.
When dry-type reactors are constructed using multiple parallel circuits per coil, the voltage unbalance
scheme may not have sufficient sensitivity to detect a single turn fault in one of the parallel windings. Some
manufacturers [11], [4] of such reactors propose a split-phase protection system, similar to that used on
hydrogenerators for turn-to-turn fault protection, as shown in Figs 5.A and 5.B. Although this appears to be
a promising technique for reactor protection, it has not yet been widely used. Neutral switching is possible
with the scheme shown in Fig 5.B while it is not with the scheme in Fig 5.A.
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Figure 3—Common Protective Relaying Schemes for Dry-Type Reactors
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Figure 4.A—Voltage-Unbalance Relay Protection for Dry-Type Reactors

Figure 4.B—Voltage-Unbalance Relay Protection for Dry-Type Reactors (Alternate Method)
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Figure 5.A—Split Phase Protection (Three-Phase Sensing)

Figure 5.B—Split Phase Protection (Single-Phase Sensing)

7. Oil-Immersed Reactors—Application and Protection

7.1 Reactor Connections

Oil-immersed reactors are generally connected to one or both ends of a long transmission line, as shown in Fig 6, and
are wye-connected with a solidly grounded neutral. These reactor banks may be switched or may be permanently
connected to the line.

Another reactor-bank arrangement that has recently come into use for single-pole tripping and reclosing of circuit
breakers is the four-reactor scheme [5]. In this application, a fourth reactor is connected between the reactor-bank
neutral and ground to suppress the secondary arc current in a faulted and disconnected phase conductor during single-
phase fault interruption.
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Figure 6—One-Line Diagram of Line-Connected, Switched Shunt Reactors

Oil-immersed reactors may also be connected to the substation bus, and as with line-connected reactors, are generally
solidly grounded and may be either switched or permanently connected to the bus. Relaying protection for bus-
connected reactors and for four-reactor configured banks is basically the same as that used for line-connected, solidly
grounded, oil-immersed reactors [7].

7.2 Failure Modes and Type of Faults Encountered

The failures encountered with oil-immersed reactor installations can be categorized as follows:

1) Faults resulting in large changes in the magnitude of phase current, such as bushing failures, insulation
failures, etc. Because of the proximity of the winding with the core and tank, winding-to-ground failures can
occur. The magnitude of current resulting from this type of fault is dependent upon the location of the
winding-to-ground fault with respect to the reactor bushing. The farther the fault is away from the bushing,
the lower the fault current. Bushing failures within or external to the tank, as well as faults on the connection
between the transmission line and the reactor bank, will result in large increases in the magnitude of phase
current.

2) Turn-to-turn faults within the reactor winding, resulting in small changes in the magnitude of phase current.
Low-level faults within an oil-immersed reactor will result in a change in the reactor impedance, increased
operating temperature and internal pressure, and accumulation of gas. If not detected, the turn-to-turn fault
will likely evolve into a major fault.

3) Miscellaneous failures such as low oil and loss of forced cooling.

7.3 System Considerations

7.3.1 Clearing of Faults

The typical relaying practice for line-connected reactors is to trip the local line breaker and transfer trip the remote line
breaker. A dual channel is recommended for extra security. For a reactor fault in a direct-connected line reactor, both
line breakers are usually locked out.

For a fault in a switched line reactor, where rapid reclosing is desired, both line breakers are tripped, the reactor-bank
switching device is opened, and then the line breakers are automatically reclosed.

When a circuit switcher is utilized as the reactor bank switching device, a blocking or coordinated tripping scheme
may be applied. In this scheme, the circuit switcher interrupts low-level reactor faults within its rating, and the terminal
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breaker operates only on higher level faults beyond the rating of the circuit switcher. Other users, with concern for
reliability of trip blocking, may choose to operate the higher capacity terminal breaker directly for faults beyond the
rating of the circuit switcher without blocking trip of the circuit switcher and depend on the faster circuit breaker to
clear the fault. However, use of a full-rated circuit breaker for reactor switching would eliminate the need for a
coordinated tripping scheme.

7.3.2 Resonance Phenomena

The distributed shunt capacitance of the transmission line can form a parallel-resonant circuit with the shunt reactor(s)
having a natural frequency close to 60 Hz. This resonant circuit can be troublesome and should be taken into account
by the system planner and the relay protection engineer.

When a de-energized transmission line with directly connected reactor(s) is physically close enough to another
energized line for the two lines to be electrically coupled, it is possible for higher-than-rated system voltage to develop
across the “de-energized” reactor. This problem can be prevented by isolating the reactor by means of a dedicated
reactor-switching device at the same time as, or immediately following, the de-energizing of the line [8].

Another phenomenon of concern to the relay protection engineer occurs when a compensated transmission line is de-
energized. The parallel-resonant circuit will produce a damped sinusoidal voltage at a frequency generally less than
60 Hz, which can last several seconds, with an initial voltage that can approach rated voltage. This substantial voltage,
at a reduced frequency, can cause misoperation of impedance relays used to protect shunt reactors, unless the
impedance relays are specifically designed for the application.

7.4 Relaying Practices

7.4.1 Protection for Large-Magnitude Faults

Relaying protection for faults producing large increases in the magnitude of phase current is generally a combination
of overcurrent, differential, or distance relaying. The more common schemes are illustrated in Fig 7 [9].

One of the principal difficulties with shunt reactor protection is false relay operation during iron-core reactor
energizing and de-energizing. During these periods, d.c. offset with long time-constants and low-frequency
components of the reactor energization current cause the most problems. High-impedance differential relays are
generally recommended over low-impedance relays for this reason [6]. Where low-impedance differential relays are
used, it is generally recommended that the relay be sufficiently desensitized to prevent misoperation.

Differential schemes have been applied as primary protection for the detection of winding-to-core or winding-to-tank
faults. Where a reactor differential relaying scheme is used, it is recommended that the current transformers on both
sides of the reactor have similar excitation characteristics. Ground fault backup protection can be provided by a neutral
overcurrent relay.

7.4.2 Protection for Turn-to-Turn Faults

It is generally agreed that phase overcurrent relay schemes are not sufficiently sensitive to provide adequate protection
for turn-to-turn faults and differential relay schemes cannot detect such faults. Distance relays or ground overcurrent
relays offer some improvement in protection, but the sudden-pressure relay or gas-accumulator relay or both generally
provide the most sensitive means of detecting turn-to-turn faults within oil-immersed reactors.

Ground overcurrent relays provide some protection, but there should be time delay coordination provided for external
faults and current transformer saturation.

Distance relays have been applied to detect shorted turns in iron-core shunt reactors. The use of distance relays for this
type of protection is possible due to the significant reduction in the 60-Hz impedance of a shunt reactor under turn-to-



Copyright © 1988 IEEE All Rights Reserved 13

THE PROTECTION OF SHUNT REACTORS ANSI/IEEE C37.109-1988

turn fault conditions. The turn-to-turn fault sensitivity that can be achieved is limited by the apparent impedance seen
by the relay during the inrush period when the reactor is energized. The relay reach must be set below the reduced
impedance seen during this inrush period and should be selected so that the relay will not operate incorrectly on the
natural frequency oscillation which occurs when a compensated transmission line is de-energized.

Figure 7—Common Protective Relaying Schemes for Oil-Immersed Reactors



14 Copyright © 1988 IEEE All Rights Reserved

ANSI/IEEE C37.109-1988 IEEE GUIDE FOR

Figure 8—Typical Auxiliary Contact Disagreement Circuit in Circuit Breaker Control Wiring
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Figure 9—Pole Disagreement Protection for Three-Phase Reactor Installation With
 Switchable Spare Reactor

Split phase protection is an option for reactors in the EHV range and is shown in Figs 5.A and 5.B. For such
applications, the disc type reactor windings are split into two parallel groups with separate neutral connections brought
out for each group. Two alternatives using three-phase and single-phase sensing are shown respectively in Figs 5.A and
5.B. In Fig 5.B the two neutral end leads are brought together in opposition through a current transformer which picks
up the current difference. Any turn-to-turn fault in the winding will create a strong imbalance between the impedances



16 Copyright © 1988 IEEE All Rights Reserved

ANSI/IEEE C37.109-1988 IEEE GUIDE FOR

of the two halves and create a corresponding current imbalance. The relay used is a three-phase overcurrent relay set
at approximately 2.5 percent of reactor rated current.

The gas accumulator relay is applicable on reactors which are equipped with conservator tanks and have no gas space
inside the reactor tank. This relay is inserted in the pipe between the reactor and the expansion chamber (conservator).
Low-energy partial discharges, creepage, and overheating caused by turn-to-turn short circuits, or by high contact
resistance cause the insulation at these points to slowly decompose while evolving gas. The gas rises through the oil
and is accumulated in the relay. The relay will also operate for severe internal arcing or heavy-current flashovers,
which force oil through the relay at a high velocity before the gases rise through the system to the device. This device
is commonly known as a Buchholz relay.

The sudden-gas-pressure relay, also known as a fault-pressure relay, is applicable to gas-cushioned oil-immersed
reactors. The relay is mounted on the reactor tank in the region of the gas space at the top of the reactor, and consists
of a pressure-sensing bellows, a pressure-actuated switch, and a pressure-equalizing orifice. The relay operates on the
difference between the pressure in the gas space of the reactor and the pressure inside the relay. During slow pressure
variations associated with reactor temperature changes, the pressure-equalizing orifice will equalize the pressure
between the relay and the reactor, and thus prevent operation. For internal arcing that produces large amounts of gas
and a sudden rise in gas pressure, the bellows will expand, causing the relay to operate.

The sudden-oil-pressure relay, another type of fault-pressure relay, is applicable to all oil-immersed reactors. The relay
is mounted on the reactor tank below the minimum deenergized liquid level. Oil fills the lower chamber of the relay
housing, within which a spring-backed bellows is located. The bellows is completely filled with silicone oil. There is
also silicone oil in the upper chamber, which is connected to the bellows via an equalizer hole. Should an internal fault
develop, the resulting rapid rise in oil pressure, or pressure pulse, is transmitted to the bellows, causing the relay to
operate. In the event of gradual increases in oil pressure, due to temperature variations in the reactors, the equalizing
hole stabilizes the pressure in the bellows and keeps the relay from operating.

7.4.3 Loss of Cooling

Oil-immersed reactors are sometimes built with forced cooling to reduce size and cost. For such reactors, the cooling
is critical and must be operational any time the reactor is energized.

The loss of cooling can be detected by monitoring the oil flow with flow indicators, monitoring the a.c. supply voltage
to the cooling fans and oil pumps, and by monitoring the temperature with temperature relays.

The oil-flow and a.c. supply-voltage indicators are usually connected for alarm only. The temperature relays are
generally connected to trip and remove the reactor from service.  To adequately protect the reactor, a combination of
all the above indicators is usually recommended.

7.4.4 Overvoltage

Transmission line reactors are generally installed to provide inductive reactance to control system voltage and to
compensate for the effects of the high charging current of long lines or pipe-type cables or both. They will also serve
to reduce the risk of excessively high voltage at the line terminals, particularly when the local circuit breaker(s) is (are)
open and the line is energized from the remote end.

Overvoltage relays may be used to disconnect the reactors under extreme high-voltage conditions, but in this case, the
associated transmission line must be de-energized at the same time, otherwise disconnection of the reactors would
only further aggravate the overvoltage condition on the system [2].

7.4.5 Pole Disagreement Protection

In the application of shunt reactors at the terminals of EHV lines and buses, it is generally desirable to provide a means
of switching the reactor bank for protection of the reactors and/or for system operating requirements. Because of the
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voltage level involved, the switching equipment usually consists of single pole devices which are not mechanically
linked, with each pole having an independent operator. With such an arrangement, the possibility exists that one pole
may not operate coincidentally with the other poles, thus creating an undesirable imbalance in system voltages or, in
case the switching equipment were called upon to isolate the reactor bank to clear a fault, might fail to remove the
faulted reactor from service.

To ensure that all poles of the switching equipment function in unison, two methods of detecting pole disagreement
can be used, either together or separately. The first method utilizes auxiliary contacts on the various pole operators of
the switching equipment, interconnecting “a” and “b” contacts of the devices, so that if all poles are not open or closed
at the same time a trip circuit is provided to trip all poles of the switching equipment or, additionally, to trip backup
circuit breakers to isolate the switching equipment. Such a scheme is shown in Fig 8, which illustrates the application
for a three-pole reactor switching arrangement.

A second method of detecting pole disagreement uses a pole disagreement relay4 designed to compare the currents in
each reactor connected to the transmission system. One way in which this comparison can be made is illustrated in
Fig 9, in which a spare reactor is provided that can be switched to replace any of the normal phase reactors. The
scheme shown in Fig 9 provides for two trip outputs with separately adjustable time delays. The shorter delay is used
to trip the reactor switch(es) in the event of a current disagreement between phases. The longer delay trips local and
remote line circuit breakers if the first trip fails to clear the pole disagreement condition. As shown, the scheme relies
on a multiphase comparison of logic derived from the line current inputs, including that from the spare reactor, and
coordinating timers.
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IEEE Guide for the Application of Current 
Transformers Used for Protective 
Relaying Purposes

 

1. Overview

 

1.1 Scope

 

This standard describes the characteristics and classiÞcation of current transformers (cts) used for protective relaying.
It also describes the conditions that cause the ct output to be distorted and the effects on relaying systems of this
distortion. The selection and application of cts for the more common protection schemes are also addressed.

 

1.2 Purpose

 

The purpose of this document is to present a comprehensive treatment of the theory and application of cts to assist the
relay application engineer in the correct selection and application of cts for protective relaying purposes.

 

2. References

 

This standard shall be used in conjunction with the following publications. When the following standards are
superseded by an approved revision, the revision shall apply.

IEC 44-6 (1992), Instrument transformersÑPart 6: Requirements for protective current transformers for transient
performance.

 

1

 

 

IEC 185 (1987), Current transformers. 

IEEE Std C37.103-1990, IEEE Guide for Differential and Polarizing Relay Circuit Testing (ANSI).

 

2

 

 

 

1

 

IEC publications are available from IEC Sales Department, Case Postale 131, 3, rue de Varemb�, CH-1211, Gen�ve 20, Switzerland/Suisse. IEC
publications are also available in the United States from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th
Floor, New York, NY 10036, USA.

 

2

 

IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-
1331, USA.
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IEEE Std C57.13-1993,  IEEE Standard Requirements for Instrument Transformers (ANSI). 

IEEE Std 100-1992, The New IEEE Standard Dictionary of Electrical and Electronics Terms (ANSI). 

 

3. Definitions

 

The following deÞnitions are taken from IEEE Std 100-1992  except as noted. The symbol (

 

a

 

) indicates that at the time
the standard was approved there was no corresponding deÞnition in IEEE Std 100-1992. Symbol (

 

b

 

) indicates the
deÞnition was taken from British Standard B.S.3938, SpeciÞcation for Current Transformers.

 

3.1 accuracy: 

 

The extent to which the current in the secondary circuit reproduces the current in the primary circuit in
the proportion stated by the marked ratio, and represents the phase relationship of the primary current.

 

3.2 accuracy classes for relaying (instrument transformer): 

 

Limits in terms of percent ratio error that have been
established.

 

3.3 accuracy ratings for relaying: 

 

The relay accuracy class is described by a letter denoting whether the accuracy can
be obtained by calculation or must be obtained by test, followed by the minimum secondary terminal voltage that the
transformer will produce at 20 times rated secondary current with one of the standard burdens without exceeding the
relay accuracy class limit. (This is usually taken as 10%.)

 

3.4 burden (of a relay): 

 

Load impedance imposed by a relay on an input circuit, expressed in ohms and phase angle
at speciÞed conditions.

 

3.5 burden on an instrument transformer: 

 

That property of the circuit connected to the secondary winding that
determines the active and reactive power at the secondary terminals. The burden is expressed either as total ohms
impedance, together with the effective resistance and reactance components, or as the total voltamperes and power
factor of the secondary devices and leads at the speciÞed values of frequency and current.

 

3.6 bushing type current transformer: 

 

A current transformer that has an annular core with a secondary winding
insulated from and permanently assembled on the core but has no primary winding or insulation for a primary
winding. This type of ct is for use with a fully insulated conductor as a primary winding. A bushing type ct is usually
used in equipment where the primary conductor is a component part of other apparatus.

 

3.7 continuous thermal current rating factor (RF): 

 

The speciÞed factor by which the rated primary current of a ct
can be multiplied to obtain the maximum primary current that can be carried continuously without exceeding the
limiting temperature rise from 30 

 

°

 

C ambient air temperature. When current transformers are incorporated internally
as parts of larger transformers or power circuit breakers, they shall meet allowable average winding and hot-spot
temperatures under the speciÞc conditions and requirements of the larger apparatus.

 

3.8 current transformer (ct): 

 

An instrument transformer that is intended to have its primary winding connected in
series with the conductor carrying the current to be measured or controlled. In window-type cts, the primary winding
is provided by the line conductor and is not an integral part of the transformer.

 

3.9 instrument transformer: 

 

A transformer that is intended to reproduce in its secondary circuit, in a deÞnite and
known proportion, the current or voltage of its primary circuit with the phase relations substantially preserved.

 

3.10 knee-point voltage (Class C transformers): 

 

The point on the excitation curve where the tangent is at 45

 

°

 

 to the
abscissa. The excitation curve shall be plotted on log-log paper with square decades. This deÞnition is for nongapped
cts. When the ct has a gapped core, the knee-point voltage is the point where the tangent to the curve makes an angle
of 30

 

°

 

 with the abscissa.

 

a

 

3.11 knee-point voltage: 

 

That sinusoidal voltage of rated frequency applied to the secondary terminals of the
transformer, all other windings being open circuited, which, when increased by 10% causes the exciting current to
increase by 50%.

 

b

 

3.12 marked ratio: 

 

The ratio of the rated primary value to the rated secondary value as stated on the nameplate.

 

3.13 multi-ratio ct: 

 

A ct from which more than one ratio can be obtained by the use of taps on the secondary winding.
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3.14 multiple-secondary current transformer: 

 

A ct that has two or more secondary coils each on a separate
magnetic circuit with all magnetic circuits excited by the same primary winding.

 

3.15 polarity: 

 

The designation of the relative instantaneous directions of the currents entering the primary terminals
and leaving the secondary terminals during most of each half cycle. Primary and secondary terminals are said to have
the same polarity when, at a given instant during most of each half cycle, the current enters the identiÞed, similarly
marked primary lead and leaves the identiÞed, similarly marked secondary terminal in the same direction, as though
the two terminals formed a continuous circuit.

 

3.16 rated primary current: 

 

Current selected for the basis of performance speciÞcation.

 

3.17 rated secondary current: 

 

The rated primary current divided by the marked ratio.

 

3.18 remanence: 

 

The magnetic ßux density that remains in a magnetic circuit after the removal of an applied
magnetomotive force.

 

NOTE  Ñ  This should not be confused with 

 

residual ßux density.

 

 If the magnetic circuit has an air gap, the remanence will be less
than the residual ßux density. 

 

See:

 

 residual ßux density.

 

3.19 residual ßux density: 

 

The magnetic ßux density at which the magnetizing force (H) is zero when the material is
in a symmetrically, cyclically, magnetized condition. 

 

See:

 

 remanence.

 

3.20 saturation factor (K

 

s

 

): 

 

The ratio of the saturation voltage of a current transformer to the excitation voltage.
Saturation factor is an index of how close to saturation a current transformer is in a given application.

 

a

 

3.21 saturation voltage (V

 

x

 

): 

 

The symmetrical voltage across the secondary winding of the current transformer for
which the peak induction just exceeds the saturation ßux density. It is found graphically by locating the intersection of
the straight portions of the excitation curve on log-log axes. This is not the same as the knee-point voltage which is the
point on the curve where the tangent to the curve makes an angle of 45

 

°

 

 to the abscissa.

 

a

 

3.22 time-to-saturation: 

 

The time during which the secondary current is a faithful replica of the primary current.

 

a

 

NOTE  Ñ  The core does not saturate suddenly. Beyond the saturation ßux level, the exciting current increases more rapidly than
the secondary current, causing distortion in the secondary waveform.

 

3.23 transactor: 

 

A magnetic device with a gapped core having an input winding that is energized with an alternating
current and having an output voltage that is a function of the input current. The term transactor is a contraction of the
terms 

 

transformer and reactor.

 

a

 

3.24 turns ratio of a current transformer: 

 

The ratio of the secondary winding turns to the primary winding turns.

 

3.25 window-type current transformer: 

 

A ct that has a secondary winding insulated from and permanently
assembled on the core, but has no primary winding as an integral part of the structure. Complete insulation is provided
for a primary winding in the window through which one turn of the line conductor can be passed to provide the
primary winding.

 

3.26 wound-type current transformer: 

 

A ct that has a primary winding consisting of one or more turns mechanically
encircling the core or cores.The primary and secondary windings are insulated from each other and from the core(s)
and are assembled as an integral structure.

 

4. Current transformer characteristics and classification

 

Faults on power systems cause transients in the system currents, which modify the steady state behavior of cts. Both
steady state and transient conditions, therefore, must be considered when examining the characteristics of cts.



 

4
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4.1 Current transformer equivalent circuit and phasor diagrams

 

4.1.1 Current transformer equivalent circuit

 

Figure 1 shows a simpliÞed equivalent circuit of a ct and its connected burden. The primary leakage impedance and the
reactive part of the secondary leads do not substantially affect calculations and are, therefore, neglected.

 

4.1.2 Phasor diagram of a current transformer with burden

 

To construct the phasor diagram for a ct, the procedure is as follows:

a) Start with the secondary load current 

 

I

 

S

 

b) Draw the secondary volt drops: 

 

I

 

S

 

 

 

´

 

 

 

R

 

S

 

 and 

 

I

 

S

 

 

 

´

 

 

 

X

 

L

 

c) Add 

 

V

 

B

 

 to the resultant voltage in order to obtain the internal secondary exciting voltage 

 

V

 

S

 

d) When 

 

V

 

S

 

 has been obtained, draw the ßux phasor lagging 

 

V

 

S

 

 by 90

 

°

 

The exciting current, 

 

I

 

E

 

, is composed of the magnetizing current, 

 

I

 

M

 

, which is needed to generate the ßux in
the ct core, and the loss current, 

 

I

 

LOSS

 

, which is mainly due to the hysteresis and eddy current losses
e) Draw the magnetizing current, 

 

I

 

M

 

, in quadrature with the voltage and the resistive loss current, 

 

I

 

LOSS

 

, in phase
with the secondary exciting voltage

 

I

 

M

 

 + 

 

I

 

LOSS

 

 = 

 

I

 

E

 

I

 

ST

 

 = 

 

I

 

S

 

 + 

 

I

 

E

 

The primary current is then

where

N2/N1 the turns ratio

Figures 2 and 3 show the phasor diagrams for a resistive burden (power factor of 1.0) and a standard burden (power
factor of 0.5).

IP
N2
N1
-------è ø

æ ö IS IE+( )=



 

Copyright © 1995 IEEE All Rights Reserved

 

5

 

USED FOR PROTECTIVE RELAYING PURPOSES IEEE Std C37.110-1996

 

Figure 1ÑEquivalent circuit of a current transformer

4.2 Current transformer secondary excitation characteristics

When the voltage developed across the ct burden is low, the exciting current is low. The waveform of the secondary
current will contain no appreciable distortion. As the voltage across the ct secondary winding increases because either
the current or the burden is increased, the ßux in the ct core will also increase. Eventually the ct will operate in the
region where there is a disproportionate increase in exciting current. The ct core is entering the magnetically saturated
region; operation beyond this point will result in an increasing ratio error and a distorted secondary current waveform.
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Figure 2ÑPhasor diagram of a current transformer with a resistive burden

Figure 3ÑPhasor diagram of a current transformer with a standard burden (0.5 power factor)

CT operation is illustrated by using excitation curves. These curves show the relationship of secondary exciting
voltage (VS) to the excitation current (IE). A typical set of excitation curves for a C class ct is shown in Þgure 4. The
curves are plotted on log-log coordination paper and are developed from test data. The primary winding shall be open
circuited for this test. Curve tolerances are stated in Þgure 4. More speciÞc information concerning construction of
excitation curves is found in 6.10 and 8.3 of IEEE Std C57.13-1993. 

4.3 Knee-point voltage

The knee-point voltage of a ct with a nongapped core is deÞned as the point of maximum permeability on the
excitation curve, plotted on log-log axes with square decades, where the tangent to the curve makes a 45° angle with
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the abscissa. This is shown in Þgure 4 and gives a knee-point for the 1200/5 A winding of about 240 V. When the ct has
a gapped core, the deÞnition of the knee-point voltage is the point where the tangent to the curve makes an angle of 30°
with the abscissa.

4.4 Current transformer accuracy

The ANSI ct accuracy class is determined by a letter designation and a secondary terminal voltage rating. These
effectively describe the steady-state performance. (See IEEE Std C57.13-1993, 6.4.1.)3 The secondary terminal
voltage rating is the ct secondary voltage that the ct will deliver when it is connected to a standard secondary burden,
at 20 times rated secondary current, without exceeding a 10% ratio error. Furthermore, the ratio correction shall be
limited to 10% at any current from 1 to 20 times rated secondary current at the standard burden or any lower standard
burden. The voltage rating given applies to the full winding ratio only. If a tap is utilized on a multi-ratio ct, the voltage
capability is directly proportional to the ratio between the tap value being used and the full winding capability,
provided the windings are fully distributed around the core. This is usually the case with cts made after 1978, but not
necessarily with cts made before that date.

For example, ct accuracy class C100 means that the ratio error will not exceed 10% at any current from 1 to 20 times
rated secondary current with a standard 1.0 W burden (1.0 W times 20 times rated secondary current equals 100 V).
Almost all of the cts used for protective relay applications are covered by the C or K classiÞcation. This includes
bushing cts with uniformly distributed windings and other cts with minimal core leakage ßux.

NOTE  Ñ  IEEE standard C values and standard burdens are listed in annex B.

The letter designation codes are as follows:

C indicates that the leakage ßux is negligible and the excitation characteristic can be used directly to
determine performance. The ct ratio error can thus be calculated. It is assumed that the burden and
excitation currents are in phase and that the secondary winding is distributed uniformly. (See 8.1.10 of
IEEE Std C57.13-1993 for further detail.)

K is the same as the C rating, but the knee-point voltage must be at least 70% of the secondary terminal
voltage rating.

T indicates that ratio error must be determined by test. The T class ct has an appreciable core ßux leakage
effect and contributes to appreciable ratio error.

H, L are old ANSI classiÞcations. There were two accuracy classes recognizedÑ2.5% and 10%. Cts were
speciÞed in the following mannerÑ10 L 200, 2.5 H 400, etc. The Þrst number indicated the accuracy class
and the last number indicated the secondary voltage class. L cts were rated at the speciÞed burden and at 20
times normal current. H cts were rated at any combination of burden from 5 times to 20 times the normal
current. These ratings are applicable only to old cts mostly manufactured before 1954.

3Information on references can be found in clause 2.
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Figure 4ÑTypical excitation curves for a multi-ratio C class current transformer

4.4.1 Determination of the C or K classification using the excitation curve

Figure 1 shows the ct secondary winding, the secondary winding resistance, RS, and a connected burden, ZB ¥IE is the
excitation current, and IS is the secondary load current through the burden.

Set IE/IS = 0.1 to deÞne a 10% error (IE and IS are assumed to be in phase). For the 1200:5 ct in Þgure 4,

IS = 100 A (20 times rated secondary current)

IE = 10 A

The secondary exciting voltage, VS for the full-ratio winding, corresponding to IE = 10 A, is obtained from the
excitation curve. Figure 4 shows that with IE = 10A, VS is 500 V. Although the standard burdens involve power factor,
a quick arithmetic (worse case) calculation of the secondary terminal voltage, VB, may determine the classiÞcation
since the standard voltage values for 5 A secondaries are 10 V, 20 V, 50 V, 100 V, 200 V, 400 V, or 800 V (see annex B).

From Þgure 1: VB = VS - (IS ´ RS) (XL is negligible)

VS = 500 V

RS = 0.61 W (from Þgure 4)
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IS ´ RS = 100 ´ 0.61 = 61 V

VB = 500 - 61

VB = 439 V

By selecting the next lowest classiÞcation voltage, this ct is determined as having a C400 classiÞcation.

If the arithmetic calculation of VB is marginal with respect to a standard classiÞcation voltage, a more exact check
should be done with a standard burden, ZB, at 0.5 pF. For the ct shown in Þgure 4 at a standard 4 W burden:

Referring to Þgure 4 for VS = 434 V, IE, is approximately 2.0 A. The error, IE/IS, is about 2% so the ct has a
classiÞcation of C400 because at this secondary terminal voltage (VB = IS ´ ZB = 400 V), the error is < 10%.

4.4.2 Examples of using the accuracy classification to assess steady-state current transformer 
performance

Example 1:

A 1200/5, C400 ct with excitation curves, shown on Þgure 4, is connected to a 2.0 W burden. Based on the accuracy
classiÞcation, what is the maximum symmetrical fault current that may be applied to this ct without exceeding a 10%
ratio error?

Answer:

Based on the criteria that the ct can deliver 20 times rated secondary current without exceeding a 10% ratio error, the
maximum fault current will be 24 000 A. However, with a 2.0 W burden, this will result in a voltage below the knee-
point of the ct and, as a practical matter, it will be within 10% accuracy at higher currents. This can only be accurately
determined from excitation or ratio correction curves and not from the accuracy classiÞcation. For example, a ct with
characteristics shown on Þgure 4 will produce between 180Ð240 A without exceeding the 10% ratio error, depending
on the power factor of the 2.0 W burden.

Example 2:

A 1200/5, C400 ct is connected on the 1000/5 tap. What is the maximum secondary burden that can be used and still
maintain rated accuracy at 20 times rated symmetrical secondary current?

Answer:

Since the secondary voltage capability is directly proportional to the connected tap, the ct will support a voltage of
1000/1200 ´ 400 V or 333 V. Twenty times rated secondary current is 100 A. Therefore, the maximum burden is
333 V/100 A or 3.33 W.

4.4.3 Determination of percent error and ANSI voltage classification for "T" class cts using 
overcurrent ratio curves

For "T" class cts, the secondary leakage reactance is not negligible. For this reason, IEEE Std C57.13-1993 requires
manufacturers to provide overcurrent ratio curves for these cts on rectangular coordinate paper plotted in terms of

V S IS RS ZB+( )´= refer to figure 1( )

100 0.61 2.0 j3.464+ +( )´=

261 j346.4+=

434 V 53Ð °=
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primary versus secondary current from 1 to 22 times rated primary current for all standard burdens up to the burden
that causes a ratio correction of 50%. Figure 5 is a typical overcurrent ratio curve for a "T" class ct.

The percent error of a T class ct can easily be computed from an overcurrent ratio curve for any standard burden and
a known primary current using the following relationship:

Example 1: From Þgure 5, Þnd the percent error of a T class ct with a 4 W standard burden carrying 17 times rated
primary A. When "times rated primary current" equals 17, then "times rated secondary current" equals 13 at the
intersection of 17 with the 4 W curve.

The ANSI voltage accuracy rating can also be determined from a T class overcurrent ratio curve. By trial and error, Þnd
the ratio of "times rated primary current" to 20 times rated secondary current starting with the lower standard burden
and incrementing to the next higher burden until the percent error calculated exceeds 10%. The burden with the percent
error no greater than 10% is the one with which to classify the ANSI accuracy voltage rating.

Example 2: From Þgure 5, Þnd the ANSI accuracy voltage rating of this 5 A rated T class ct.

Assume 2 W standard burden

When IS = 20 ´ rated secondary current, then

IP = 22 ´ rated primary current

Voltage rating = 20 ´ 5 ´ 2 = 200 V

Therefore, the ct can also be classiÞed as a T200 where the 10% error is implied.

All higher burdens will exceed 10% error. Therefore, the ANSI classiÞcation is not applicable in this case for the 4 W
and 8 W burdens.

% error
Multiples of rated primary current

Multiples of rated secondary current
---------------------------------------------------------------------------------------è ø

æ ö 1Ð 100´=

 % error\ 17
13
------ 1Ðè ø

æ ö 100% 30.77%=´=

% error 22
20
------ 1Ðè ø

æ ö 100% 10%=´=



Copyright © 1995 IEEE All Rights Reserved 11

USED FOR PROTECTIVE RELAYING PURPOSES IEEE Std C37.110-1996

Figure 5ÑOvercurrent ratio curve

4.5 Dynamic characteristics

4.5.1 Flux change with asymmetrical primary current

The dc component of an asymmetrical current greatly increases the ßux in the ct. When the dc offset is at a maximum,
the ct ßux can potentially increase to 1 + X/R times the ßux resulting from the sinusoidal, or non-offset component,
where X and R are the primary system reactance and resistance to the point of the fault [B11]4.

The difference between the non-offset and offset ßux is illustrated in Þgures 6 and 7. In Þgure 6, there is remanent ßux
but no offset in the primary current. The ct core does not go into the saturated region of operation so the secondary
current is undistorted. Figure 7 shows the resulting ßux and secondary current when the primary current is fully offset.
The increase in ßux is not instantaneous, indicating that saturation does not occur instantaneously but takes time. This
time is called the time-to-saturation.

4The numbers in brackets preceded by the letter B correspond to those of the bibliography in annex D.
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Figure 6ÑRelationship between primary current and flux and between primary current and 
secondary current for a nonsaturated current transformer

4.5.2 Saturation factor and time-to-saturate

If practical, the effects of saturation can be avoided by sizing the ct to have a knee-point voltage above that required for
the maximum expected fault current and ct secondary burden, with suitable allowance for possible dc component and
remanence. The knee-point voltage may be 50% to 75% of the standard accuracy class voltage rating of the ct (e.g.,
C 400). Saturation can be avoided by observing the following:

a) To avoid ac saturation, the ct shall be capable of a secondary saturation voltage, VX :

VX > IS ´ ZS

where

IS is the primary current divided by the turns ratio, and ZS is the total secondary burden (RS + XL + ZB).

b) To avoid saturation with a dc component in the primary wave and with a pure resistive burden, the required
saturation voltage is

where

X and R      are the primary system reactance and resistance up to the point of fault [B11].

V X IS ZS 1 X
R
----+è ø

æ ö´>



Copyright © 1995 IEEE All Rights Reserved 13

USED FOR PROTECTIVE RELAYING PURPOSES IEEE Std C37.110-1996

Figure 7ÑRelationship between primary current and flux and between primary current and 
secondary current for a saturated current transformer

If the ct burden is also inductive, the required saturation voltage to avoid saturation caused by primary dc is

To also account for possible premagnetization (in the worst direction)

These requirements generally result in impractically large cts and hence compensating steps must be taken to
minimize saturation effects on the relay protection plan. Some high speed instantaneous relays can operate before
saturation has time to occur.

4.5.2.1 Saturation voltage

The saturation voltage (VX) is that symmetrical voltage across the secondary winding of the ct for which the peak
induction just exceeds the saturation ßux density.

4.5.2.2 Saturation factor

The ratio of the saturation voltage to the excitation voltage is deÞned as The Saturation Factor KS and is an index of
how close to saturation a ct is in a given application. It is used to calculate the time-to-saturate under transient
conditions.

V X IS ZS 1
X
R
----

RS RB+

ZS
-------------------´+è ø

æ ö´>

V X

IS ZS 1
X
R
----

RS R+
B

ZS
-------------------´+

è ø
ç ÷
æ ö

´

1 per unit remanenceÐ
--------------------------------------------------------------->
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4.5.2.3 Time-to-saturation

Time-to-saturation is important in the design and application of protective relays. A ct will often be capable of
accurately replicating offset primary currents for one or two cycles before the ct core starts to enter the region of
distorted operation. The time-to-saturation of a ct is determined by the following parameters:

a) Degree of fault current offset. The system X/R ratio and the fault-incidence angle determine the degree of
offset in the primary current waveform. As described above, the dc component contributes an increase in ßux;
the greater the degree of offset, the sooner the core will reach the onset of saturation.

b) Fault current magnitude. For the same degree of offset, the magnitude of the offset current is proportional to
the magnitude of the sinusoidal current component. The greater the magnitude, the faster the increase in the
ßux to the point of saturation.

c) Remanent ßux in the ct core. Remanent ßux in the ct core will add to, or subtract from, the ßux produced by
other mechanisms, depending on their relative polarities. When the remanent ßux results in an increase, the
time-to-saturation is shortened. In cases of very high remanent ßux, the ct may be effectively saturated almost
from the beginning. Subclause 4.6 covers this subject in more detail.

d) Secondary circuit impedance. All other factors being equal, a ct with a higher total secondary burden of the
same power factor will have a shorter time-to-saturation. This is because the higher burden demands a higher
voltage at a given current and the ßux is proportional to the voltage. For two impedances of the same
magnitude, the one with the more inductive component (lower pF) will give a longer time-to-saturation
because the inductance has a low impedance to the dc offset current, reducing the burden voltage drop and
associated ßux.

A second characteristic of inductive burdens is their tendency to saturate at high secondary currents. The
effect is to reduce the burden volt drop, which reduces the ßux and increases the time-to-saturation. When an
inductive burden is added to a ct circuit, the magnitude of the overall ohmic burden is not substantially
increased (even if saturation of the burden is ignored) because the impedances are added as vectors rather
than as scalars.

e) Saturation voltage. The secondary excitation impedance of a ct depends upon the quantity and quality of the
iron in the core. The larger the cross section of the core of the ct, the more ßux is required to saturate it. This
results in a higher saturation voltage. All other factors being equal, the time-to-saturation will be longer.

f) Turns ratio. The fundamental measure of ct saturation is the degree that ßux density exceeds the saturation
ßux density level. For a given core area and primary current, increasing the turns ratio of a ct decreases the
ßux and, thereby, reduces the ßux density. The reduction in ßux may be visualized as the result of two effects.

Firstly, since E = n ´ dF/dt, an increase in turns reduces the amount of ßux necessary to produce a given
secondary EMF. Stated another way, saturation occurs at a proportionally higher voltage when the number of
secondary turns is increased.

Secondly, an increase in turns reduces the secondary current for a given primary current, since the secondary
current varies inversely with the turns ratio. If the secondary ohmic burden were to remain unchanged, the
required secondary voltage would also vary inversely with the turns ratio. In practice, the ohmic burden of the
secondary circuit will increase to some extent if the ct ratio is increased.

¾ The winding resistance of the secondary winding is proportional to the number of turns and therefore
increases with an increase in the turns ratio.

¾ The use of a higher turns ratio may require the use of a more sensitive, higher burden relay or relay tap,
particularly if an electromechanical relay is employed.

¾ The ohmic burden of the secondary wiring between the ct and the relay typically does not change with
an increase in ct ratio since the conductors are not resized for the lower current.

Thus, while the net effect of a lower secondary current is, in general, a lower secondary voltage requirement,
how much lower will depend on the details of the speciÞc case.

The combination of the two effects (more EMF per unit of ßux and lower secondary current) is a substantial
decrease in core ßux for an increase in turns ratio. This also results in an increase in time-to-saturation.
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The considerations above are intended to apply to choosing the best ct ratio on a multi-ratio ct. When specifying cts,
it should be kept in mind that a manufacturer may use a smaller core in a higher ratio ct to meet the same accuracy class
requirement, since accuracy classes are speciÞed in terms of voltage, not ßux. With a smaller core, the ct has a greater
tendency to saturate. To avoid this dilemma, the ct can be speciÞed to have a higher accuracy class or a C800 accuracy
class can be required for a lower ratio than the full-winding ratio.

IEEE Publication 76 CH1130-4 PWR contains curves from which the time-to-saturation can be calculated. The basic
equation covering this is

where

ln is the natural log function
TS is the time-to-saturation
T1 the primary system time constant
KS the saturation factor VX/VS, where VX is the saturation voltage and, in this case, VS is deÞned as

VS = IS (RS + RB)
w is 2pf, where f is the system frequency
X is the reactance of the primary system to the point of the fault
R is the resistance of the primary system to the point of the fault

4.6 The effects of remanence

The remanent ßux in a ct core depends on the ßux in the core immediately before primary current interruption. The
magnitude of the ßux is determined by the value of symmetrical primary current, the dc offset, and the impedance of
the secondary circuit. Maximum remanent ßux is obtained when the primary current is interrupted while the
transformer is in a saturated state. In addition, testing that requires dc to ßow in the transformer winding will cause
remanence.

Once remanent ßux is established, it is dissipated very little under service conditions. A voltage of about 60% of the
knee-point voltage shall be applied to reduce the remanence to less than 10% of saturation ßux density.

The remanent ßux will, therefore, remain in the core until it is demagnetized.

4.6.1 Output of a ct with remanence

When the ramanent ßux is of the opposite polarity to the ßux due to the transient component of the fault current, the
ct tends to produce an undistorted secondary current. If the remanent ßux is of the same polarity as the ßux due to the
transient component of the fault current, then a distorted secondary waveform is probable.

Figure 8 shows three waveforms representing the output current of a ct with and without remanence. These waveforms
relate to a typical C800 1200/5 ct. The fault current in each case is 24 000 A and the dc offset has a time constant of
0.05 s (X/R = 19) and maximum amplitude. The total burden for all three traces is 1.6 + j0.7 W. Waveforms A, B, and
C show the ct behavior with remanent ßux of 0%, 50%, and 75%, respectively. The time-to-saturate in each case is 1.5
cycles, 0.5 cycles, and 0.3 cycles, respectively.
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Since remanent ßux as high as 80% of saturation ßux can be obtained, and has been measured in cores of cts (see
annex C), the total burden capability of a transformer with such high remanence will be correspondingly reduced.
Since the resistance of the transformer secondary winding is a part of the total burden, the burden external to the
transformer would have to be reduced to a very small value to avoid transient saturation of the ct core.

4.6.2 Reducing remanence in cts

The only way of reducing remanence in ct cores that are presently in service is to demagnetize them by external means.
Such demagnetization can be performed using power frequency voltage. With the primary winding open circuited, a
source of variable voltage is connected across the secondary winding and increased until the core starts to enter the
saturated region. This point can be detected by observing the disproportionate increase in exciting current. Reduction
of the voltage to zero over a period of about 3 s will demagnetize the core. A ct in service and carrying load may be
demagnetized by inserting a variable resistor in the secondary circuit, increasing its resistance to achieve core
saturation, and then reducing the resistance to zero. Complete avoidance of loss of performance due to remanence,
would require demagnetization of ct cores after each major disturbance. However, as this is a practical impossibility,
the effects of remanence must be taken into account. CTs should be demagnetized after a continuity check or
resistance measurement. The prevention of accidental saturation of cts by test instrumentation would require special
continuity testers and resistance measuring instruments.
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Figure 8ÑSecondary waveforms with increasing remanent flux
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The remanence in new transformers can be controlled in several ways. These include the use of

a) Different grades of steel for the core
b) Gapped cores
c) Biased core cts

These measures will be discussed in turn as follows:

a) Cold-rolled, grain-oriented, silicon steel is the core material used for almost all relaying cts. This material can
have remanence as high as 80% of its saturation ßux density. Hot-rolled silicon steel does not have as high a
permeability or as low losses as the cold-rolled steel, but its maximum remanence is approximately half of the
cold-rolled steel.

b) The use of a gapped core in a ct has two effects on its performance. It increases the magnetizing current and
reduces the possibility of remanence. It can be shown that the increase in magnetizing current due to a small
gap will have no effect on the relaying accuracy rating of a ct but the remanence will be reduced to a very
small value. CTs with large gaps in their cores, sometimes referred to as linearized cores, have little or no
remanence.

c) The biased-core ct consists of a core made of two equal sections. By a suitable arrangement of bias windings
and a dc power supply, one core section is magnetically biased to approximately 75% of the maximum ßux
density in the positive direction while the other core section is magnetically biased in the negative direction.
The transformer operates as a conventional transformer except for the ßux resetting action of the bias
windings. This resetting action guards against any remanence being left in the core. The obvious
disadvantages of this type of transformer are the bias windings and the requirement for a dc power supply. It
should be pointed out that the failure of the dc power supply does not affect the operation of the transformer
as such, but only its ßux resetting action. The transformer performance then reverts to that of a conventional
ct.

4.7 Fundamental transformer equation

The fundamental transformer equation is

where

V/N is the volts per turn, which is the same in both windings
Bm is the maximum ßux density in the core (tesla)
A is the effective cross sectional area of the core, cm2

f is the frequency (Hz)

The ideal ct operates with an ampere-turn balance such that

where

N1IP = N2 IS

where

N1 is the number of primary turns
N2 is the number of secondary turns

V
N
----

BmAf

22.51 102´
----------------------------=
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However, exciting current is needed to generate the ßux, which produces the secondary voltage. This will produce a
ratio error that is sometimes corrected by putting fewer turns on the core than the equation above demands. The extra
secondary current compensates for the exciting current. The formula is useful for estimating the cross sectional area
where the volts per turn are proportional to the area of the core. Application of the fundamental transformer equation
requires the use of information on ct iron ßux density characteristics and cross sectional area. Where this information
is available, analysis using a computer program is the best approach.

5. General application of current transformers

Under ideal conditions, the secondary current developed by a ct will be an exact replica of the primary current.
However, the ct secondary current will not be a sine wave when the ßux in the ct core reaches into the saturated region.
The factors affecting this are

a) Secondary burden
b) Primary current
c) Asymmetry in the primary current
d) Remanent ßux in the ct core

The accuracy rating used in classifying cts is not a recommended operating point as it is simply a convenient method
for specifying the steady-state voltage that the ct is required to produce. A more useful ct parameter is the knee-point
voltage (see 4.3).

5.1 Current transformer burdens

Higher ohmic burdens in the ct secondary circuit will tend to result in greater saturation of the core, and therefore,
larger errors in the secondary current waveform. The reason for this is that a given secondary current requires more
voltage from the ct for a higher burden, and the core ßux density is proportional to the time-integral of this voltage.
When the core becomes saturated, signiÞcant current is diverted through the cts magnetizing branch, and the desired
secondary current is reduced and distorted. Burden calculations are, therefore, necessary to ensure that ct accuracy
limits are not exceeded.

The total ohmic burden on the ct is the vector sum of the ct winding resistance, the connecting lead resistance, the
impedance of any auxiliary cts, and the impedance of the connected relays and meters. Impedances of devices
connected in the secondary of an auxiliary ct should be reßected (multiplied by the square of the auxiliary ct ratio) to
the primary side, when calculating the burden on the main ct. This is only accurate if the auxiliary ct is not saturated.

As a Þrst check in making the burden calculation, it is common practice to add the individual burdens arithmetically
rather than vectorially. In many cases, this approach is very accurate, particularly if the ct winding resistance and the
connecting lead resistance comprise the bulk of the secondary burden. However, if this method predicts poor ct
performance, and if information on burden power factor is available, the less conservative, but more complicated,
vectorial method should be used.

Electromechanical relays are usually subject to saturation themselves, at high currents. Coil impedances at the currents
of interest (as opposed to rated current) should be used in the burden calculation. A table of burdens vs, current
(burdens may be expressed either in ohms or volt-amperes) is usually provided in the relay instruction book, but
information on the power factor is often incomplete. In this case, it is customary to assume a purely resistive burden.

With the ohmic burden determined, the next step in predicting ct performance is to determine the required ct excitation
voltage by multiplying the calculated total ohmic burden (using the magnitude, in the case of vectorquantities) by the
maximum expected secondary fault current. The ct excitation characteristic is then used to determine the excitation
current. The higher the excitation current, as a proportion of the expected secondary current, the worse will be the
actual replication of the primary current waveform. If errors greater than 10% are indicated (or more conservatively, if
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the calculated excitation voltage is above the knee-point), then the application is suspect and measures to reduce the
burden are advised.

Sample burden calculation

Consider the 1200/5 ct of Þgure 4 applied under conditions of a 24 000 A maximum fault current as illustrated in
Þgure 9. First consider the circuit without the auxiliary ct and then with the auxiliary ct.

The relay time-overcurrent unit is to be set for 5 A, and the instantaneous unit for 40 A. The secondary current under
maximum fault conditions is expected to be 24 000/240 = 100 A.

Figure 9ÑBurden calculation

1200/5 ct: From Þgure 4, the winding resistance is 0.61 W

1500 ft of #10 wire: 1500 ft ´ 1.0 W/1000 ft ´ 2 = 3.0 W.

TOC unit: The relay instruction book indicates a burden of 490 VA at 20 times tap-value (5 A), or 0.049 W.

IOC unit: The instruction book indicates a burden of 0.007 W for this unit.

Total burden: The scalar addition of all burdens (a fairly accurate approach which also simpliÞes calculations), results
in 0.61 + 3.0 + .049 + 0.007, or about 3.7 W.

The required excitation voltage is, therefore, 3.7 ́  100 = 370 V. This is well above the knee-point voltage of the ct, and
is at best a marginal application.

Consider now the same application with the addition of a 5:1, T200 auxiliary ct.

Auxiliary ct: According to the manufacturer, the internal burden of the auxiliary ct is 1.11 VA at 5 A. The ohmic burden
is, therefore, 1.11 W on the secondary side.

TOC unit: The reduced current requires that the TOC unit now be set on the 1 A tap. The burden at 20 times tap-value
current is given as 265 VA, or 0.66 W

IOC unit: The IOC unit burden at the new tap setting is given as 0.125 W.

Total burden on the auxiliary ct: Again using a scalar addition, the secondary burden on the auxiliary ct is 1.11 + 3.0
+ 0.66 + 0.125, or 4.9 W. The required excitation voltage from the auxiliary ct is 4.9 ´ 20, or 98 V, well within the
capability of a T200 ct.
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Total burden on the main ct: Reßected to the primary the auxiliary ct secondary burden is 4.9/25, or 0.196 W. The total
burden on the main ct is, therefore, 0.61 + 0.196, or 0.81 W. The required excitation voltage on the main ct is now 81 V,
representing a dramatic reduction compared with the previous example.

It should be pointed out that in general, other factors such as dc offset in the primary current waveform, ct remanence,
the operating characteristics of the connected relays etc., should also be considered. This may result in a requirement
for better cts (or smaller connected burdens) than calculations of the above type would indicate.

5.2 Ratio selection

In general, ct ratios are selected to match the maximum load current requirements, i.e., the maximum design load
current should not exceed the ct rated primary current. The highest ct ratio permissible should usually be used to
minimize wiring burden and to obtain the highest ct capability and performance. The ct ratio should be large enough
so that the ct secondary current does not exceed 20 times rated current under the maximum symmetrical primary fault
current.

The use of low ratio cts on low current rated circuits, where fault current levels are very high, presents problems of
reduced ct capability, the possibility of very high secondary currents, and ct saturation. These effects can be minimized
by using the highest ct ratio that is compatible with low current range relays and instruments. Where the fault level
exceeds 20 times the ct secondary rated current, an additional higher ratio ct should be used with an instantaneous
relay.

5.3 Long-term and short-term thermal ratings

The ct ratio should be selected so that, for maximum primary load current, the secondary current produced does not

exceed the continuous thermal current rating of any part of  the ct total secondary circuit.

Most cts have a nominal continuous secondary current rating of 5 A, but higher ratings can be speciÞed. These ratings
are speciÞed by the standard rating factor. Values of the standard rating factor are 1.0, 1.33, 1.5, 2.0, 3.0, and 4.0 (See
IEEE Std C57.13-1993,  6.5).

Cables and wire leads will usually have a greater ampacity than the ct secondary because other considerations
determine cable and wire size. Relays and other devices in the secondary current circuit must be checked to make sure
that their thermal ampacity rating will not be exceeded by maximum primary load current. It should be noted that delta
connected cts produce currents in the cables and relays that are times the ct secondary currents.

While high currents for short-circuit conditions are expected to last for a relatively short time, system failures can
result in longer fault duration. The energy dissipated in the ct secondary windings and the cables is generally not a
concern because of the relatively high thermal capacity. In very high current applications, it should be veriÞed that the
short time thermal capability of relays will not be exceeded. The short time rating of relays is generally speciÞed by the
manufacturer and should be in accordance with the ct short time ratings in IEEE Std C57.13-1993.  This usually
follows the expression I2t = constant, where I is the current in amperes and t is the time in seconds. However, the
maximum through fault current should not exceed 20 times the ct rating to maintain accuracy.

3
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Figure 10ÑCT connected in series

5.4 Current transformer secondary output accuracy class voltage

The ct accuracy class voltage should be chosen so that the ct secondary output will be sufÞcient to ensure proper
performance of the associated relays. The proper relay performance must be deÞned by the protection engineer for the
particular application of the relay. The evaluation of ct accuracy depends on the magnitude of the primary short circuit
current, ct ratio selected, ct accuracy class (C, K, or T), ct excitation characteristics including saturation, and secondary
circuit burden. In all cases, the application should be checked to ensure that waveform distortion does not occur under
conditions of maximum symmetrical fault current.

For differential applications, ct performance to ensure restraint for external faults may be most important in selecting
ct accuracy class voltage. For line protection, ct performance for close-up faults may be the most important criterion.

The highest available ratio on a multi-ratio ct will provide up to the rated voltage output (such as 800 V for a C800 ct)
to drive the secondary current through the secondary burden. For C or K class cts, lower ratios will provide
proportionally lower capability, while at the same time requiring more secondary current to be driven into the burden.
Therefore, lower ct ratios produce rapidly diminishing accuracy performance due to the dual effect of higher currents
and lower output voltage capability.

In general, the highest possible ct ratio will produce the best accuracy performance but at the possible expense of
sensitivity.

5.5 Connecting current transformers in series

This connection is not recommended for new installation; however, it may be present in some existing installations. It
is better to use one ct with good performance or reduce the burden on the ct. Cts in series must be identical and
physically next to each other to avoid faults between them.

CAUTION Ñ If a primary fault should occur between the two cts, excessive overvoltage can result. Secondary
overvoltage protection may be required. An example would be the use of a ct from each side of a
breaker and a ßashover occurring between the breaker contacts and the case of the breaker. The
current in the cts would be in opposite directions, therefore, excessive overvoltage occurs on each
ct.
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The addition of a second identical ct in series results in the following changes (see Þgure 10):

a) The burden (volt-ampere) requirement is divided between the two cts.
b) The burden voltage capability is doubled.
c) The burden impedance placed on each ct is one half the external connected burden impedance.

Therefore, when two cts with similar excitation characteristics are connected in series, the excitation voltage of each
ct is reduced by 50% and the excitation current is also reduced. The burden voltage capability is doubled.

5.6 Three-phase connections

In three-phase ct connections, the burden on individual cts varies with the type of connection and the type of fault as
shown in the following table:

Table 1ÑFault type effects on burden

Optimum ct performance will be obtained from the connection that provides the lowest overall burden.

5.7 Auxiliary current transformers

Auxiliary cts are used for the following reasons:

a) Circuit isolation to permit independent grounding
b) Change in ratio to match current requirements
c) To produce a phase shift in a three phase circuit
d) To reverse polarity
e) To limit main ct fault burden by saturating during faults
f) To reduce the burden on the main ct by reducing the apparent impedance of a portion of the burden by the

square of the auxiliary ct ratio
g) Zero sequence shunt or trap

The auxiliary ct should be selected with an adequate continuous current rating and voltage capability for the
requirements of its connected burden. The addition of an auxiliary ct adds burden to the main ct, but the net effect on
the main ct may be either a decrease or an increase in burden, depending on whether the current is stepped down or up.
The apparent impedance to the main ct of the portion of the burden in the secondary of the auxiliary ct is that portion
multiplied by the square of the auxiliary ct ratio. For example, a 1.0 W burden in the secondary of a 2:1 auxiliary ct
would appear as 0.25 W to the main ct, but would appear as 4.0 W for a 1:2 auxiliary ct. For this reason, current step-
up applications should be avoided when practical.

Connection
Type of fault

3 Ph or ph-to-ph Ph-to-ground

Wye (connected at ct) Z = RS + RL + ZR Z = RS + 2RL + ZR

Wye (connected at switchhouse) Z = RS + 2RL + ZR Z = RS + 2RL + ZR

Delta (connected at switchhouse) Z = RS + 2RL + 3ZR Z = RS + 2RL + 2ZR

Delta (connected at ct) Z = RS + 3RL + 3ZR Z = RS + 2RL + 2ZR

Z is the effective impedance seen by the ct
RS is the ct secondary winding resistance and ct lead resistance; also includes any relay 

impedance that is inside the delta connection (ohms)
RL is the circuit one-way lead resistance (ohms)
ZR is the relay impedance in the ct secondary current path (ohms)
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To ensure good performance under fault conditions, the knee-point voltage of the auxiliary ct should be considered in
relation to its connected burden, without regard to the knee-point voltage of the main ct. However, an auxiliary ct with
an unnecessarily high knee-point voltage may have an undesirably high internal burden, which is seen directly by the
main ct.

If circuit isolation is not required, it is advantageous to use auxiliary cts in the autotransformer connection for
maximum capability or minimum burden. The use of the autotransformer connection usually results in better transient
response. Ratios that are not available with a two winding arrangement can be obtained using the autotransformer
arrangement. Figure 11 shows how additional ratios can be obtained with 5:5 A, 10:5 A, and 15:5 A two-winding
auxiliary cts connected as autotransformers. Only the step down ratios are shown. Stepping up current with auxiliary
cts is not usually good practice as the connected burden will be increased as the square of the turns ratio of the
auxiliary ct.

5.8 Bus configuration

A single line or transformer per breaker offers the simplest consideration of maximum primary load currents. Here, the
primary of the ct sees the same current as the line or transformer.

For ring bus and breaker-and-a-half applications, the ct ratio needs to be adequate for the maximum through-ßow
requirements. The desired ct ratio for the circuit connected between two breakers may be lower. If so, the main cts
should be connected in parallel at their maximum ratio and an autotransformer-connected auxiliary ct used to feed the
circuit relays or a lower tap used on the main ct. Performance of the lower tap of the main ct should be weighed against
the performance using an auxiliary ct.

A second approach is to select cts and secondary circuit elements that have sufÞcient thermal rating and burden
capability. CT taps can then be based on load and short-circuit considerations for the line without the use of auxiliary
cts.
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Figure 11ÑTwo-winding auxiliary cts connected as autotransformers

5.9 Current transformer location

It is customary when using dead tank breakers to place cts on both sides of the contacts so that the protection zones will
overlap. When live tank breakers are used, the cts are usually freestanding and located on only one side of the breaker.
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The availability of breaker failure protection can determine which side of the breaker is best for ct location. A fault
occurring between the breaker and the ct assembly may not be detected by the main protection. All possibilities of fault
position should be considered and the location of the ct chosen for the fastest overall fault clearance.

5.10 Minimizing the effects of current transformer saturation

Generally, the performance speciÞcation for protective relays only covers operation at fundamental frequency
sinusoidal currents. A rule of thumb frequently used in relaying to minimize the ct saturation effects is to select a ct
with a C voltage rating at least twice that required for the maximum steady-state symmetrical fault current.

A discussion of methods to avoid ct saturation altogether is given in 4.5.2.

When metering instruments are used on the same cts as relays, the ct ratio should be sized for the relay needs and
auxiliary ct used to bring the metering ratio to the desired value. The metering circuit burden is reßected through the
auxiliary ct by the square of the turns ratio and added to the auxiliary ct burden. Both are minimized by selecting an
auxiliary ct that will saturate at several times the maximum load current. This will minimize the metering burden on
the main cts under heavy fault current. It also reduces the likelihood of the meters being damaged during a severe fault.
Damage can occur when the cts have ratios suitable for meters and the ct C voltage rating has been chosen for relaying.

5.11 Determining current transformer steady-state performance using secondary 
excitation curves

The secondary excitation method provides a means of developing a curve that relates primary current to secondary
current. Current transformer tap, secondary lead length, and relay burden can all be incorporated into the calculations.

Example 1:

Assume the secondary burden in a relay circuit is 5 W. The relay setting is 2 A and the ct ratio is 300/5. Using Þgure 4,
calculate the primary current required to operate the relay.

VB = 5 W times 2 A = 10 V

The secondary exciting current, from Figure 4, is approximately 0.04 A.

Example 2:

A relay is expected to operate for a 7000 A primary current. The ct ratio is 600/5. Secondary burden is 3.5 W. What is
the error for the ct shown in Þgure 4?

The total secondary fault current is (7000/600) ´ 5 = 58 A. Assume the exciting current is negligible.

The exciting current will not be negligible, however, and the calculation will need to be iterated.

IP N IST( )=

N IE IS+( )=

300 5¤ 0.04 2+( )A 122  A==

V S IS RB RS+( )=
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From Þgure 4, this voltage would require an excitation current of approximately 5 A, giving a relay current of 58 
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For the second iteration, try 
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The ratio error is, therefore, 2/58 or about 3.4%.

 

6. Effects of current transformer saturation on relays

 

6.1 Saturation effects on electromechanical relays

 

The performance of a relay for nonsinusoidal currents cannot be predicted without a detailed knowledge of the
operating principles of the relay. Electromechanical relays operate on a value of current related to the rms value of the
applied current. However, relays that develop an operating torque through internal phase-shifted ßuxes may perform
differently because of different phase shifts for different component frequencies of the distorted current.

Electromechanical relays tend to saturate at high currents. This reduces the relay burden on the ct, so that the ct
performance at moderately high currents may be considerably better than the performance predicted from the relay's
rated burden at 5 A.

CTs take time to enter the nonlinear region of operation; therefore, instantaneous relays can sometimes be set to
operate if the relays respond faster than the occurrence of saturation. On the other hand, instantaneous relays, which
operate in one to two cycles, may not operate at all during extreme ct saturation because the short pulse of current from
the ct in each half cycle may last less than 1 ms.

 

6.2 Saturation effects on static relays

 

Static relays fall into two main categoriesÑthose relays that use an analog of the input current for processing the
signal, and those relays in which analog to digital converters are used. Analog type relays respond to the average, not
the rms, value of current. The response of digital relays is a function of the operation of the relay software. For a given
waveshape, the difference can be compensated for, but a universal correction is not practical. This difference should be
considered particularly when applying both electromechanical and static relays in a coordinated scheme. Except when
stated otherwise, a manufacturer's relay performance data should be assumed to be based on sine wave steady-state
rms values. Static instantaneous relays may perform differently than electromechanical instantaneous relays when
subjected to saturated cts and offset fault currents.

 

6.3 Saturation effects on differential relays

 

The effect of ct saturation on differential relays depends on the type of relay and on whether the fault is external or
internal to the protected zone. For internal faults, differential relays of any type shall be designed and applied such that
they will operate either despite the presence of distorted waveforms, or prior to their onset. The more prevalent concern
is the possible misoperation of differential relays for external faults.

Relays of the percentage differential type have some immunity to misoperation on severe external faults because their
operating characteristic requires a substantial ratio of operate current to restraint current. Some percentage differential
relays are also restrained by harmonic currents that are characteristic not only of transformer inrush (which is why they
are used), but also of ct saturation, either of which conditions will cause undesired current to how in the operate circuit
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of a differential relay. However, since the presence of harmonics may then delay or prevent operation on severe internal
faults, it is customary to include a high-set, unrestrained overcurrent unit in the operate circuit of these relays.

If set properly, differential relays of the high-impedance type are immune to ct saturation during external faults; in fact,
they are set not to trip assuming complete saturation of the ct with the highest primary current.

 

6.4 Unbalance current measurement

 

Unequal saturation of cts in three phases can result in incorrect indication of unbalance current in the secondary
currents, where lower level, or no such unbalance exists in the primary currents. Unequal saturation can be caused by
unequal amounts of transient dc component in the primaries, unequal amounts of low-frequency currents in the
primaries, or use of different ct types or manufacturers, or accuracies or burdens between the three phases.

The incorrect indication of unbalance current can result in incorrect operation of negative sequence, or residually
connected zero sequence overcurrent relays. Incorrect indication of unbalance conditions can be minimized by using
cts with similar excitation characteristics and burdens in all three phases.

In some cases, even when balanced ct accuracies and burdens are used, incorrect indication can still occur. For
instance, some single-phase tripping and reclosing line protection systems may depend on the presence of zero
sequence current to indicate the presence of a single line to ground fault. Close-in three-phase faults will have different
amounts of transient dc component in the primary currents, which may result in different performance of the three-
phase cts, and incorrect indication of zero-sequence current. For protection schemes where the possibility of
signiÞcant incorrect indication exists, special designs such as modiÞcation of zero-sequence level detectors by
portions of positive sequence current may be used.

Shunt reactor protection systems may also suffer from incorrect indication of unbalance currents [B7]. Some systems
rely on negative or zero sequence current to indicate the presence of turn to turn faults in the reactor. When the reactor
is energized, there may be large and long lasting transient dc components in the phase currents (due to the high X/R
ratio of the reactor). The level of dc component is usually different in each of the three phases, and unequal saturation
of the three-phase cts may result. The effect of unequal saturation may be minimized by use of a ct in the neutral to
ground primary connection of the reactor for zero sequence current measurement, and by time delays after
energization for negative sequence current measurement.

 

7. Specific applications of current transformers

 

7.1 Overcurrent relays

 7.1.1 Non-directional phase and ground overcurrent relays  

The time current characteristics used in a coordinated system can minimize, but not eliminate, possible coordination
errors due to the effects of ct saturation on relay performance. On a radial system, backup relays are generally supplied
from higher ratio cts than the primary downstream relays. The backup relaying cts will, therefore, be less likely to
saturate. The primary relays on the saturated cts will probably operate more slowly due to the distorted secondary
current waveform. Necessary coordination may be lost.

An example where this may happen is when a transformer in an older station is replaced with a larger transformer. See
Þgure 12. The cts on the distribution feeder breakers could have a low accuracy class of C200 or C400. With the higher
fault current supplied by the larger transformer, the cts on the distribution breakers may saturate for feeder faults.
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Figure 12ÑNondirectional phase and ground overcurrent relays

 

Assume a worst case condition such as a close-in line-to-ground fault on a distribution feeder and an inÞnite system
source behind the transformer. In this case, the three-phase and line-to-ground fault current would be the same, 11 954
A at 13.8 kV.

From table 1, the effective ct burden seen by the feeder breaker's cts for a line-to-ground fault is Z = 
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(Assume cts connect in wye at the ct.) Therefore, the necessary internal voltage to drive the ct secondary current
through the burden is equal to
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where

If the feeder breaker cts are rated C200 with a knee point of about 100 V then they will saturate, produce distorted
secondary current, and therefore, cause slower operation of the feeder electromechanical overcurrent relay.

Any unexpected loss of coordination can be minimized by one of the three following methods:

a) Additional coordination time can be included in the settings.
b) A less inverse relay time curve can be used upstream from the relay which has the saturated cts. This permits

a greater time margin at high currents when saturation is more likely to occur.
c) Set the instantaneous units below the current at which saturation begins to severely affect the speed of the

time overcurrent units. This assumes that instantaneous tripping is enabled throughout the reclosing
sequence.

V S
11 954
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---------------- 0.414 2 0.411( ) 0.113 0.146+ + +( )´=
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If the cts are rated C400, the ct performance will be satisfactory for symmetrical faults because the knee point voltage
is above 149 V and nearly 200 V.

 

7.1.2 Phase directional overcurrent relays

 

The directional unit in a voltage polarized directional phase-overcurrent relay is more sensitive than the overcurrent
relay it controls. For this reason, it is less affected by ct saturation. The polarizing voltage reacts with the fundamental
component of the operating current. During ct saturation, the fundamental component of the current is reduced in
magnitude and advanced in phase angle; however, these effects are not usually enough to prevent operation of the unit
because of its sensitivity.

 

7.1.3 Ground directional overcurrent relays

 

The directional element of most directional electromechanical ground overcurrent relays is polarized by either zero-
sequence voltage or zero-sequence current. When the unit is polarized by current, the reference current is usually
obtained from cts in the neutral of delta-wye connected transformers or in the tertiary winding of autotransformers.

If load current is taken from the delta-connected tertiary winding, cts in each phase of the tertiary winding shall have
their secondaries connected in parallel to provide only the zero-sequence current (3I

 

0

 

) for ground relay polarizing. If
there is little or no load current on the tertiary, only a single ct is necessary to provide zero-sequence (I

 

0

 

) current. Three
cts with their secondaries in parallel will provide a higher polarizing current magnitude than a single ct of the same
ratio; however, the single ct ratio may be lowered to increase the polarizing current if necessary.

In those cases where a suitable source of zero-sequence voltage or current cannot be obtained, it is necessary to use
negative sequence directional units for the ground overcurrent relays. The ratio selected should be sufÞcient to provide
adequate negative sequence current in the relay for ground faults at the end of the protected line section.
Microprocessor based relays frequently use negative sequence polarizing developed internal to the relay.

Another case where it may be necessary to use negative sequence polarizing is when mutual coupling causes current
reversals in the neutral of a grounded wye-delta transformer. This will generally occur when the respective zero-
sequence networks of two parallel lines are isolated except for the mutual coupling between them. A ground fault on
one line induces a zero-sequence current ßow in the parallel line. At one end of the parallel line, current will ßow from
the ground to neutral and through the windings of grounded wye-delta transformers, as expected. At the other end,
however, current will ßow in the opposite direction, i.e., from neutral-to-ground. The latter case will result in incorrect
ground relay polarization. When using pilot schemes, if negative sequence polarizing is required at one-end of a line,
it is preferable to use it at both ends to ensure correct coordination.

 

7.1.3.1 Suitability of current sources for ground polarizing

 In the rare instance where one leg of the transformer zero sequence T equivalent impedance is negative and greater in
magnitude than the system zero-sequence source connected to that terminal of the transformer, the tertiary winding is
not a suitable source for ground relay polarizing. See Þgure 13. The polarity of the tertiarycurrent would reverse for
fault current ßowing through the transformer. Situations where this would occur generally involve small or high
impedance transformers connected to strong systems.

Through fault current in the common winding of an autotransformer can ßow in either direction. This current ßow can
cause confusion in verifying the polarity of the tertiary cts. To determine the proper polarity of the tertiary ct
connections, the transformer contribution or polarizing current ßowing in the tertiary should be considered to ßow
from the ground into the winding in a manner identical to the neutral current of a delta-wye transformer.
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Figure 13ÑZero-sequence current polarizing for autotransformer T equivalent impedance

7.1.3.2 Current polarization from the neutral of three-winding transformers and autotransformers

 Three-winding transformers are usually connected either wye-delta-wye or delta-delta-wye. Polarizing current may be
obtained from the neutral of a delta-delta-wye in the same manner as a two winding delta-wye transformer. This is also
true of a wye-delta-wye transformer where only one of the wye winding neutrals is grounded. A wye-delta-wye
transformer with both wye winding neutrals grounded, however, requires a ct in each neutral with the secondaries
connected in parallel and with the relative ratios that are the inverse of the relative ratios of the main transformer
windings.

The neutral of an autotransformer is frequently unsuitable as a source of polarizing current since, as stated above, the
current in the common winding can change directions for faults on the high and low side of the transformer. Therefore,
an autotransformer neutral should only be used after a careful analysis of the direction of current ßow in each winding
during fault conditions.



 

32

 

Copyright © 1995 IEEE All Rights Reserved

IEEE Std C37.110-1996 IEEE GUIDE FOR THE APPLICATION OF CURRENT TRANSFORMERS

 

7.1.3.3 Multiple ground polarizing current sources

 

Where there is more than one polarizing current source in a station, cts are often paralleled from each available source.
This permits outages on any of these sources without affecting the directional ground relays. The ct ratios used in this
case should be low enough to produce adequate polarizing current for remote faults during outage conditions and high
enough to prevent excessive currents during close-in faults. The ct ratios for the several polarizing sources should be
selected to provide approximately equal secondary currents to minimize the effect of the outage of one source. As a
general rule, the maximum current in each relay's polarizing circuit should be limited to 100 A.

 

7.1.4 Toroidal flux summation or ring type cts

 

Ground fault relaying on industrial switchgear is commonly provided by an instantaneous relay connected to an open
window ring type ct. All three phases of the primary pass through the same window. The ct ratio is commonly 50/5 A
with a low accuracy classiÞcation such as C10. Ground fault currents may be limited to 1200 A or less by added
resistance in the transformer neutral. This helps prevent dc offsets. The low ratio makes a low relay tap selection
unnecessary. It is not necessary to use sensitive relay taps because of the low ratio; however, the ct performance should
be checked using the burden of the relay at the tap selected. The relay short-time rating should be checked at the
maximum fault current available.

 

7.1.5 Instantaneous overcurrent relays

 

If a ct saturates for any fault current above the relay's instantaneous element setting, a check should be made to
determine that the time-to-saturate at the minimum saturation current and at the maximum current available are
sufÞcient to permit instantaneous relay operation. See 4.5.2.

 

7.2 Differential protection

 

7.2.1 General

 

The principle of differential protection is to compare currents ßowing into the protected zone to those ßowing out of
the protected zone in order to determine if the fault is internal or external to the zone.

There are two aspects in considering the response of differential relays to distorted secondary current waveforms as
follows:

a) There is the tendency for unequal ct performance to produce false "operate" current in the relays for external
faults.

b) There is the possibility for severe saturation on internal faults, particularly in the presence of dc offset, which
could prevent or delay differential relay operation.

The following subclauses discuss proper ct selection and application in order to avoid these problems.

 

7.2.2 Generator protection

7.2.2.1 Current transformer selection

 

The following requirements apply to cts used for generator differential applications:

a) The ct primary current rating equal to 120% to 150% of the continuous generator current rating shall be
selected.

b) Full-winding ratio shall be utilized.
c) Cts that have fully distributed secondary windings shall be used.
d) Cts with the highest practical secondary voltage capability shall be used.
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e) Cts dedicated to the differential protection in order to minimize the burden shall be used. However, this may
not be necessary if low burden digital generator protection relays are used for generator protection.

f) For very high ratio cts, 20 000/5, 4000/5, or higher, cts with compensation windings to minimize the
proximity effect shall be speciÞed. See 7.2.2.5.

The differential cts on both sides of a generator should be of the same ratio, rating, connected burden, and preferably
have the same manufacturer so that the excitation characteristics are well matched.

 

7.2.2.2 Gapped current transformers

 

The characteristics of gapped cts and nongapped cts are dissimilar so they should not be used in the same differential
circuit in primary generator protection. However, gapped cts on the neutral-end of an overall generator/transformer
differential scheme can be mixed with nongapped cts on the high voltage system because the step-up transformer
impedance attenuates the fault magnitude sufÞciently.

 

7.2.2.3 Wye- or delta-connections

 

When the conÞguration of the generator allows a choice, wye-connected cts, with the wye-connection at the cts, can
be used to reduce circuit burdens. Details of the effects of ct connections are given in 5.6.

 

7.2.2.4 Inclusion of a generator breaker

 

If the generator differential zone must include a generator breaker, it is not always possible to use cts with the same
excitation characteristics, especially knee-point voltage. The mismatch between cts should be checked.

In order of preference, the goal is to

a) Avoid ct saturation for asymmetrical currents if possible.
b) Prevent saturation on symmetrical currents.
c) Go into saturation at the same current if avoiding dc saturation is not possible.
d) Minimize the difference in time-to-saturation for asymmetrical currents (dc saturation).

 

7.2.2.5 Proximity effects

 

The proximity of a ct to a conductor carrying a high current can affect the performance of the ct. The magnetic ßux
produced by the adjacent current can induce both phase angle and ratio errors, which can cause incorrect operation of
differential schemes under both steady-state (load) and fault conditions.

This phenomenon is discussed by R. A. Pfuntner [B24]. It is a common problem for large diameter, very high ratio cts
located on the terminals of large generators where the interphase spacing is small and the primary conductors are very
close to the adjacent phase ct secondary windings. In such cases, it is customary tospecify cts with "shield" or
compensation windings. These are extra segmented windings spaced around the ct core and interconnected with
opposing polarities so their linkages with the normal internal core ßux cancel out. However, when an external
magnetic Þeld due to the current in an adjacent phase conductor couples to the core asymmetrically, the net ßux
linkage to this Þeld does not cancel and the resulting current ßow in the compensation windings produces a counter
ßux, minimizing the inßuence of the external Þeld.

Connections between the compensation windings on a ct are made internally by the manufacturer. No connections are
brought out from the compensation windings so application of these cts needs no additional consideration.

 

7.2.2.6 Generator differential relay application

 

It is impractical to size cts to avoid transient saturation in a generator differential because of the high X/R ratios
encountered. The rule is to select the largest practical rating and match the terminal and neutral-side cts. The pitfall is
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that the highest ct accuracy class is the C800 and that any ct with an excitation voltage exceeding 800 V is classiÞed
C800 no matter how high the voltage. For example, one 6000:5 ct may have an excitation voltage of 1500 V at 10 A
of exciting current and be classiÞed C800. A second ct 6000:5 of a different manufacture may have 978 V at 10 A of
excitation and also be classiÞed C800. The generator cts must have the same excitation curve with matching knee-
point voltage and the same excitation voltage at 10 A excitation current in order to avoid differential error current
occurring during an offset through fault condition.

Consider the application of a generator differential relay for a 111 MVA, 13.8 kV generator. The machine has an X/R
ratio of 52 and can contribute 58 800 A to an external bus fault. All the cts are classiÞed 6000:5, C800. The continuous
current is

and the ct primary rating is selected to be between 120% and 150% of the continuous current rating

1.2 

 

´

 

 4643 = 5572 A

1.5 

 

´

 

 4643 = 6965 A

A 6000:5 rating is selected, which is the Þrst standard full winding rating above 5572 A. The ct and the lead resistance
for the generator terminal cts were calculated to be 2.6 

 

W

 

 and 2.3 

 

W

 

 for the neutral cts with negligible impedance in the
restraint windings. Consequently, the maximum ct symmetrical voltage due the maximum fault current is

However, the ct would have to support a symmetrical current of (1 + X/R) times this value or 127 

 

´

 

 (1 + 52) = 6731 V
to avoid saturation during the fully offset maximum fault. The largest ANSI rating is C800. For this reason all the cts
must be of the same manufacture with knee-point voltages matched as closely as possible so as to experience the same
degree of saturation during the offset.

How closely should the knee-point voltages be matched? Consider the application shown in the schematic of Þgure 14
with a set of generator terminal-side cts having a 500 V knee-point voltage and a set of neutral-side cts having a 552 V
knee-point voltage. The knee-point voltage is generally 46% of the excitation voltage occurring at 10 A of excitation.
Consequently, the actual rating can be considered to be 500/0.46 = 1087 V and 552/0.46 = 1200 V, respectively. Figure
15 shows the response of these cts for a 58 800 A fault with maximum offset due to an X/R ratio of 52. In this case, the
ct at the generator terminal saturates slightlybefore the ct on the generator neutral. The slight mismatch of the knee-
point voltages and of the lead resistance on each side produces a 50 A pulse current in the operate coil. The pulse, being
of short duration and accompanied by restraint current, is not expected to operate the relay. However, the mismatch can
be eliminated by increasing the series resistance on the neutral side to equal the 2.6 

 
W

 
 of the terminal leads times the

ratio of the knee-point voltages (552/500) or 2.87 

 

W

 

. This case is shown in Þgure 16. Figure 15 and 16 were obtained
by computer simulation using the method explained in [B35]. An alternative would be to reduce the burden of the
terminal side cts in order to eliminate the mismatch. However, this is not always possible, especially when the cts are
widely separated and the burden is largely composed of the resistance of the cables.

Icont
111 MVA

3 13.8 kV
---------------------------- 4643 A= =

V
58 800
1200

---------------- 2.6( ) 127 V= =
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Figure 14ÑGenerator differential application

7.2.3 Transformer protection

7.2.3.1 Current transformer arrangements

Separate relay restraint circuits should be used for each power source to the transformer. If the secondary windings of
cts from two or more supply breakers are connected in parallel, under heavy through fault conditions differential
current resulting from the different magnetizing characteristics of the cts, will ßow in the relay. This current will only
ßow through one restraint winding and can cause misoperation. If each ct is connected to a separate restraint winding,
the total fault current in each breaker provides restraint. Connecting ct secondary windings in parallel is advisable only
where both circuits are outgoing loads. The maximum through fault level will then be restricted solely by the power
transformer impedance.

7.2.3.2 Current transformer sizing for internal faults

If a ct starts to saturate for internal faults, harmonics will be produced in the secondary waveform. If the relay is of a
harmonic restraint type, the differential relay can restrain initially.

As a rule of thumb, ct performance will be satisfactory if the ct secondary maximum symmetrical internal fault current,
IF, multiplied by the total secondary burden, Z, is less than half the C voltage rating of the ct (see 5.10). This allows
some room for dc offset (asymmetry) and remanence before the ct saturates.
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Figure 15ÑSecondary current in neutral and terminal side cts with differential current

Figure 16ÑSecondary current in neutral and terminal side cts with differential 
current for corrected burden

7.2.3.3 Application procedure

Avoiding ct saturation for the maximum asymmetrical external fault requires cts with a C voltage rating of (1 + X/R)
times the burden voltage appearing for the maximum symmetrical external fault where X/R is for the primary system.
It may not be possible to satisfy this condition. In applying differential protection, it is important that the high-side cts
and the low-side cts are saturated to the same extent for external faults. Therefore, the C voltage ratings should be as
high as is practical but should match their respective burdens if relay misoperation is to be avoided.

Maximum offset 58 800 A, X/R = 52

Maximum offset 58 800 A fault current, X/R = 52
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1) Select the high-side ct ratio by considering the maximum high-side continuous current. Let this current be

IHS. The choice of ct ratio should ensure that at maximum loading, the continuous thermal rating of the ct,

leads, and connected relay burden should not be exceeded. For delta-connected cts the relay current is 

times the ct secondary current. Let this ratio be ctH and be the nearest standard ratio higher than IHS/I, where

I is 5 A or a lower value determined by the relay setting.

2) Determine the burden on the high-side cts.
3) For the high-side ct ratio, select the highest available nominal accuracy class voltage of ct that will exceed

twice the product of the total high-side ct secondary burden and the maximum symmetrical high-side ct
secondary current, which could be experienced by the ct due to an external fault. If necessary, select a ct ratio
higher than that indicated in item 1 above to meet this requirement. For the maximum internal fault, the ct
ratio and burden capability should permit operation of the differential relay instantaneous unit before
saturation occurs.

4) Select a standard low-side ct ratio to provide a secondary current of less than 5 A for maximum load current.

Select the relay tap settings to provide a match between the high-side and low-side currents. Where delta-

connected cts are used, the relay current is  times the ct current.

5) This procedure should be followed for all power transformer windings. If a ct ratio has been selected on the
basis of the reduced MVA rating of a winding, the relay tap settings must be selected for a proper match for
the full MVA rating on any two windings. This may require an auxiliary ct to match the available relay tap
settings for a winding of reduced MVA rating.

6) Calculate I3¯, the maximum symmetrical through-fault current on the power transformer low-side and verify
that this quantity does not result in low-side ct secondary current greater than 100 A (20 times rated current,
5 A). If this exceeds 100 A, proportionally increase the nominal ct ratios for the high-side and low-side cts.

7) Determine the burden on the low-side cts.
8) Select a nominal low-side ct accuracy class voltage for the tap ratio in use that exceeds twice the product of

the total low-side ct secondary burden and the maximum ct secondary symmetrical current taking into

account the  factor for delta-connected cts. The ratio of burden voltage to ct voltage capability for the

maximum external fault should be about the same for both high- and low-side cts.

7.2.3.4 Application of a transformer differential relay

Figure 17 shows a 4160 V bus supplied by a 5000 kVA 13.8/4.16-kV delta-wye resistance grounded transformer.

3

3

3
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Figure 17ÑTransformer differential protection

The transformer has a 5% impedance on a 5 MVA base. System and ct data being considered are as follows:

To apply the procedure delineated in the previous paragraph, proceed as follows:

1) To choose the high side ct ratio, allow for the maximum continuous current to which the transformer may be
subjected. This includes the highest rating capability of the transformer. The maximum continuous load on the
transformer is the nameplate rating of 5000 kVA.

System data

Description Value

System X/R 11

Source impedance on 5 MVA base 0.0064 p.u.

13.8 kV ct cable connection (Bus IF)Ñ1400 ft (427 m) (one way) of #10 1.43 W

13.8 kV differential relay at tap 2.9 0.1 W

4.16 kV ct cable connectionÑ 25 ft (7.6 m) (one way) of #10 0.03 W

4.16 kV differential relay at tap 8.7 0.02 W

4.16 kV ct accuracy class C200 delta-connected 0.5 W

13.8 kV ct accuracy class C50 (Option A), wye-connected 0.16 W

13.8 kV ct accuracy class C200 (Option B), wye-connected 0.31 W
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A ct rating of 600/5 is selected to minimize the effect of the long secondary cable.

Isec = 209.2/120 = 1.74 A.

Select the 2.9 A tap for 87 T.

2) If option A is chosen, the total burden on the high side will be

3) The maximum three-phase symmetrical fault current through the primary ct for a fault on the low-side terminals is

The ct secondary current due to through fault conditions will be

If/(Ct ratio) = 3710/120 = 31 A

The required ct voltage will be

VS = 1.91 ´ 31 = 59.2 V

The desired ct accuracy class is twice the above voltage, or 118.4 V. Since the voltage required by the primary ct is
higher than the ct accuracy class of C50, the primary ct will saturate.

Component Burden

13.8 kV, C50 0.16 W

1400 ft (427 m) #10, one way 1.43 W

Differential relay @ 2.9 A tap 0.1 W

Total burden 1.69 W

Total burden, allowing for 40 °C 
(1.69 times 1.13)

1.91 W

NOTE  Ñ  The 1.13 multiplier for 40 °C temperature rise would not apply for 
buried cable.

IHS
kVA

3 kV´
-------------------- 5000

3 13.8´
------------------------ 209.2 A= = =

I f
kVA

3 Zxmfr zsource+( ) kV´´
--------------------------------------------------------------------- 5000

3 0.05 0.0064+( ) 13.8´´
-------------------------------------------------------------------- 3710 A= = =
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The use of option B with C200 ct will result in the following:

The required voltage will be

VS = 2.08 ´ 31 = 64 V

The C200 ct provides satisfactory performance for the guideline of twice 64 V or 128 V.

4) The maximum continuous low-side current with the taps set on the mid-point or nominal voltage setting will be

A ct ratio of 1200/5 will result in a full-load ct secondary current of (694/240 = 2.89 A). The differential relay current

is  ´ 2.89 = 5.0 A. A relay tap of 8.7 A provides a match with the primary side within 5%.

5) Since the ct was chosen on the full rating of the winding, this section of the procedure is not applicable.

6) The maximum symmetrical secondary fault current is calculated as follows:

The secondary ct current is I3¯/240 = 51 A. This is less than 100 A. Therefore, there is no need to increase the nominal
ratios for high-side and low-side cts.

7) Since the 4 kV cts are connected in delta, the burden seen by the secondary ct is as follows:

Component Burden

13.8 kV, C200 0.31 W

1400 ft (427 m) #10, one way 1.43 W

Differential relay @ 2.9 A tap 0.1 W

Total burden 1.84 W

Total burden, allowing for 40 °C 
temperature rise (1.84 times 1.13)

2.08 W

Component Burden

4.16 kV, C200 0.5 W

25 ft (7.6 m) #10, one way (3 ´ 0.03) 0.09 W

Differential relay @ 8.7 A tap (3 ´ 0.02) 0.06 W

Total burden 0.65 W

Total burden, allowing for 40 °C temperature 
rise (0.65 ´ 1.13)

0.73 W

ILS

kVp

kVs
----------è ø

æ ö IHS´
13.8
4.16
----------è ø

æ ö 209.2´ 694 A= = =

3

I3Æ
kVA

3 Zxmf Zsource+( ) kV´´
-------------------------------------------------------------------- 500

3 0.05 0.0064+( )´ 4.16´
-------------------------------------------------------------------- 12 300 A= = =
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8) The minimum voltage required by the ct considering the delta connection of the secondaries is

VS = IS ´ Rburden = 51 ´ 0.73 = 37 V

Since the C200 ct capability is more than twice the required maximum symmetrical fault voltage, the ct will not
saturate.

This example demonstrates a relatively good match between ct performance and burden on each side of the
transformer.

7.2.4 Bus protection

The two most common classiÞcations for bus differential relays are high-impedance and low-impedance relays. There
is a relay system made by one manufacturer that is classiÞed as a medium-impedance system and minimizes the need
for matched cts. Since this application is not general enough in the US, it is not addressed in this guide.

NOTE  Ñ  For a more detailed discussion of bus protection systems, see IEEE Std C37.97-1979. 

7.2.4.1 High-impedance differential relaying

Differential relaying with special high-impedance voltage relays circumvents the problem of ct saturation during
external faults. Bushing or toroidal cts with fully distributed windings and low leakage ßux shall be used. All cts
should have the same ratio. The highest ratio should be used in order to develop the maximum ct capability (permitting
a higher relay setting for security) and to minimize the secondary current, and hence the voltage developed for the
heaviest external fault. The basic circuit for this is shown in Þgure 18.

Figure 18ÑHigh-impedance bus protection

The relay differentiates between internal and external faults by the relative magnitude of voltage that appears across
the differential junction.

For external faults, the ct on the faulted circuit is assumed to saturate completely (worst possibility). The relay sees a
voltage equal to the external fault current multiplied by the ct ratio times the resistance of the leads and the secondary
winding of the saturated ct. If this voltage is less than the voltage setting of the relay, then the relay will not operate.

For an internal fault, the cts attempt to force secondary current through the high-impedance differential relay and a
relatively high voltage is developed to operate the overvoltage unit. The ct lead junction point should be centrally
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located in the switchyard to minimize the voltage developed to the relay for an external fault and saturated ct.
However, ct junction points at the relay location for convenience in cable routing or using existing cables have been
successfully applied where the cable run is relatively short and ct and relay requirements are met.

To express the relay setting requirements, it is then necessary to calculate the voltage appearing across the relay circuit
during a maximum external fault with the faulted circuit ct saturated:

VR ³ If (RS + PRL)

where

If is the maximum external fault secondary current
RS is the ct secondary winding resistance and leads to housing terminal
P is 1 for 3¯ fault
P is 2 for ¯-G fault
RL is the maximum one way cable resistance from the ct housing terminal to the secondary lead junction point
VR is the relay setting voltage

To ensure satisfactory operation of the relay under internal fault conditions, the lowest ct knee-point voltage VK of any
ct connected in the scheme should be at least twice the relay voltage setting, i.e., VK > 2VR.

For high-impedance relays, the full ct winding should be used for all cts. If one or more cts have an overall ratios in
parallel. On internal faults, the higher burden of the relay will result in higher voltage across the ct tap used, and by
autotransformer action, a high voltage at the winding end terminal may exceed the capability of the circuit insulation.
Also, the secondary current is greater and ct voltage capability is reduced, both of which are objectionable from the
relay application and setting standpoint.

Several approaches to permit using cts with different ratios and avoiding excessive voltage are given as follows:

a) The best solution is to make all ct ratios the same by retroÞtting the offending breakers with cts of the proper
ratio. If this is not possible because of the continuous current requirement of a particular breaker, a ct of the
proper ratio but with a higher thermal rating factor could be speciÞed. For example, if a 3000 A breaker is to
be connected to a bus where all other breakers are rated at 2000 A, the 3000 A breaker could be equipped with
2000:5 cts with a thermal rating factor of 1.5.

b) Another method is to use the higher ratio ct in one circuit breaker for both the differential relay and as an
auxiliary ct. The two breakers should be next to each other to minimize the interconnecting cable burden. The
disadvantage of this scheme is that when the circuit breaker with the higher ct is out of service and physically
removed, the bus protection must be removed from service or the connections moved to another breaker (see
Þgure 19).

c) The disadvantage of method 2 is avoided by paralleling the low ratio ct to the corresponding taps of higher
ratio cts in two or more adjacent breakers. In this way, the higher rated cts act as ratio matching
autotransformers for the low ratio ct and either can be removed without affecting the bus relaying (see Þgure
20).

d) Another approach is to match the low ct ratio to the higher one with a special auxiliary autotransformer. This
auxiliary ct must have distributed windings on a toroidal core similar to a bushing ct and have a C voltage
rating adequate for the desired relay setting (see Þgure 21).

e) Other solutions to this problem may be applicable. These solutions require modiÞcations to the differential
relay voltage limiting circuit rather than the ct connections.

An example of high-impedance bus differential relay application is shown in Þgure 22. Here a high-impedance relay
is applied to a four breaker bus with C800, 3000:5 cts. Each ct has a winding resistance of 1.5 W and 100 ft (30.5 m)
#14 leads connected to the relay. The relay setting was determined by considering the maximum external fault of 50
000 A and the ct of the faulted breaker completely saturated. The voltage drop across the total lead resistance of 0.523
W and the 1.5 W winding resistance by the 83.33 A secondary current was calculated as 168.6 V. A factor of 2 was
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applied for asymmetry and errors, giving a calculated value of 337 V. The nearest setting of the relay used is 400 V at
2210 W.

Figure 19ÑHigh-impedance bus differential using one multi-ratio differential/auxiliary ct

Figure 20ÑHigh-impedance bus differential
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Figure 21ÑHigh-impedance bus differential using a special auxiliary auto-transformer

Figure 22ÑHigh-impedance bus differential
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This case was analyzed using the two breaker model, as in Þgure 23.

Figure 23ÑEquivalent circuit of 3 cts supplying current to 1 ct

The model uses an equivalent C800, 3000:5 ct to represent the three unfaulted breaker cts while the external fault was
applied to the fourth breaker. The model of the equivalent ct has the same saturation voltage and one third the
magnetizing impedance as shown in the Þgure. Figure 24 shows that less saturation occurs due to the dc offset because
of the high-impedance of the relay than would occur with a low-impedance relay using the same cts and leads as
shown in Þgure 29. Consequently, there is virtually no difference between the total current from the unfaulted cts, trace
I1, and the current to the faulted ct, trace I2. Figure 25 shows the difference current for the case where the peak current
is less than 0.1 A and the trip value for the relay, calculated from the 400 V 2210 W relay setting, is 0.255 A peak.

Figure 24ÑSecondary current for a 50 000 A external fault, 
bus differential relay with a 400 V 2210 W setting
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Figure 25ÑOperating current in high-impedance bus differential relay for a 50 000 A external fault 
on a four-breaker bus with C800, 3000:5 ct

Figures 26 and 27 show the trip condition for the minimum internal fault with only one breaker closed where the
minimum fault current was found to be 500 A of primary current. Figure 26 shows the secondary current of the closed
breaker, Trace I1. Trace I2 is the total magnetizing current supplied to the cts of the open breakers. Figure 27 shows the
difference current exceeds the 0.255 A relay trip level. The wave distortion is due to the high content of magnetizing
current.

Figure 26ÑSecondary current for a 500 A minimum internal fault, bus differential relay with 400 V, 
2210 W setting

The relay trip level is 0.255 A peak.
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Figure 27ÑOperating current in a high-impedance bus differential relay (trip level 0.255 A peak) for 
a 500 A four-breaker bus

7.2.4.2 Low-impedance overcurrent differential relaying

There are several schemes for differential protection using low-impedance overcurrent relays. The simplest uses
induction disk overcurrent relays. Other schemes use percentage restraint and variable percentage restraint overcurrent
relays that offer the advantages described in the paragraphs below. For new installations, cts compatible with the
chosen scheme should be selected. For existing installations, the scheme that is compatible with the existing cts should
be chosen. If possible, change existing cts for the desired performance.

Simple induction disk overcurrent relays can be installed to measure the difference of the ct outputs on each phase of
the bus protected. The difference current can be determined by paralleling the ct leads in the switch-yard or at the relay
house. The connection is like that for high-impedance differentials described in 7.2.4.1. CTs of the same ratio should
be used. A fourth relay measuring the residual of the three-phase relays can be used to provide sensitive tripping for
bus ground faults. Auxiliary cts to compensate for unequal ct ratios should be avoided unless the auxiliary cts'
performance is sufÞcient to drive the relays' burden for the expected fault current.

While the above scheme is simple, care should be taken to avoid ct saturation for external faults. CT ratios, burdens,
and accuracy class voltage should be selected to avoid ct saturation. CTs close to generating stations are more likely
to saturate due to higher X/R ratios and the resulting longer dc offset time constants. Any difference current due to
saturation basically represents the magnetizing current lost in the saturated ct. This difference current can cause the
overcurrent relay to operate. False operations can be minimized by using long time delays and high pickup values for
the disk element. This limits the relay's speed and sensitivity.

When ct saturation cannot be avoided, multi-restraint percentage differential relays often are used to compensate for
the error current. An operating restraint coil in each ct circuit or combination of circuits helps prevent operation for
heavy through fault currents. The relay's characteristics make it less sensitive to error current because a certain
percentage of differential current compared to restraint current is allowed before tripping. The restraint windings
usually have much lower impedance than the current cable leads, so adding the restraint does not add a burden penalty
to ct performance. However, with these relays, each current circuit should be brought into the relay and not paralleled
in the switchyard. Again, identical ct ratios should be used and auxiliary cts should be avoided.
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Further security will result from using variable percentage multi-restraint relays. Therefore, the percentage of error
current it takes to operate the relay increases as the error current increases in magnitude.

An example of the variable percentage restraint application uses a four breaker bus with 3000:5, C800 cts with 1.5 W
winding resistance on each breaker as shown in Þgure 28. The total loop resistance for 100 ft (30.5 m) of #14 wire is
0.523 W for each ct. The relay restraint elements have an impedance of 0.015 + j0.025 W and the operating coil is
modeled by a 10 W reactance with a saturation voltage of 15 V. Consequently, the 83.33 A due to the maximum
external 50 000 A fault causes a voltage drop of 170 V across the winding resistance, leads, and restraint coil
impedance. The cts appear adequately rated since the C800 rating is about 4.7 times the symmetrical secondary fault
voltage. However, the rating is not sufÞcient to prevent saturation during the exponential decay of an asymmetrical
fault current.

Figure 28ÑLow-impedance bus differential application

To create a simple two breaker model, an equivalent 3000:5 C800 ct was used to represent the three unfaulted breakers
while an external fault was applied to the fourth breaker (see Þgure 23). The model of the equivalent ct has the same
saturation voltage and one-third the magnetizing impedance as shown in the Þgure.

In Þgure 29, the unfaulted ct combined outputs are shown by Trace I1. The ct on the faulted breaker saturates and is
shown by Trace I2. The difference current seen by the relay operating circuit is shown by Trace Id. The difference
current, while signiÞcant in magnitude, produces only short blips of current and decays before the relay has chance to
operate. Buses with lower fault currents, higher ct ratios, or better accuracy class cts would have even more security
against false tripping.
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Figure 29ÑSecondary current for a 50 000 A external fault on a four-breaker bus showing saturation 
in the faulted ct and the differential current in the relay operating coil

Some overcurrent differential relays are augmented by a clapper type ac instantaneous relay to quickly detect heavy
internal faults. The relay is set at or above one half of the maximum external fault current for any breaker. The clapper
will not operate even if the ct on the faulted line completely saturates and produces secondary current during alternate
half cycles.

For all of the above low-impedance bus differential schemes, some past practices included the addition of a resistor
(2 W to 20 W) in series with the operating coil of the relay. This practice was used when cts of various accuracy class
voltage ratings were connected to the same differential, and the bus could experience heavy through faults. The extra
burden presented by the resistor caused the various rated cts to saturate at approximately the same time. The resistance
value shall not be so high as to prevent the relay from operating for internal faults. Improvement is also obtained by
reducing the cable burden associated with the low rated ct by paralleling conductors.

7.3 Distance protection

Distance relays are used in many different types of protection schemes and operate on many different operating
principles; hence, it is not possible to give a speciÞc guide on how to select cts for them without knowing the relay type
and its application. Therefore, only some of the most important factors are enumerated. They may or may not apply in
a speciÞc application.

Laboratory tests and operating experience have shown that ct related waveform distortion can result in erroneous
distance relay performance in the following three ways:

¾ cause underreaching
¾ reduce the speed of operation
¾ result in a loss of directionality

The latter type of failure is considered to be the most critical on the high-voltage transmission systems.

The risk of false tripping of line protection for bus faults is particularly critical in ring or breaker-and-a-half bus
arrangements. In this case, the current signal for the relay is derived by summing the output of two cts. In the case of
bus faults, the currents should add up to the line current, which normally is much less than the fault current. If the cores
are left with remanence magnetism in them, and the fault has a large dc component, the distance relays could be
presented with large error currents.
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7.4 Other types of high-speed protection

The effects on these relay systems due to ct saturation can be most serious because of their operating speed, the
conÞguration of ct sources, and the need for exactly the same performance at each location of the relaying systems.

The relay operating speed is typically 8Ð25 ms. In many cases the relay may have operated before any saturation
effects take place. However, on an external fault, although saturation is less likely, the system will be dependent upon
correct ct operation throughout the fault period.

Most phase comparison systems are designed to accept substantial phase angle errors without undue effects. A more
likely source of problem is distortion of the phase quantity magnitudes.

Directional comparison systems will have performance problems similar to stand-alone directional instantaneous
elements. One difference is that instead of just one or two cts affecting the devices performance, the cts at both ends
are involved, so there may be as few as two or as many as six cts involved.
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Annex A IEC standards on current transformers
(Informative)

The performance requirements of cts are speciÞed in IEC 185  (1987). This standard covers the general requirements
applicable to all cts and covers the additional requirements of the protective, Class P, cts. The accuracy requirement of
this class of ct is similar to the ANSI Class T ct. In a separate document, IEC 44-6  (1992), four other protective ct
classiÞcations are deÞned for cts where the accuracy requirements are more stringent and cover the transient
performance in considerable detail. This is referred as TP classiÞcation. The following is a brief summary of the IEC
methods of classifying protective ct accuracy.

a) Accuracy of the IEC Class P current transformers

The accuracy limits for Class P cts are deÞned with symmetrical primary current in terms of maximum composite error
at a speciÞed multiple of the rated current with a speciÞed burden in VA (Sb). The procedure and the syntax is
illustrated by showing how an ANSI T400 ct would be designated in IEC terminology.

IEEE Std C57.13-1993  classiÞes protection cts with a speciÞed secondary terminal voltage across a standard
impedance (Zb). The accuracy class rated voltage is measured with 20 times rated steady-state symmetrical current,
and the limit of acceptable composite ratio error is 10% (refer to 4.4 for details). For example, a ct with ANSI accuracy
classiÞcation T400 would be classiÞed in IEC terminology as a 100 VA, Class 10P20 ct, because

where

Sb is Zb ´ In
2 = 100 VA

10 is the percentage composite error limit
P deÞnes the ct as a protection ct
20 is the accuracy limit factor

The standard IEC values for the error limit are 5 or 10. Standard values for the accuracy limit factors are 5, 10, 15, 20,
and 30.

b) Accuracy of the IEC Class TP current transformers

There are four different TP classiÞcations to meet different functional requirements as follows:

¾ Class TPS low leakage ßux design ct
¾ Class TPX closed core ct for speciÞed transient duty cycle
¾ Class TPY gapped (low remanence) ct for speciÞed transient duty cycle
¾ Class TPZ linear ct (no remanence)

The error limit for TPS ct in terms of turn ratio error is ±0.25% and the excitation voltage under limiting conditions
should not be less than the speciÞed value; furthermore, this value is such that an increase of 10% in magnitude does
not result in an increase in the corresponding peak instantaneous exciting current exceeding 100%. In other words, the
ct should not be in saturated state at the speciÞed maximum operating voltage.

For TPX, TPY, and TPZ transformers, the error limit is summarized in the table below.

Zb

V acr

20In
----------- 400

100
--------- 4 W= = =
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The accuracy limit conditions are speciÞed on the rating plate. The required rating plate information is shown in the
table below. (The obvious information such as rated primary and secondary currents are not shown).

Class

At rated current At accuracy limit condition

Ratio Error %
Phase displacement 

minimum
Peak instantaneous error

%

TPX ± 0.5 ± 30 10

TPY ± 1.0 ± 60 10

TPZ ± 1.0 180 ± 18 10 (see note)

NOTE  Ñ  Alternating current component error.

CT class TPS TPX TPY TPZ

Symmetrical short-circuit current factor X X X X

Rated resistive burden (Rb) X X X X

Secondary winding resistance (at .. °C) X X X X

Rated transient dimensioning factor Ñ X X X

Steady-state error limit factor X Ñ Ñ Ñ

Excitation limiting secondary voltage X Ñ Ñ Ñ

Accuracy limiting secondary exciting current X Ñ Ñ Ñ

Factor of construction*

*The factor of construction is determined from the following ratio:

where
Valc is the mts value of sinusoidal voltage of rated frequency, which, if applied to the secondary winding

of a ct, would result in an exciting current corresponding to the maximum permissible error current
appropriate to ct class

Ealc is the equivalent rms emf of rated frequency determined during direct test when observed error
current corresponds to the appropriate limit for the class

Ñ X X X

Rated secondary loop time constant Ñ Ñ X Ñ

Specified primary time constant (Tp) Ñ X X X

Duty cycle Ñ X X Ñ

X = applicable, Ñ = not applicable

Equivalent secondary accuracy limiting voltage V alc( )

Equivalent secondary accuracy limiting e.m.f Ealc( )
-----------------------------------------------------------------------------------------------------------------------------------
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Annex B List of IEEE standard C values and burdens
(Informative)

The following table is extracted from IEEE Std C57.13-1993. 

Table 2 ÑStandard relaying burdens for current transformers with 5 A secondaries

The standard C ratings correspond to the values of the standard burdens with a current of 100 A, i. e., C100, C200,
C400, and C800.

Burden 
designation Resistance (W) Inductance 

(mH) Impedance (W) Volt as at 5 A Power factor

B-1 0.5 2.3 1.0 25 0.5

B-2 1.0 4.6 2.0 50 0.5

B-4 2.0 9.2 4.0 100 0.5

B-8 4.0 18.4 8.0 200 0.5
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Annex C Remanent flux in current transformers
(Informative)

When a fault occurs on a power system, a dc transient can occur in the current waveform depending on the point of
incidence of the fault. When a dc transient occurs, the resulting ßux in the line cts increases to a level substantially
higher than that caused by symmetrical currents.

Usually, the fault current will be interrupted in a few cycles. The fault current duration can be much shorter than the
time constant of the primary circuit. The result is a remanent ßux in the ct core that can only be removed by
demagnetization. It will not be affected by normal load current.

A survey of 141 cts on a 230 kV system revealed the following:

Remanent flux % of 
saturation

Percentage of cts

0Ð20 39

21Ð40 18

41Ð60 16

61Ð80 27
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Introduction

 

(This introduction is not part of IEEE Std C37.112-1996, IEEE Standard Inverse-Time Characteristic Equations for Overcurrent
Relays.)

 

Induction overcurrent relay characteristics have been in continuous use for over 40 years and are a de facto standard in
North America. When an overcurrent relay is installed in North America, it often must coordinate with existing
induction relays and fuses. Induction characteristics appear in the form of stored data tables, polynomials, or spline
curves in most relay coordination programs. There has been no previous deÞning standard and all the relay curve data
was obtained from characteristics plotted from experimental data. Conversely, microprocessor relays execute
algorithms that are mathematical procedures. They produce analytic characteristics that can be described accurately by
an equation. This standard bridges the gap between the previous graphical practices and the present analytical
practices. This is done by deÞning equations that ensure that microprocessor overcurrent relays will coordinate with
induction overcurrent relays. The standard deÞnes equations for the reset region as well as for the trip region of the
time-current characteristic that are derived from the basic differential equation for input-dependent time delay as it
applies to the induction relay.
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IEEE Standard Inverse-Time 
Characteristic Equations for Overcurrent 
Relays

 

1. Overview

 

1.1 Scope

 

The scope of this standard includes the review of various existing analytic techniques used to represent relay operating
characteristic curve shapes and proposes analytical (formula) representation of typical operating characteristic curve
shapes to foster some standardization of available inverse-time relay characteristics provided in microprocessor or
computer relay applications.

 

1.2 Purpose

 

The purpose of this standard is to provide an analytic (formula) representation of typical relay operating characteristic
curve shapes of various inverse-time relays to facilitate representation by microprocessor-type relays and promote a
degree of standardization in the inverse shape of a selected curve.

 

2. References

 

This standard shall be used in conjunction with the following publications. If the following publications are
superseded by an approved revision, the revision shall apply.

IEC Publication 255-3 (1989-05), Single input energizing quantity measuring relays with dependent or independent
time, Second Edition.

 

1

 

IEEE Std C37.90-1989 (R1994), IEEE Standard for Relays and Relay Systems Associated with Electric Power
Apparatus (ANSI).

 

2

 

 

 

1

 

IEC publications are available from IEC Sales Department, Case Postale 131, 3, rue de Varemb�, CH-1211, Gen�ve 20, Switzerland/Suisse. IEC
publications are also available in the United States from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th
Floor, New York, NY 10036, USA.

 

2

 

IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-
1331, USA.
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3. Definitions

 

3.1 inverse-time overcurrent relay: 

 

A current operated relay that produces an inverse time-current characteristic by
integrating a function of current 

 

F(I)

 

 with respect to time. The function 

 

F(I)

 

 is positive above and negative below a
predetermined input current called the pickup current. Pickup current is therefore the current at which integration
starts positively and the relay produces an output when the integral reaches a predetermined positive set value.

For the induction relay, it is the disk velocity that is the function of current 

 

F(I)

 

 that is integrated to produce the inverse-
time characteristic. The velocity is positive for current above and negative for current below a predetermined pickup
current. The predetermined set value of the integral represents the disk travel, required to actuate the trip output.

 

3.2 reset: 

 

The state of an inverse-time overcurrent relay when the integral of the function of current 

 

F(I)

 

 that produces
a time-current characteristic is zero.

 

3.3 reset characteristics: 

 

The time vs. current curve that deÞnes the time required for the integral of the function of
current 

 

F(I)

 

 to reach zero for values below current pickup when the integral is initially at the trip value.

 

3.4 time dial: 

 

The time dial is the control that determines the value of the integral at which the trip output is actuated,
and hence controls the time scale of the time-current characteristic produced by the relay. In the induction-type relay,
the time dial sets the distance the disk must travel, which is the integral of the velocity with respect to time.

 

4. The time-current equation

 

4.1 Coordination of inverse time-current characteristics

 

Coordination practice is inßuenced by the type of grounding used in distribution systems. Notably, in Europe and
Japan the practice is to operate impedance grounded or ungrounded relatively short three-wire primary distribution
systems. Since there are no single-phase laterals protected by fuses, coordination can be achieved using deÞnite-time
characteristics. In North America the practice is to operate grounded four-wire distribution systems with loads served
by single-phase laterals protected by fuses. As a result, coordination is obtained using inverse time-current
characteristics suitable for fuse coordination. Figure 1 shows the close coordination of an extremely inverse induction
characteristic with a high-voltage fuse.

The straight line 

 

I

 

2

 

t

 

 log-log plot of a fuse minimum melting time is often visualized as the basic time-current
characteristic. However, a deÞnite time must be added to emulate the maximum clearing time of the fuse. This
illustrates the fundamental concept that whenever Þxed clearing time is added to a straight line log-log plot, the result
is a curve. For this reason, the best shape for a time-current characteristic for coordination purposes is the curve formed
when a deÞnite time is added to the straight line of a log-log plot.

 

4.2 The analytic equation

 

Equations (1) and (2) deÞne the reset time and pickup time of an inverse-time overcurrent curve as shown in annex A.
By applying the constants to these equations, a characteristic curve can be accurately deÞned. Equation (2) is similar
to the IEC equation (see IEC 255-03 [1989-05]) except for the addition of constant B. The constant B deÞnes the
deÞnite time component that is the result of core saturation of an induction type relay.
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Figure 1ÑExtremely inverse characteristic compared with minimum melting and maximum clearing 
time of a 50E fuse

 

For 0 < 

 

M

 

 < 1

(1)

For 

 

M

 

 > 1

(2)

where

 

t(I)

 

is the reset time in equation (1) and the trip time equation (2) in seconds

 

M

 

is the 

 

I

 

input

 

/

 

I

 

pickup

 

 (

 

I

 

pickup

 

 is the relay current set point)

 

t

 

r

 

is the reset time (for 

 

M

 

 = 0)

 

A, B, p

 

constants to provide selected curve characteristics

Induction relays have a dynamic property that results in a higher rate of disk travel with higher current. Typically,
faulted conditions may present the relay with a variable fault current prior to the relay tripping. Equation (3) emulates
the dynamics of the induction disk inverse-time overcurrent relay and therefore coordination will be maintained even
with varying current.

(3)

t I( )
tr

M2 1Ð
-----------------è ø

æ ö=

t I( ) A
MP 1Ð
----------------- B+è ø

æ ö=

1
t I( )
--------- td

0

T 0

ò 1=
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where

 

T

 

0

 

is the operating time

 

4.3 Time dial

 

The time dial of an overcurrent relay is a control that permits the characteristic of the relay to be adjusted to a
predetermined trip time at a speciÞed current. The time dial generally allows a 15 to 1 range of time adjustment. In the
characteristic equations (1) and (2), the constants 

 

A, B,

 

 and 

 

t

 

r

 

 are varied proportionally with time dial. Whereas the
ratio of 

 

A

 

 to 

 

B

 

 may vary to some extent with the time dial setting in induction relays, the ratio of 

 

A

 

 to 

 

B

 

 remains
constant in microprocessor relays.

 

4.4 Standard time-current characteristics

 

The constants and exponents in table 1 when used in equations (1) and (2) deÞne the shape of the standard Moderately
Inverse, Very Inverse, and Extremely Inverse trip characteristics. The constant 

 

t

 

r

 

, when used in equation (1) deÞnes the
optional reset characteristic. These constants deÞne the curve near the middle of the time dial range and represents the
mean curve of the induction characteristics deÞned in annex A.

The characteristics of a microprocessor-based protective relay conform to this standard when they are implemented
according to equation (3), where 

 

t(I)

 

 is given by equation (2) and the trip time values corresponding to values in the
range of 1.5 to 20 multiples of the pickup current are within the conformance bands shown in Þgures 2, 3, and 4. The
upper and lower limits of the conformance bands are 1.15 and 0.85 times the characteristic deÞned in table 1. The
conformance band for the optional reset characteristic extends from 0.05 to 0.9 multiples of pickup current. The
conformance bands are templates for classifying the shape of standard inverse-time current characteristics and are not
tolerance bands for accuracy or repeatability.

 

Table 1ÑConstants and exponents for standard characteristics

 

*

 

*For the specified range of 

 

M,

 

 the number of digits represented for each constant is such that a unit change in the least
significant digit will cause a change no greater than 0.5% in the subsequent computation of the relative time change (

 

D

 

t/t

 

).

 

Characteristic A B

 

p t

 

r

 

Moderately inverse 0.0515 0.1140 0.020 00 4.85

Very inverse 19.61 0.491 2.0000 21.6

Extremely inverse 28.2 0.1217 2.0000 29.1
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Figure 2ÑStandard moderately inverse time-current characteristic with standard conformance 
band near the middle of the time dial range

Figure 3ÑStandard very inverse time-current characteristic with standard conformance band near 
the middle of the time dial range
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Figure 4ÑStandard extremely inverse time-current characteristic with standard conformance band 
near the middle of the time dial range
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Annex A 
Derivation of the induction characteristic
(Informative)

 

A.1 The time-current equation

 

The analytic equation that deÞnes the inverse time-current characteristic is derived from the basic differential equation
for input dependent time delay as it applies to an induction relay as follows:

(A.1)

where

 

I

 

is the input current

 

q

 

is the disk travel

 

q

 

max

 

is the maximum disk travel

 

K

 

I

 

is a constant relating torque to current

 

m

 

is the moment of inertia of the disk

 

K

 

d

 

is the drag magnet damping factor

 

t

 

F

 

is the spring torque at maximum travel

 

t

 

S

 

is the initial spring torque

The gradient of the torsion spring used in the induction relay is small and results in only a small increase in torque from

 

t

 

S

 

 to 

 

t

 

F

 

 with travel. The disk is also shaped to produce an increasing torque with travel to offset the increase in spring
torque. The resulting net disk torque is as follows:

(A.2)

where the constant torque 

 

t

 

S

 

 determines pickup. Let the current 

 

I equal M multiples of the pickup current Ip so that the
net torque may be written as follows:

(A.3)

At pickup M = 1 and the net torque on the disk is zero:

(A.4)

The net torque can then be expressed in terms of the spring torque by substituting equation (A.4) into equation (A.3)
as follows:

(A.5)

By neglecting the small moment of inertia of the disk, equation (A.1) is simpliÞed to

(A.6)

KII2 m
d2q
dt2
--------- Kd

dq
dt
------

tF tSÐ

qmax
----------------q tS+ + +=

KII2 tSÐ
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The solution of this equation, which now lacks the second-order term, has the result that there is no acceleration or
deceleration time. This means that, in this representation, Þnal velocity is reached in a negligible period of time, and
also that there is negligible overtravel. This simpliÞcation is valid in most applications. Integrating equation (A.6)
gives

(A.7)

dividing both sides of equation (A.7) by q gives the dynamic equation:

(A.8)

where t(I) is the time current characteristic and the constant A equals Kdq/tS:

(A.9)

A.2 The reset characteristic

In some applications it may be an advantage to reset the time integral in one cycle. However, optional reset
characteristics should also be provided when required for reset coordination with existing induction relays.

Equation (A.9) deÞnes the induction characteristic for currents both below and above the pickup current. If an
induction disk has an initial displacement from its reset position when the applied current is reduced to zero, the disk
will be driven in a negative direction toward the reset position. This is represented in equation (A.9) by setting M = 0,
which produces a negative number indicating the reset time and the rotation of the disk in the direction toward reset.
With this substitution, equation (A.9) gives the reset time tr:

(A.10)

and the reset characteristic for any value of M between zero and one is

(A.11)

The dynamic equation (A.8) and the characteristic equation (A.9) are important since they specify how an inverse
time-current characteristic must be implemented in order to assure coordination with existing inverse-time overcurrent
relays under all conditions of varying current such as decreasing fault resistance and remote terminal clearing.

A.3 Curves shaped by saturation

The torque due to current is proportional to the square of the ßux caused by the current, and the previous derivation
assumes a linear relation between the ßux and the current. It does not take into account the saturation of the
electromagnet that is used to shape the time-current characteristics produced by the induction principle. The degree of
saturation used to produce a particular curve can be determined by substituting the normalized ßux for M in equation
(A.11):

q
ts
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------- M2 1Ð( ) td

0

T 0

ò=

ts

Kdq
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1
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(A.12)

where

f/fpu is the normalized ßux
tr is the reset time for I = 0
t is the time to operate

From equation (A.12) the normalized ßux in terms of the operating and reset time is

(A.13)

Figure A-1ÑNormalized flux in extremely inverse, very inverse, and moderately inverse relays

t
tr

f
fpu
--------è ø

æ ö 2
1Ð

--------------------------=

f
fpu
--------è ø

æ ö tr

t
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Figure A-2ÑComparison of extremely, very, and moderately inverse characteristics

The normalized ßux vs. M multiples of pickup can be determined by setting tr equal to the total reset time with zero
current and then substituting values of operating time corresponding to various multiples of pickup current. Plots of
normalized ßux for an extremely inverse, a very inverse, and a moderately inverse induction-type overcurrent relay are
shown in Þgure A-1 and the resulting characteristics are compared in Þgure A-2. The plot shows the electromechanical
technique uses speciÞc degrees of saturation to produce the familiar time-current characteristic and shows the
following order. The extremely inverse relay saturates at four multiples of pickup, the very inverse at two multiples
(half the previous value), and the moderately inverse at pickup (again, half the previous value).

The derivation shows that the induction characteristic, were it not for the deliberate saturation, is the straight line log-
log characteristic of a fuse. However, the curve is formed by saturating the electromagnet at a speciÞc multiple of
pickup current. It has also been shown that saturation is the means that, in effect, incorporates the deÞnite time
component to form a practical curve for coordination. Therefore, adding a constant deÞnite time term to equation (A.9)
forms the induction characteristic equation

(A.14)

The constants A and B can be chosen to emulate accurately the extremely and very inverse induction time-current
characteristics. An accurate emulation of the moderately inverse characteristic can be made by changing the exponent
from 2 to 0.02 with speciÞc values for A and B. Equation (A.14) is the trip characteristic equation that emulates the
saturation occurring for currents above pickup. However, the reset characteristic remains equation (A.11) since
saturation does not occur at currents below the pickup current. The constants A and B and exponent p determine the
curve shape of the trip characteristics. The constants for the number 5 dial of models of induction relay characteristics
are listed in table A-1 and table A-2. A comparison of the moderately inverse, very inverse, and extremely inverse
characteristics of tables A-1 and A-2 are shown in the log-log plots of Þgures A-3, A-4, and A-5. A factor of 1.4 has
been used with model B in Þgure A-5 in order to give equal times at 5.0 per unit. According to the above derivation,
the constant A is equal to the reset time. However, test data for Model A and Model B show there can be a difference
between the constant A in the trip characteristic and the zero current reset time, tr as shown in table A-1 and A-2.

t
A

M2 1Ð
----------------- B+=
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Table  A-1ÑInduction relay model A

Table  A-2ÑInduction relay model B

Figure A-3ÑModerately inverse time-current characteristic for two models of induction type 
overcurrent relays

Curve type M t  (seconds) A B p*

*Exponent p = 2.00 for rest.

tr (seconds)

Moderately inverse 5.00 1.64 0.047 0.183 0.02 5.4

Very inverse 5.00 1.28 18.92 0.492 2.00 21

Extremely inverse 5.00 1.30 28.08 0.130 2.00 26.5

Curve type M t  (seconds) A B p*

*Exponent p = 2.00 for reset.

tr  (seconds)

Moderately inverse 5.00 1.83 0.056 0.045 0.02 4.3

Very inverse 5.00 1.35 20.29 0.489 2.00 22.3

extremely inverse 5.00 0.92 20.33 0.181 2.00 22.7
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Figure A-4ÑVery inverse time-current characteristic for two models of 
induction type overcurrent relays

Figure A-5ÑExtremely inverse time-current characteristic for two models 
of induction type overcurrent relays
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Abstract: Electrical, mechanical, and safety requirements are set forth for liquid-immersed 
distribution and power transformers, and autotransformers and regulating transformers; single 
and polyphase, with voltages of 601 V or higher in the highest voltage winding. This standard is a 
basis for the establishment of performance, limited electrical and mechanical interchangeability, 
and safety requirements of equipment described; and for assistance in the proper selection of 
such equipment. The requirements in this standard apply to all liquid-immersed distribution, 
power, and regulating transformers except the following: instrument transformers, step-voltage 
and induction voltage regulators, arc furnace transformers, rectifier transformers, specialty 
transformers, grounding transformers, mobile transformers, and mine transformers. 
 
Keywords: autotransformers, distribution transformers, electrical requirements, mechanical 
requirements, power transformers, regulating transformers, safety requirements 
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Introduction 

This introduction is not part of IEEE Std C57.12.00-2006, IEEE Standard for Standard General Requirements 
for Liquid-Immersed Distribution, Power, and Regulating Transformers. 
 
This standard is a voluntary consensus standard.  Its use may become mandatory only when required by a 
duly constituted legal authority, or when specified in a contractual agreement.  To meet specialized needs 
and to allow for innovation, specific changes are permissible when mutually determined by the user and the 
manufacturer, provided these changes do not violate existing laws and are considered technically adequate 
for the function intended. 
 
When this standard is used on a mandatory basis, the words shall and must indicate mandatory 
requirements.  The words should and may refer to matters that are recommended or permissive, but not 
mandatory. 
 
When applicable, editorial changes have been incorporated into this revision.  Sentence structure and 
punctuation has been edited to improve clarity and conciseness.  Also, editorial changes have been made to 
conform to the IEEE Standards Style Manual.  Some changes have also been made to correct errors in 
previous revisions. 
 
When applicable, references to other standards have been updated. 
 
Changes of major importance to the revision of this standard are listed in sequential order and reference by 
their clause number or table number: 
 
In Clause 2, the designation and title for IEEE Std C57.131™-1995 has been corrected.  IEEE Std C62.1™-
1989 (Reaff 1994) and IEEE Std C62.2™-1987 (Reaff 1994) have been removed.  Also, ANSI C92.2-1987 
has been added.a 
 
In 4.3.3, item g) has been revised to read: “Unusual duty or frequency of operation, or high current short 
duration loading.” 
 
In 5.1, the word “power” has been replaced with “kVA” in the paragraph preceding the examples. 
 
In 5.10.3.1, IEEE Std C62.11™-1999 [B46] has been added as surge arrester information.b 
 
In Table 2, row 5 has been revised from ONAN/ODAF to ONAN/OFAF, and previous designation is 
revised to OA/FOA without reference to footnote a). 
 
In 5.4.2, the entire second paragraph has been removed after a lengthy debate by the PCS working group.  
The position of the working group is that this information belongs in product-specific standards and not in 
standard for general requirements. 
 
In 5.5.3, words referring to the capacity of taps for windings with load tap-changing equipment have been 
revised. 
 
In Table 5, 250 kV BIL (corresponding to 69 kV nominal system voltage) has been added. 
 
In 5.11.1, the determination of maximum (hottest spot) temperature rise by calculation or testing was 
added.  Prior editions of this standard required the hottest spot temperature rise not to exceed 80 oC.  
However, there was no approved test or calculation method for this required performance parameter.  Many 
transformer users rely on this parameter for loading calculations.  Therefore, an IEEE task force was 

                                                 
a Additional information on references can be found in Clause 2. 
b Numbers in brackets refer to sources in the bibliography found in Annex A. 
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formed to propose a revision of 5.11.1.1.  Fiber optic temperature sensors now permit direct measurement 
of specific points.  Prior winding analysis permits sensor placement for reading maximum winding 
temperature.  Also, modern computer technology permits heat transfer programs to calculate the 
temperature distribution within transformer windings.  At the time this revision was approved, an IEEE 
working group had developed IEEE Std 1538™ [B15], IEEE Guide for Determination of Maximum 
Winding Temperature Rise in Liquid Filled Transformer.  This guide provides additional guidance for 
compliance with 5.11.1.1. 
 
Subclause 5.12 of this standard recognizes the use of metric and/or empirical units for data appearing on 
transformer nameplates.  In this revision of IEEE Std C57.12.00, all units of dimension, volume, weight, 
and pressure are listed in metric and empirical (U.S. customary) units.  Subclause 5.12.1 has been modified 
to accommodate either system of units for nameplate information.  Numerous equations throughout this 
standard have also been revised to reflect the use of metric and empirical units. 
 
In 5.12.1, the requirement for an LTC nameplate per IEEE Std C57.131 has been added. 
 
In Table 10, dual system of units for weight or mass has been incorporated.  Additional text preceding the 
table was added to clarify the intent of allowing either SI system of units (metric) or the U.S. customary 
units (in, lbs) on the nameplate, but does not require both.  Additional editorial changes have been made to 
the entire table for greater clarity.  The requirement for “location (country)” has been added to “name of 
manufacturer”. 
 
Also in Table 10, changes have been made to the table notes. The changes are as follows: 

 Note 1, the minimum height requirement for engraved letters and numerals (denoting kVA, serial 
number, and voltage ratings) has been changed to 4.00 mm (0.157 in). 

 Note 9, the following statement has been added: “Any non-linear devices, capacitors, or resistors 
installed on the winding assembly or on any tap changer shall be indicated on the nameplate.” 

 Note 11 (b) has been amended to include the statement: “The manufacturer shall identify any 
portion of the transformer that cannot withstand the stated vacuum level (i.e., conservator, LTC 
boards, radiators, etc.).” 

 
Table 11(a) and Table 11(b) have been renumbered to Table 11 and Table 12 respectively. 
 
Table number 15 has been assigned to the existing table on category of transformer rating (previously 
without a table number).  Subsequent table numbers have been updated in sequential order.  All references 
to table numbers in the text of the document have also been updated. 
 
In 6.6, a reference to “Askarel” has been removed and replaced with references to “less flammable 
hydrocarbon fluid” and “silicone fluid”. 
 
Table 20, (Base current calculation factors), previously Table 18, has been modified with new cooling class 
designations. 
 
Throughout the document, equation numbers have been assigned to be consistent with latest IEEE 
Standards Style Manual. 
 
In 7.4, Equation (7) through Equation (11) have been updated to correct previous errors. 
 
In 8.2, the previous title, “Routine and other tests for transformers” has been revised to “Routine, design, 
and other tests for transformers.” 
 
Subclause 8.5 (Determination of thermal duplicate temperature-rise data) has been added to replace a note 
in Table 21 and to clarify specifically when the design test may be omitted. 
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Subclause 8.6 has been added to address the requirements of the certified test report.  The text came 
verbatim from Clause 15 of existing IEEE Std C57.12.90™-1999.  Clause 15 will be removed from the next 
revision of IEEE Std C57.12.90 that coincides with this revision. 
 
An area not considered or covered in this revision is a clause requiring an “Instruction manual” including 
criteria for minimum information content.  This will be developed by a working group in a future revision. 
 
Revisions of individual sections (now modified) were prepared by separate groups within the Transformers 
Committee.  Those sections were balloted independently according to applicable rules and procedures of 
the IEEE for the preparation and approval of voluntary consensus standards.  This process was approved by 
the IEEE Transformers Committee, the IEEE-SA Standards Board, and the Accredited Standards 
Committee for Distribution and Power Transformers and Regulators (C57).  Applicable rules and 
procedures; specifically procedures for voting, review, and attempted reconciliation of dissenting 
viewpoints; a 60-day public review period; and final review and approval by the ANSI Board of Standards 
Review, were followed. 
 
Suggestions for improvement resulting from use of this standard will be welcomed. 

Notice to users 

Errata 
Errata, if any, for this and all other standards can be accessed at the following URL: 
http://standards.ieee.org/reading/ieee/updates/errata/index.html. Users are encouraged to check this URL 
for errata periodically. 

Interpretations 
Current interpretations can be accessed at the following URL: 
http://standards.ieee.org/reading/ieee/interp/index.html. 

Patents 

Attention is called to the possibility that implementation of this standard may require use of subject matter 
covered by patent rights.  By publication of this standard, no position is taken with respect to the existence 
or validity of any patent rights in connection therewith.  The IEEE shall not be responsible for identifying 
patents or patent applications for which a license may be required to implement an IEEE standard or for 
conducting inquiries into the legal validity or scope of those patents that are brought to its attention. 
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IEEE Standard for Standard General 
Requirements for Liquid-Immersed 
Distribution, Power, and Regulating 
Transformers 

1. Overview 

1.1 Scope 

This standard is a basis for the establishment of performance, limited electrical and mechanical 
interchangeability, and safety requirements of equipment described.  It is also a basis for assistance in the 
proper selection of such equipment. 
 
This standard describes electrical, mechanical, and safety requirements of liquid-immersed distribution 
and power transformers, and autotransformers and regulating transformers, single-phase and polyphase, 
with voltages of 601 V or higher in the highest voltage winding. 
 
This standard applies to all liquid-immersed distribution, power, and regulating transformers that do not 
belong to the following types of apparatus: 

a) Instrument transformers 

b) Step voltage and induction voltage regulators 

c) Arc furnace transformers 

d) Rectifier transformers 

e) Specialty transformers 

f) Grounding transformers 

g) Mobile transformers 

h) Mine transformers 

1.2 Word usage 

When this standard is used on a mandatory basis, the words shall and must indicate mandatory 
requirements.  The words should and may refer to matters that are recommended or permissive, but not 
mandatory.  The introduction of this voluntary consensus standard describes the circumstances under 
which the standard may be used on a mandatory basis. 
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2. Normative references 

The following referenced documents are indispensable for the application of this document. For dated 
references, only the edition cited applies. For undated references, the latest edition of the referenced 
document (including any amendments or corrigenda) applies. 

ANSI C92.2, American National Standard for power systems—Alternating-current electrical systems 
and equipment operating at voltages above 230 kV nominal—Preferred voltage ratings.1 

ANSI C84.1, American National Standard Voltage Ratings for Electric Power Systems and Equipment 
(60 Hz). 

ANSI/CGA V-1, Compressed Gas Cylinder Valve Outlet and Inlet Connections. 

ASME Boiler and Pressure Vessel Code (BPV).2 

ASME B1.1, American National Standard for Unified Inch Screw Threads (UN and UNR Thread Form). 

ASTM D92, Standard Test Methods for Flash and Fire Points by Cleveland Open Cup.3 

ASTM D1933, Standard Specification for Nitrogen Gas as an Electrical Insulating Material. 

ASTM D2225, Standard Test Methods for Silicone Fluids Used for Electrical Insulation. 

ASTM D3487, Standard Specification for Mineral Insulating Oil Used in Electrical Apparatus. 

ASTM D5222, Standard Guide for High Fire-Point Mineral Electrical Insulating Oils. 

IEEE Std 315™, IEEE Graphic Symbols for Electrical and Electronics Diagrams (Including Reference 
Designation Letters).4, 5 

IEEE Std 315A™, IEEE Standard Graphic Symbols for Electrical and Electronics Diagrams (Supplement 
to IEEE Std 315-1975). 

IEEE Std 469™, IEEE Recommended Practice for Voice-Frequency Electrical-Noise Tests of 
Distribution Transformers. 

IEEE Std C57.12.80™, IEEE Standard Terminology for Power and Distribution Transformers. 

IEEE Std C57.12.90™, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and 
Regulating Transformers. 

                                                 
1 ANSI publications are available from the Sales Department, American National Standards Institute, 25 West 43rd Street, 4th 
Floor, New York, NY 10036, USA (http://www.ansi.org/).  
2ASME publications are available from the American Society of Mechanical Engineers, 3 Park Avenue, New York, NY 10016-
5990, USA (http://www.asme.org/). 
3ASTM publications are available from the American Society for Testing and Materials, 100 Barr Harbor Drive, West 
Conshohocken, PA 19428-2959, USA (http://www.astm.org/).  
4 IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, 
Piscataway, NJ 08855-1331, USA (http://standards.ieee.org/). 
5 The IEEE standards or products referred to in this clause are trademarks of the Institute of Electrical and Electronics Engineers, 
Inc. 
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IEEE Std C57.19.01™, IEEE Standard Performance Characteristics and Dimensions for Outdoor 
Apparatus Bushings. 

IEEE Std C57.131™, IEEE Standard Requirements for Load Tap Changers. 

IEEE Std C62.11™, IEEE Standard for Metal-Oxide Surge Arresters for Alternating Current Power 
Circuits (>1 kV). 

IEEE Std C62.22™, IEEE Guide for the Application of Metal-Oxide Surge Arresters for Alternating-
Current Systems. 

3. Definitions 

Standard transformer terminology available in IEEE Std C57.12.806 shall apply.  Other electrical terms 
are defined in The Authoritative Dictionary of IEEE Standards Terms and Definitions, Seventh Edition 
[B14].7 

4. Service conditions 

4.1 Usual service conditions 

4.1.1 General 

Transformers conforming to this standard shall be suitable for operation at rated kVA under the 
following usual service conditions. 

4.1.2 Temperature 

4.1.2.1 Cooling air temperature limit 

When air-cooled, the temperature of the cooling air (ambient temperature) shall not exceed 40 oC, and 
the average temperature of the cooling air for any 24 h period shall not exceed 30 oC. 

4.1.2.2 Liquid temperature limit 

The top liquid temperature of the transformer (when operating) shall not be lower than –20 oC.  Liquid 
temperatures below –20 oC are not considered as usual service conditions. 

4.1.2.3 Cooling water temperature limit 

When water-cooled, the temperature of the cooling water (ambient temperature) shall not exceed 30 oC, 
and the average temperature of the cooling water for any 24 h period shall not exceed 25 oC.  Minimum 
water temperature shall not be lower than 1 oC, unless the cooling water includes antifreeze suitable for  
–20 oC operation. 

4.1.3 Altitude 

The altitude shall not exceed 1000 m (3300 ft). 

                                                 
6 Information on references can be found in Clause 2. 
7 The numbers in brackets correspond to those of the bibliography in Annex A. 
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4.1.4 Supply voltage 

The supply-voltage wave shape shall be approximately sinusoidal.  The phase voltages supplying a 
polyphase transformer shall be approximately equal in magnitude and time displacement. 

4.1.5 Load current 

The load current shall be approximately sinusoidal.  The harmonic factor shall not exceed 0.05 per unit.  
Harmonic factor is defined in IEEE Std C57.12.80. 

4.1.6 Operation above rated voltage or below rated frequency 

4.1.6.1 Capability 

Transformers shall be capable of the following: 
 

a) Operating continuously above rated voltage or below rated frequency, at maximum rated kVA 
for any tap, without exceeding the limits of observable temperature rise in accordance with 
5.11.1.1 when all of the following conditions prevail: 

1) Secondary voltage and volts per Hertz do not exceed 105% of rated values. 

2) Load power factor is 80% or higher. 

3) Frequency is at least 95% of rated value. 
 

b) Operating continuously above rated voltage or below rated frequency, on any tap at no load, 
without exceeding limits of observable temperature rise in accordance with 5.11.1, when neither 
the voltage nor volts per Hertz exceed 110% of rated values. 

 
For multiwinding transformers or autotransformers, 4.1.6.1 applies only to specific loading conditions 
used as the basis of design.  These loading conditions involve simultaneous coordination of kVA input 
and output, load power factors, and winding voltage combinations [see item j) of 4.3.3].  Differences in 
loading and voltage regulation for various output windings may prevent simultaneous achievement of 
105% voltage on all output terminals.  In no case shall the kVA outputs specified for any loading 
condition require continuous loading of any input winding in excess of its rating. 

4.1.6.2 Maximum continuous transformer operating voltage 

The maximum continuous transformer operating voltage should not exceed the levels specified in ANSI 
C84.1.  System conditions may require voltage transformation ratios involving tap voltages higher than 
the maximum system voltage for regulation purposes.  However, the appropriate maximum system 
voltage should be observed under operating conditions. 

4.1.7 Outdoor operation 

Unless otherwise specified, transformers shall be suitable for outdoor operation. 

4.1.8 Step-down operation 

Unless otherwise specified, transformers shall be designed for step-down operation. 

4.1.8.1 Generator step-up transformers 

Transformers identified as generator step-up transformers shall be designed for step-up operation. 
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4.1.8.2 System tie autotransformers 

Transformers identified as system tie transformers or autotransformers shall be designed for step-down 
operation, or step-up operation, or both, as specified by the user. 

4.1.9 Tank or enclosure finish 

Temperature limits and tests shall be based on the use of a nonmetallic pigment surface paint finish.  It 
should be noted that metallic-flake paints, such as aluminum and zinc, have properties that increase the 
temperature rise of transformers, except in direct sunlight. 

4.2 Loading at other-than-rated conditions 

IEEE Std C57.91-1995 [B28] provides guidance for loading at other-than-rated conditions including: 
 

a) Ambient temperatures higher or lower than the basis of rating. 

b) Short-time loading in excess of nameplate kVA with normal life expectancy. 

c) Loading that results in reduced life expectancy. 

 
IEEE Std C57.91-1995 [B28] is not standard.  It provides the best known general information for loading 
of transformers under various conditions based on typical winding insulation systems.  It is based upon 
the best engineering information available at the time of preparation.  The guide discusses limitations of 
ancillary components other than windings that may limit the capability of transformers.  When specified, 
ancillary components and other construction features (cables, bushings, tap changers, oil expansion 
space, etc.) shall be supplied in a manner that will not limit the loading to less than the capability of the 
windings. 

4.3 Unusual service conditions 

Conditions other than those described in 4.1 are considered unusual service conditions and, when 
prevalent, should be brought to the attention of those responsible for the design and application of the 
apparatus.  Examples of some of these conditions are listed in 4.3.3. 

4.3.1 Unusual temperature and altitude conditions 

Transformers may be used at higher or lower ambient temperatures or at higher altitudes than those 
specified in 4.1.3, but special consideration should be given to these applications.  IEEE Std C57.91-
1995 [B28] provides information on recommended practices. 

4.3.2 Insulation at high altitude 

The dielectric strength of transformers that depend in whole or partly upon air for insulation decreases as 
the altitude increases due to the effect of decreased air density.  When specified, transformers shall be 
designed with larger air spacing between terminals using the correction factors of Table 1 to obtain 
adequate air dielectric strength at altitudes above 1000 m (3300 ft). 

4.3.2.1 Insulation level 

The minimum insulation necessary at the required altitude can be obtained by dividing the standard 
insulation level at 1000 m (3300 ft) by the appropriate correction factor from Table 1. 
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Table 1 —Dielectric strength correction factors 
for altitudes greater than 1000 m (3300 ft) 

Altitude 
m/(ft) 

Altitude correction 
factor for dielectric strength 

1000/(3300) 1.00 

1200/(4000) 0.98 

1500/(5000) 0.95 

1800/(6000) 0.92 

2100/(7000) 0.89 

2400/(8000) 0.86 

2700/(9000) 0.83 

3000/(10000) 0.80 

3600/(12000) 0.75 

4200/(14000) 0.70 

4500/(15000) 0.67 

NOTE—An altitude of 4500 m (15000 ft) is considered a maximum for 
transformers conforming to this standard.8 

4.3.2.2 Bushings 

Bushings with additional length or arcing distance shall be furnished when necessary for operation above 
1000 m (3300 ft). 

4.3.3 Other unusual service conditions 

Other unusual service conditions include the following: 

a) Damaging fumes or vapors, excessive or abrasive dust, explosive mixtures of dust or gases, 
steam, salt spray, excessive moisture, or dripping water, etc. 

b) Abnormal vibration, tilting, shock, or seismic conditions. 

c) Ambient temperatures outside of normal range. 

d) Unusual transportation or storage conditions. 

e) Unusual space limitations. 

f) Unusual maintenance problems. 

g) Unusual duty or frequency of operation, or high current short duration loading. 

h) Unbalanced ac voltages, or departure of ac system voltages from a substantially sinusoidal wave 
form. 

                                                 
8 Notes in text, tables, and figures are given for information only and do not contain requirements needed to implement the 
standard. 
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i) Loads involving abnormal harmonic currents such as those that may result where appreciable 
load currents are controlled by solid-state or similar devices.  Such harmonic currents may cause 
excessive losses and abnormal heating. 

j) Specified loading conditions (kVA outputs, winding load power factors, and winding voltages) 
associated with multiwinding transformers or autotransformers. 

k) Excitation exceeding either 110% rated voltage or 110% rated volts per Hertz. 

l) Planned short circuits as a part of regular operating or relaying practice. 

m) Unusual short-circuit application conditions differing from those described as usual in Clause 7. 

n) Unusual voltage conditions (transient overvoltages, resonance, switching surges, etc.,) may 
require special consideration in insulation design. 

o) Unusually strong magnetic fields.  It should be noted that solar magnetic disturbances may 
result in the flow of telluric currents in transformer neutrals. 

p) Large transformers with high-current isolated-phase bus ducts.  It should be noted that high-
current isolated-phase bus ducts with strong magnetic fields may cause unanticipated circulating 
currents in transformer tanks and covers, and in bus ducts.  Losses resulting from these 
unanticipated currents may result in excessive temperatures when corrective measures are not 
included in the design. 

q) Parallel operation.  It should be noted that while parallel operation is not unusual, it is desirable 
that users advise the manufacturer when paralleling with other transformers is planned and 
identify the transformers involved. 

5. Rating data 

5.1 Cooling classes of transformers 

Transformers shall be identified according to the cooling method employed.  For liquid-immersed 
transformers, this identification is expressed by a four-letter code as described below.  These 
designations are consistent with IEC 60076-2: 1993 [B11]. 
 
First letter: Internal cooling medium in contact with the windings: 

O mineral oil or synthetic insulating liquid with fire point9 ≤ 300 oC 
K insulating liquid with fire point > 300 oC 
L insulating liquid with no measurable fire point 
 

Second letter: Circulation mechanism for internal cooling medium: 
N natural convection flow through cooling equipment and in windings 
F forced circulation through cooling equipment (i.e., coolant pumps), natural convection flow 

in windings (also called non-directed flow) 
D forced circulation through cooling equipment, directed from the cooling equipment into at 

least the main windings 
 

Third letter: External cooling medium: 
A air 
W water 
 

Fourth letter: Circulation mechanism for external cooling medium: 
N natural convection 
F forced circulation [fans (air cooling), pumps (water cooling)] 

                                                 
9 Fire point—The lowest temperature at which a specimen will sustain burning for 5 s.  (ASTM D92-1998, “Cleveland Open Cup” 
test method.) 
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NOTE 1—In a transformer with forced, non-directed cooling (second code letter F), the rates of coolant flow 
through all the windings vary with the loading, and are not directly controlled by the pumps.  The pumped oil flows 
freely inside the tank and is not forced to flow through the windings. 

NOTE 2—In a transformer designated as having forced directed coolant circulation (second code letter D), the rate 
of coolant flow through the main windings is determined by the pumps and not by the loading.  A minor fraction of 
the coolant flow through the cooling equipment may be directed outside the main windings to provide cooling for 
core and other parts.  Regulating windings and/or other windings having relatively low power may also have non-
directed coolant circulation. 

A transformer may be specified with more than one kVA rating (also referred to as cooling stages).  The 
transformer nameplate shall list the rated kVA and cooling class designation for each rating.  The ratings 
shall be listed in order of increasing kVA.  The cooling class designations are normally listed in order 
with a diagonal slash separating each one. 
 
Examples: 
 

ONAN/ONAF.  The transformer has a set of fans which may be put in service as desired at high 
loading.  The coolant circulation is by natural convection only. 
 
ONAN/OFAF.  The coolant circulation is by natural convection only at base loading.  However, 
the transformer has cooling equipment with pumps and fans to increase the power-carrying 
capacity at high loading. 
 

Examples of the cooling class designations used in IEEE Std C57.12.00-1993 and in previous revisions, 
and the corresponding new designations, are provided in Table 2. 
 

Table 2 —Cooling class designation 

Present designations Previous designations 

ONAN OA 

ONAF FA 

ONAN/ONAF/ONAF OA/FA/FA 

ONAN/ONAF/OFAF OA/FA/FOA 

ONAN/OFAF OA/FOA 

ONAN/ODAF/ODAF OA/FOAa/FOAa 

OFAF FOA 

OFWF FOW 

ODAF FOAa 

ODWF FOWa 
a Indicates directed oil flow per Table 9, Note 2 above. 
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5.2 Frequency 

Unless otherwise specified, transformers shall be designed for operation at a frequency of 60 Hz. 

5.3 Phases 

5.3.1 General 

Transformers described in this standard are either single-phase or three-phase.  Standard ratings are 
included in product standards for particular types of transformers.  When specified, other phase 
arrangements may be provided. 

5.3.2 Scott-connected or T-connected transformers 

5.3.2.1 Phase transformation 

These may be provided to accomplish three-phase to two-phase transformation, or vice versa; or to 
accomplish three-phase to three-phase transformation.  Common arrangements used to accomplish such 
transformations are described here. 

5.3.2.2 Dissimilar single-phase transformers 

Two single-phase transformers are assembled in an enclosure, and permanently interconnected, with the 
following characteristics: 

a) Performance characteristics shall be based on bank operation of three-phase to two-phase 
transformation or vice versa. 

b) The single-phase transformers may not be identical or interchangeable. 

5.3.2.3 Three-legged core 

Another arrangement uses a three-legged core with main and teaser coil assemblies located on the two 
outer legs, and a center leg that has no coil assembly.  This provides a common magnetic circuit for the 
two outer legs. 

5.3.2.4 Identical single-phase transformers 

When specified, two identical single-phase transformers shall be furnished. 

a) The kVA rating of each transformer shall be half the bank output required.  The rating of the 
individual units shall agree with the ratings established for single-phase transformers. 

b) Performance characteristics (except heating) shall be based on single-phase operation. 

c) The temperature rise shall be based on delivering the required bank capacity when transforming 
from three-phase to two-phase or from two-phase to three-phase, as specified. 

d) Transformers shall be interchangeable as main and teaser. 

e) Regulating taps are not usually supplied on transformers for three-phase to two-phase or from 
two-phase to three-phase service.  When taps are required, the teaser tap shall be 86.6% of the 
mean regulating taps (used here, mean refers to the midpoint of the range of regulating taps). 
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5.4 Rated kilovoltamperes 

5.4.1 General 

The rated kVA of a transformer shall be the output that can be delivered for the time specified at rated 
secondary voltage and rated frequency without exceeding the specified temperature-rise limitations under 
prescribed conditions of test, and within the limits of established standards. 

5.4.2 Preferred continuous kilovoltampere ratings 

Preferred continuous kVA ratings of single-phase and three-phase distribution and power transformers 
are based on an average winding rise by resistance of 65 oC, in accordance with 5.11.1.1, and are listed 
in Table 3. 
 

Table 3 —Preferred continuous kilovoltampere ratings 

Single-phase transformers Three-phase transformers 

5 15 
10 30 
15 45 
25 75 

37.5 112.5 
50 150 
75 225 
100 300 
167 500 
250 750 
333 1000 
500 1500 
— 2000 
833 2500 

1250 3750 
1667 5000 
2500 7500 
3333 10 000 
— 12 000 

5000 15 000 
6667 20 000 
8333 25 000 

10 000 30 000 
12 500 37 500 
16 667 50 000 
20 000 60 000 
25 000 75 000 
33 333 100 000 



IEEE Std C57.12.00-2006 
IEEE STANDARD FOR STANDARD GENERAL REQUIREMENTS FOR LIQUID-IMMERSED DISTRIBUTION, 

POWER, AND REGULATING TRANSFORMERS 

11 
Copyright © 2007 IEEE. All rights reserved. 

 

5.5 Voltage ratings and taps 

5.5.1 General 

Standard nominal system voltages and maximum system voltages are included in ANSI C84.1 and listed 
in Table 4. 
 

Table 4 —Relationship of nominal system voltage to maximum system voltage and 
basic lightning impulse insulation level (BIL) for systems 765 kV and below 

Application 

Nominal 
system 

voltage, rms 
(kV) 

Maximum system voltage, rms 
(from ANSI C84.1) 

(kV) 

Basic lightning impulse 
insulation levels (BIL) 

in common use 
(kV crest) 

  1.2 — 30 — — —

  2.5 — 45 — — —

  5.0 — 60 — — —

  8.7 — 75 — — —

 15.0 — 95 — — —

 25.0 — 150 125 — —

 34.5 — 200 150  125 —

 46.0 48.3 250 200 — —

Distribution 

 69.0 72.5 350 250 — —

  1.2 — 45 30 — —

  2.5 — 60 45 — —

  5.0 — 75 60 — —

  8.7 — 95 75 — —

 15.0 — 110 95 — —

 25.0 — 150 — — —

 34.5 — 200 — — —

 46.0 48.3 250 200 — —

 69.0 72.5 350 250 — —

115.0 121.0 550 450 350 —

138.0 145.0 650 550 450 —

161.0 169.0 750 650 550 —

230.0 242.0 900 825 750 650

345.0 362.0 1175 1050 900 —

500.0 550.0 1675 1550 1425 1300

Power 

765.0 800.0 2050 1925 — —
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NOTE 1—BIL values in bold typeface are listed as standard in one or more of ANSI C57.12.10 [B1], 
ANSI C57.12.20  [B3], ANSI C57.12.22 [B6], IEEE Std C57.12.23 [B16], ANSI C57.12.24 [B6], ANSI C57.12.25 
[B7], and IEEE Std C57.12.26 [B17]. 

NOTE 2—Single-phase distribution and power transformers and regulating transformers for voltage ratings between 
terminals of 8.7 kV and below are designed for both Y and Δ connection, and are insulated for the test voltages 
corresponding to the Y connection so that a single line of transformers serves for the Y and Δ applications.  The test 
voltages for such transformers, when operated and connected, are therefore higher than needed for their voltage 
rating. 

NOTE 3—For series windings in transformers, such as regulating transformers, the test values to ground shall be 
determined by the BIL of the series windings rather than by the rated voltage between terminals. 

NOTE 4—Values listed as nominal system voltage in some cases (particularly voltages 34.5 kV and below) are 
applicable to other lesser voltages of approximately the same value.  For example, 15 kV encompasses nominal 
system voltages of 14 440 V, 13 800 V, 13 200 V, 13 090 V, 12 600 V, 12 470 V, 12 000 V, 11 950 V, etc. 

5.5.2 Voltage ratings 

The voltage ratings shall be at no load and shall be based on the turn ratio. 

5.5.3 Ratings of transformer taps 

Whenever a transformer is provided with taps from a winding for de-energized operation, they shall be 
full-capacity taps.  Transformers with load tap-changing equipment may have reduced capacity taps, 
unless specified otherwise, for taps below rated winding voltage.  When specified, other capacity taps 
may be provided.  In all cases, the capacity shall be stated on the nameplate. 

5.6 Connections 

Standard connection arrangements are included in the standards for particular types of transformers and 
in IEEE Std C57.12.70 [B18] . 

5.7 Polarity, angular displacement, and terminal marking 

5.7.1 Polarity of single-phase transformers 

Single-phase transformers 200 kVA and below with high-voltage ratings of 8660 V and below (winding 
voltage) shall have additive polarity.  All other single-phase transformers shall have subtractive polarity. 

5.7.2 Angular displacement (nominal) between voltages of windings for three-phase 
transformers 

The angular displacement between high-voltage and low-voltage phase voltages of three-phase 
transformers with Δ- Δ or Y-Y connections shall be zero degrees. 
 
The angular displacement between high-voltage and low-voltage phase voltages of three-phase 
transformers with Y- Δ or Δ -Y connections shall be 30º, with the low voltage lagging the high voltage as 
shown in Figure 1.  The angular displacement of a polyphase transformer is the time angle expressed in 
degrees between the line-to-neutral voltage of the reference identified high-voltage terminal H1 and the 
line-to-neutral voltage of the corresponding identified low-voltage terminal X1. 
 
NOTE—Additional phasor diagrams are described in IEEE Std C57.12.70 [B18]. 
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Figure 1 —Phase relation of terminal designation for three-phase transformers 

5.7.3 Terminal markings 

Terminal markings shall be in accordance with IEEE Std C57.12.70 [B18]. 

5.8 Impedance 

The impedance shall be referred to a temperature equal to the sum of the rated average winding 
temperature rise by resistance, plus 20 ºC.  Preferred standard values of impedance are included in the 
product standards for particular types of transformers. 

5.9 Total losses 

The total losses of a transformer shall be the sum of the no-load losses and the load losses. 
 
The losses of cooling fans, oil pumps, space heaters, and other ancillary equipment are not included in 
the total losses.  When specified, power loss data on such ancillary equipment shall be furnished. 
 
The standard reference temperature for the load losses of power and distribution transformers shall be   
85 ºC.  The standard reference temperature for the no-load losses of power and distribution transformers 
shall be 20 ºC. 
 
For Class II transformers, control/auxiliary (cooling) losses shall be measured and recorded.  All stages 
of cooling, pumps, heaters, and all associated control equipment shall be energized, provided these 
components are integral parts of the transformer. 
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5.10 Insulation levels 

Transformers shall be designed to provide coordinated low-frequency and impulse insulation levels on 
line terminals and low-frequency insulation levels on neutral terminals.  The primary identity of a set of 
coordinated levels shall be its basic lightning impulse insulation level (BIL). 
 
The system voltage and the type of transformer may also influence insulation levels and test procedures.  
Therefore, power transformers are separated into two different classes as follows: 
 

a) Class I power transformers shall include power transformers with high-voltage windings of     
69 kV and below. 

b) Class II power transformers shall include power transformers with high-voltage windings from 
115 kV through 765 kV. 

 
Table 4 lists BIL levels in current use at various system voltages; however, any BIL choice requires 
careful attention to proper insulation coordination and to accurate assessment of the coefficient of 
grounding as outlined in 5.10.3. 
 

Table 5 —Dielectric insulation levels for distribution transformers and 
Class I power transformers 

 Chopped-wave impulse 
levels 

Front-of-wave impulse 
levels 

Application 

Basic 
lightning 
impulse 

insulation 
level (BIL) 
(kV crest) 

Minimum 
voltage 

(kV crest) 

Minimum 
time to 

flashover 
(μs) 

Minimum 
voltage 

(kV crest) 

Specific 
time to 

sparkover 
(μs) 

Low-
frequency 
test level 
(kV rms) 

 Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 

 30 36 1.0 — —  10 

 45 54 1.5 — —  15 

 60 69 1.5 — —  19 

 75 88 1.6 — —  26 

 95 110 1.8 — —  34 

125 145 2.25 — —  40 

150 175 3.0 — —  50 

200 230 3.0 — —  70 

250 290 3.0 — —  95 

Distribution 

350 400 3.0 — — 140 

 45 50 1.5 — —  10 

 60 66 1.5 — —  15 

 75 83 1.5 — —  19 

 95 105 1.8 165 0.5  26 

110 120 2.0 195 0.5  34 

Power 

150 165 3.0 260 0.5  50 
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Table 5 —Dielectric insulation levels for distribution transformers and 
Class I power transformers 

 Chopped-wave impulse 
levels 

Front-of-wave impulse 
levels 

Application 

Basic 
lightning 
impulse 

insulation 
level (BIL) 
(kV crest) 

Minimum 
voltage 

(kV crest) 

Minimum 
time to 

flashover 
(μs) 

Minimum 
voltage 

(kV crest) 

Specific 
time to 

sparkover 
(μs) 

Low-
frequency 
test level 
(kV rms) 

 Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 

200 220 3.0 345 0.5  70 

250 275 3.0 435 0.5  95 
 

350 385 3.0 580 0.58 140 
NOTE 1—Front-of-wave impulse levels must be specified prior to design of the transformer. 
NOTE 2—Front-of-wave tests are not recommended on low-voltage or tertiary windings that will not be exposed to 
lightning and that are connected directly to user equipment having low impulse strengths.  This includes low-voltage 
windings of generator transformers and transformer windings that operate at 5000 V or less. 
NOTE 3—Internal and external phase-to-phase low-frequency insulation test levels shall not be reduced below the 
levels listed in Table Minimum phase-to-phase insulation test levels for three-phase distribution transformers. 
NOTE 4—The insulation levels for distribution transformers and for Class I power transformers shall be selected 
from this table for both the high-voltage and the low-voltage windings. 
NOTE 5—The BIL serves both as a test level for the full-wave lightning impulse tests and as the primary identity of 
a set of coordinated insulation levels. 

Table 6 outlines coordinated insulation levels for Class II power transformers. 

Table 6 —Dielectric insulation levels for Class II power transformersa 

Low-frequency test levels 

Induced-voltage test 
(phase to ground) Nominal 

system 
voltage 

(kV) 

Basic lightning 
impulse 

insulation level 
(BIL) 

(kV crest) 

Chopped 
wave level 
(kV crest) 

Switching 
impulse level 

(BSL) 
(kV crest) 

One hour 
level 

(kV rms) 

Enhancement 
level  

(kV rms) 

Applied-
voltage 

test level 
(kV rms) 

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 Column 7 

15 and below 110 120 — — — 34 
25 150 165 — — — 50 

34.5 200 220 — — — 70 
46 250 275 — — — 95 

250 275 — — — 95 
69 

350 385 — — — 140 

(continued)
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Table 6 —Dielectric insulation levels for Class II power transformersa 

Low-frequency test levels 

Induced-voltage test 
(phase to ground) Nominal 

system 
voltage 

(kV) 

Basic lightning 
impulse 

insulation level 
(BIL) 

(kV crest) 

Chopped 
wave level 
(kV crest) 

Switching 
impulse level 

(BSL) 
(kV crest) 

One hour 
level 

(kV rms) 

Enhancement 
level  

(kV rms) 

Applied-
voltage 

test level 
(kV rms) 

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 Column 7 

350 385 280 105 120 140 
450 495 375 105 120 185 115 
550 605 460 105 120 230 
450 495 375 125 145 185 
550 605 460 125 145 230 138 
650 715 540 125 145 275 
550 605 460 145 170 230 
650 715 540 145 170 275 161 
750 825 620 145 170 325 
650 715 540 210 240 275 
750 825 620 210 240 325 
825 905 685 210 240 360 

230 

900 990 745 210 240 395 
900 990 745 315 360 395 
1050 1155 870 315 360 460 345 
1175 1290 975 315 360 520 
1300 1430 1080 475 550 — 
1425 1570 1180 475 550 — 
1550 1705 1290 475 550 — 500 

1675 1845 1390 475 550 — 
1925 2120 1600 690 800 — 

765 2050 2255 1700 690 800 — 
aSee 5.10 for a description of Class II power transformers. 
 
NOTE 1—For chopped-wave tests, the minimum time to flashover shall be 3.0 µs except for 110 kV BIL, in which 
case the minimum time to flashover shall be 2.0 µs. 

NOTE 2—Although Column 4 establishes phase-to-ground switching impulse levels, it is not always possible to test 
these levels on low-voltage windings. 

NOTE 3—Column 5 and Column 6 provide phase-to-ground test levels that would normally be applicable to wye 
windings.  When the test voltage level is to be measured phase-to-phase, as is normally the case with delta windings, 
then the levels in Column 5 and Column 6 must be multiplied by 1.732 to obtain the required phase-to-phase 
induced-voltage test level. 

NOTE 4—The applied-voltage test is not applicable to wye-winding line terminals unless they have been specified 
to be suitable for application on ungrounded systems. 

NOTE 5—The insulation levels for Class II power transformers shall be selected from this table for both the high-
voltage and the low-voltage windings. 

(continued)
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Table 7 outlines minimum phase-to-phase insulation test levels for distribution transformers and for 
Class I power transformers. 

Table 7 —Minimum phase-to-phase insulation test levels for three-phase 
distribution transformers and for three-phase Class I power transformers 

Nominal system voltage, rms 
(kV) 

Minimum low-frequency 
phase-to-phase test voltage level, rms

(kV) 
Application 

Column 1 Column 2 

25.0 50 

34.5 69 
46.0 92 

Distribution 

69.0 138 
46.0 76 

Power 
69.0 115 

NOTE 1—For nominal system voltages not in the table, use a test level no less than 2.0 times the nominal system 
voltage for distribution transformers and no less than 1.65 times the nominal system voltage for Class I power 
transformers. 
NOTE 2—The low-frequency test level between phases shall not be lower than the low-frequency test level from 
line to ground. 

 
Table 8 outlines minimum low frequency insulation levels for neutral terminals for Class I power 
transformers. 

Table 8 —Minimum low-frequency insulation test levels at neutral 
for Class I power transformers 

Minimum low-frequency insulation level (kV rms) 

Nominal 
system 
voltage 
(kV)a 

Grounded solidly or through a 
current transformer or through a 

regulating transformer 

Grounded through a ground-fault 
neutralizer, or isolated but 

impulse protected Application 

Column 1 Column 2 Column 3 

 1.2 10 10 

 2.5 15 15 

 5.0 19 19 

 8.7 26 26 

15.0 26 26 

25.0 26 34 

34.5 26 50 

46.0 34 70 

Distribution or 
Power 

69.0 34 95 
aFor higher line terminal system voltages than shown above, the low frequency insulation level at the neutral shall 
be specified to conform with service requirements, but in no case shall be less than 34 kV. 
NOTE—When specified, Y-Y connected transformers using a common, solidly grounded neutral may use a neutral 
bushing selected in accordance with the requirements of the low-voltage winding. 
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For test procedures, see IEEE Std C57.12.90. 

5.10.1 Line terminals 

5.10.1.1 Basic lightning impulse insulation level (BIL) 

A basic lightning impulse insulation level (BIL) from Table 4 shall be assigned to each line terminal of a 
winding.  The associated insulation levels shall be provided regardless of whether tests are or can be 
performed. 

5.10.1.2 Switching impulse insulation level 

Windings for system voltages 115 kV and above shall be designed for the switching impulse insulation 
levels (BSL) associated with the assigned BIL.  In addition, low-voltage windings shall be designed to 
withstand stresses from switching impulse tests on high-voltage windings regardless of whether or not 
such tests are specified. 

5.10.1.3 Front-of-wave insulation level 

Front-of-wave insulation levels and tests shall be specified when desired; otherwise, withstand insulation 
capability is not required. 

5.10.1.4 Wye-winding line terminal 

Each wye-winding line terminal shall be specified as suitable or unsuitable for ungrounded neutral 
operation. 

5.10.1.5 Windings that have no terminals brought out 

Windings that have no terminals brought out shall be capable of withstanding voltages resulting from the 
various tests that may be applied to other terminals corresponding to their respective BIL. 

5.10.2 Neutral terminals 

5.10.2.1 Wye connection with an accessible neutral external to the tank 

A transformer winding designed for wye connection only and with an accessible neutral external to the 
tank shall be assigned a low-frequency test level for the neutral terminal.  This assigned low-frequency 
test level may be lower than that for line terminals. 

5.10.2.2 Neutral terminals that are solidly grounded 

The assigned low-frequency test level for neutral terminals that are solidly grounded directly or through a 
current transformer shall be not less than that specified in Column 2 of Table 8. 
 
The assigned low-frequency test level for other cases shall be coordinated with voltages that can occur 
between the neutral and ground during normal operation or during fault conditions, but shall be not less 
than those specified in Column 2 and Column 3 of Table 8. 
 
It should be noted that IEEE Std 32 [B13] includes additional information on neutral insulation, 
application, etc. 
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5.10.2.3 Specific BIL 

When specified, neutral terminals shall be designed for a specific BIL instead of a low-frequency test 
level. 

5.10.2.4 Insulation level of the neutral bushing 

The insulation level of the neutral end of a winding may differ from the insulation level of the neutral 
bushing being furnished or of the bushing for which provision for future installation is made.  In this 
case, the dielectric tests on the neutral shall be determined by whichever is lower: the insulation of the 
neutral end of the winding or the insulation level of the neutral bushing shipped with the transformer. 

5.10.2.5 Neutral not brought out of the tank 

Insulation levels shall not be assigned where the neutral end of the winding is not brought out of the tank 
through a bushing.  In such cases, the neutral end of the winding shall be directly connected to the tank 
and the tank shall be solidly grounded, unless specified otherwise. 

5.10.3 Coordination of insulation levels 

5.10.3.1 BIL levels 

The BIL chosen for each line terminal shall be such that the lightning impulse, chopped-wave impulse, 
and switching impulse insulation levels include a suitable margin in excess of the dielectric stresses to 
which the terminal will be subjected in actual service.  For information on surge arrester characteristics 
and application, see IEEE Std C62.1 [B44], IEEE Std C62.2 [B45], IEEE Std C62.11 [B46], and IEEE 
Std C62.22 [B47].  It should be noted that it is recommended that surge-arrester protection be provided 
for tertiary windings that have terminals brought out. 

5.10.3.2 BSL levels 

A switching surge impulse occurring at one terminal during test or in actual service will be transferred to 
other winding terminals with a magnitude approximately proportional to the turns ratio involved.  This 
interaction should be considered when evaluating surge arrester application, evaluating expected 
magnitude of surges, and establishing coordinated insulation levels. 

5.10.3.3 Grounding considerations 

It is necessary to verify the ability of a transformer to withstand temporary overvoltage on unfaulted 
terminals during single or double line-to-ground faults.  In most cases, the low-frequency test is used to 
provide this verification.  The applicable low-frequency test levels are shown in Column 6 of Table 5 or 
Column 7 of Table 6.  An adequate margin is provided when the low-frequency test coefficient from 
Table 9 is approximately 1.5 times the coefficient of grounding.  The coefficient of grounding is defined 
in IEEE Std C62.22 [B47], except in this case, a decimal fraction should be used as opposed to a 
percentage; for example, 0.8 instead of 80%.  Caution should be exercised to ensure that the coefficient 
of grounding has been accurately determined and can be maintained, especially in the case of maximum 
BIL reductions on delta windings, such as 650 kV BIL at 230 kV or 350 kV BIL at 115 kV.  
Consideration should be given to backfeed in determining if the coefficient of grounding can be 
maintained.  Backfeed would involve energization from the low side of the transformer together with 
clearing on the high side so that the fault remains on one phase and the system grounding is lost.  Under 
these conditions, a full neutral shift could result on the high-voltage delta winding. 
 
In the case of wye windings for Class II transformers, low-frequency test levels and low-frequency test 
coefficients in Table 9 are not applicable unless the winding is specified as suitable for application on 



IEEE Std C57.12.00-2006 
IEEE STANDARD FOR STANDARD GENERAL REQUIREMENTS FOR LIQUID-IMMERSED DISTRIBUTION, 

POWER, AND REGULATING TRANSFORMERS 

20 
Copyright © 2007 IEEE. All rights reserved. 

 

ungrounded systems.  However, when the neutral is solidly grounded to the tank, the neutral end of the 
winding cannot shift with respect to the tank.  Therefore no significant increase in line-terminal-to-
ground (tank) voltage during single or double line-to-ground faults should occur provided that proper 
system grounding practices are employed. 
 

Table 9 —Low-frequency test coefficients 

Nominal system voltage 
(kV) 

Basic lightning impulse 
insulation level (BIL) 

(kV crest) 
Low-frequency test level

(kV rms) 
Low-frequency test 

coefficient 
Column 1 Column 2 Column 3 Column 4 

200 70 1.449 
46 

250 95 1.697 
250 95 1.310 

69 
350 140 1.931 
350 140 1.157 
450 185 1.529 115 
550 230 1.901 
450 185 1.276 
550 230 1.586 138 
650 275 1.897 
550 230 1.361 
650 275 1.627 161 
750 325 1.923 
650 275 1.136 
750 325 1.343 
825 360 1.488 

230 

900 395 1.632 
900 395 1.091 

1050 460 1.271 345 
1175 520 1.436 

NOTE 1—The application of this table is covered in Grounding considerations.  In particular, the caution 
regarding application of maximum BIL reductions should be considered. 
NOTE 2—The low-frequency test coefficient is the ratio between the low-frequency test level and the maximum 
line-to-line system voltage. 
 
For wye windings where Table 9 does not apply and neutral grounding devices significantly affect the 
coefficient of grounding of the transformer, alternate tests shall be specified to provide the necessary 
verification. 

5.10.4 Low-frequency voltage tests on line terminals for distribution transformers and 
Class I power transformers 

5.10.4.1 General 

Low-frequency test requirements for distribution and Class I power transformers shall use applied-
voltage and induced-voltage tests. 
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5.10.4.2 Requirements 

The low-frequency test requirements are as follows: 

a) A voltage to ground (not necessarily to neutral) shall be developed at each terminal in 
accordance with Column 6 of Table 5.  For ungraded windings, this voltage shall be maintained 
throughout the winding. 

b) A phase-to-phase voltage shall be developed between line terminals of each three-phase 
winding in accordance with Column 6 of Table 5 or Column 2 of Table 7, when applicable. 

c) Two times rated turn-to-turn voltage shall be developed in each winding. 

5.10.4.3 Exceptions 

Exceptions to the low-frequency test requirements are as follows: 

a) Subject to the limitation that the voltage-to-ground test shall be performed as specified in item 
a) of 5.10.4.2 on the line terminals of the winding with the lowest ratio of test voltage to 
minimum turns, the test levels may otherwise be reduced so that none of the three test levels 
required in 5.10.4.2 need be exceeded to meet the requirements of the other two, or so that no 
winding need be tested above its specified level to meet the test requirements of another 
winding. 

b) For delta windings, the voltage-to-ground developed at each terminal shall be in accordance 
with Table 5 for the BIL specified; however, voltage within the winding may be reduced to 87% 
of the voltage developed at the terminals. 

5.10.5 Low-frequency voltage tests on line terminals for Class II power transformers 

5.10.5.1 Induced-voltage test 

With the transformer connected and excited as it will be in service, an induced-voltage test shall be 
performed as indicated in Figure 2, at voltage levels indicated in Column 5 and Column 6 of Table 6. 

Figure 2 —Induced voltage test for Class II transformer 

7200 
Cycles 

One Hour

Hold as necessary to check
 

One Hour Voltage* 
Level

Enhancement* 
Voltage Level * From Table 6 
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5.10.5.2 Applied-voltage test 

Line terminals of delta windings and all terminals of wye windings for application on ungrounded 
systems shall receive an applied-voltage test at the levels indicated in Column 7 of Table 6. 

5.10.6 Low-frequency voltage test on neutral terminals for all transformers 

Each neutral terminal shall receive an applied-voltage test at its assigned low-frequency insulation level. 

5.10.7 Impulse tests 

5.10.7.1 Lightning impulse tests 

The lightning impulse test shall include reduced-full-wave, chopped-wave, and full-wave tests for Class 
II power transformers.  Lightning impulse tests shall not be made on windings that do not have terminals 
brought out through the tank or cover.  When lightning impulse tests are required on line terminals, the 
neutral terminals rated 200 kV BIL and above shall be lightning impulse tested.  Lightning impulse tests 
are not required on terminals brought out from buried windings in the following cases: 

a) When a single terminal is brought out for the purpose of grounding the buried winding. 

b) When two terminals are brought out so that the delta connection may be opened for the purpose 
of testing the buried winding. 

c) When temporary connections to terminals of a buried winding are brought out only for the 
purpose of factory tests. 

5.10.7.2 Switching impulse tests 

When required, switching impulse tests shall be performed.  Switching impulse tests on the high-voltage 
line terminals may overtest or undertest other line terminals depending upon the relative BSL levels, the 
turns ratios between windings, and test connections.  Regardless of this fact, tests on the high-voltage 
terminals shall be controlling, and a switching impulse test at the level specified in Table 6 shall be 
applied to the high-voltage terminals. 
 
The switching surge insulation of other windings shall be able to withstand voltages resulting from the 
required switching impulse tests to the high-voltage terminals, even though such voltages on the other 
windings may exceed their designated BSL listed in Table 6, when applicable. 
 
When the application of the switching impulse to the high-voltage terminals result in a voltage on 
another winding greater than the BSL requirement for that winding in Table 6, no additional test is 
necessary to demonstrate switching surge insulation withstand capability on that winding. 

5.11 Temperature rise and loading conditions 

5.11.1 Limits of observable temperature rise 

5.11.1.1 Winding temperature rises 

The average winding temperature rise above ambient temperature shall not exceed 65 ºC at rated kVA 
when tested in accordance with IEEE Std C57.12.90 using the combination of connections and taps that 
give the highest average winding temperature rise.  This will generally involve those connections and 
taps resulting in the highest losses. 
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The maximum (hottest-spot) winding temperature rise above ambient temperature shall not exceed 80 ºC 
at rated kVA for the particular combination of connections and taps that give the highest maximum 
(hottest-spot) winding temperature rise.  This will generally involve those connections and taps resulting 
in the highest losses.  The maximum (hottest-spot) winding temperature rise above ambient shall be 
determined by one of the following conditions: 

a) Direct measurement during a thermal test in accordance with IEEE Std C57.12.90.  A sufficient 
number of direct reading sensors should be used at expected locations of the maximum 
temperature rise as indicated by prior testing or loss and heat transfer calculations. 

b) Direct measurement on an exact duplicate transformer design per item a). 
c) Calculations of the temperatures throughout each active winding and all leads.  The calculation 

method shall be based on fundamental loss and heat transfer principles and substantiated by 
tests on production or prototype transformers or windings. 

 
The maximum (hottest-spot) winding temperature rise above ambient temperature shall be included in 
the test report with the other temperature rise data.  A note shall indicate which of the above methods was 
used to determine the value. 

5.11.1.2 Other winding rises 

Other winding rises may be recognized for unusual ambient conditions or for special applications.  These 
are specified in appropriate applications or in certain product standards. 

5.11.1.3 Rises of metallic parts other than windings 

Metallic parts in contact with current-carrying conductor insulation shall not attain a temperature rise in 
excess of the winding hottest-spot temperature rise. 

Metallic parts other than those described above shall not attain excessive temperature rises at maximum 
rated load. 

5.11.1.4 Liquid temperature rise 

The temperature rise of the insulating liquid shall not exceed 65 ºC when measured near the top of the 
main tank. 

5.11.2 Conditions under which temperature rise limits apply 

Temperature limits shall not be exceeded when the transformer is operating on the connection that will 
produce the highest winding temperature rise above ambient temperature and is delivering 

a) Rated kVA output at rated secondary voltage when there are no taps. 

b) Rated kVA output at the rated secondary voltage for that connection when it is a rated kVA tap 
connection. 

c) At the rated secondary voltage of that connection, the kVA output corresponding to the rated 
current of the tap when the connection is a reduced kVA tap connection. 

d) A specified combination of kVA outputs at specified power factors (for each winding) for 
multiwinding transformers. 

e) Rated kVA output at rated V/Hz. 

NOTE—As used here, the term rated secondary voltage or rated current means the value assigned by the 
manufacturer and shown on the nameplate. 
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5.12 Nameplates 

5.12.1 General 

A durable metal nameplate shall be affixed to each transformer by the manufacturer.  Unless otherwise 
specified, it shall be made of corrosion-resistant material.  It shall bear the rating and other essential 
operating data as specified in 5.12.2.  This standard recognizes the use of metric (SI) and empirical (U.S. 
customary) units for data appearing on transformer nameplates.  It should be noted that although this 
standard recognizes the possibility of using SI units as an alternative to the U.S. customary units used in 
the past, it is not intended that both appear on the specific nameplate.  However, units used shall be 
explicitly shown. 
 
In accordance with the requirement of IEEE Std C57.131, LTC transformers shall also contain a tap 
changer nameplate, permanently attached to the LTC compartment. 

5.12.2 Nameplate information 

Unless otherwise specified, the minimum information shown on the nameplate shall be that specified in 
Table 10 and its associated notes, and shall be in accordance with the following categories: 

a) Nameplate A shall be used on transformers rated 500 kVA or below with a high-voltage basic 
impulse insulation level (BIL) less than 150 kV. 

b) Nameplate B shall be used on transformers rated 500 kVA or below, which are not covered 
above. 

c) Nameplate C shall be used on transformers rated above 500 kVA. 
 

Table 10 —Nameplate information 

Row Nameplate A Nameplate B Nameplate C 

1 Serial number (1)10 Serial number (1) Serial number (1) 

2 Month/year of manufacture Month/year of manufacture Month/year of manufacture 

3 Class (ONAN, ONAF, etc.)(2) Class (ONAN, ONAF, etc.)(2) Class (ONAN, ONAF, etc.)(2) 

4 Number of phases Number of phases Number of phases 

5 Frequency Frequency Frequency 

6 kVA rating (1)(2) kVA rating (1)(2) kVA (or MVA) rating (1)(2) 

7 Voltage ratings (1)(3) Voltage ratings(l)(3) Voltage ratings (1)(3) 

8 Tap voltages (4) Tap voltages (4) Tap voltages (4) 

9 Temperature rise, ºC Temperature rise, ºC Temperature rise, ºC 

10 Polarity (single-phase 
transformers) 

Polarity (single-phase 
transformers) 

Polarity (single-phase 
transformers) 

11 Phasor diagram 
(polyphase transformers) 

Phasor diagram 
(polyphase transformers) 

Phasor diagram 
(polyphase transformers) 

13 Percent impedance (5) Percent impedance (5) Percent impedance (5) 

                                                 
10Numbers in parentheses refer to the notes at the end of the table. 
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Table 10 —Nameplate information 

Row Nameplate A Nameplate B Nameplate C 

14 — Basic lightning impulse insulation 
levels (BIL) (6) 

Basic lightning impulse insulation 
levels (BIL) (6) 

15 Approximate total mass 
in kg or weight in lbs (7) 

Approximate total mass 
in kg or weight in lbs (8) 

Approximate total mass 
in kg or weight in lbs (8) 

16 Connection diagram (9) Connection diagram (9) Connection diagram (9) 

17 Name and location (country) of  
manufacturer 

Name and location (country) of  
manufacture 

Name and location (country) of  
manufacture 

18 Installation and operating 
instructions reference 

Installation and operating 
instructions reference 

Installation and operating 
instructions reference 

19 The word transformer or 
autotransformer 

The word transformer 
or autotransformer 

The word transformer 
or autotransformer 

20 Type of insulating liquid 
(generic name preferred) (12) 

Type of insulating liquid 
(generic name preferred) (12) 

Type of insulating liquid 
(generic name preferred) (12) 

21 Conductor material (of each 
winding) 

Conductor material (of each 
winding) 

Conductor material (of each 
winding) 

22 — — Step-up operation suitability (10) 

23 — — Tank, pressure, and liquid data (11)

NOTE 1—The letters and numerals showing kVA, serial number, and voltage ratings shall have a minimum height 
of 4.00 mm (0.157 in) whether engraved or stamped.  The height of other letters and numerals shall be optional with 
the manufacturer. 
NOTE 2—When the class of transformer involves more than one kVA (or MVA) rating, all ratings shall be shown.  
Any winding, such as a tertiary winding, that has a different rating shall have its kVA (or MVA) suitably described.  
When the transformer has more than one temperature rating, the additional rating shall be shown on the nameplate.  
Provision for future forced-cooling equipment shall be indicated. 
NOTE 3—The voltage ratings of a transformer or autotransformer shall be designated by the voltage rating of each 
winding separated by a dash (-) or voltages may be listed in tables.  The winding voltage ratings shall be designated 
as specified in Table 11 and Table 12. 
When the transformer is suitable for Y connection, the nameplate shall be so marked.  The nameplate on two-
winding single-phase transformer insulated for Y connection on both windings, shall show the Y voltage on the 
high-voltage side only for transformers that have a high-voltage ratings above 600 V. 
NOTE 4—The tap voltages of a winding shall be designated by listing the winding voltage of each tap, separated by 
a solidus (/), or shall be listed in tabular form.  The rated voltage of each tap shall be shown in volts, except that for 
transformers rated 500 kVA and smaller with taps in uniform 2.5% or 5% steps, they may be shown as percentages 
of rated voltage. 
Taps shall be identified on the transformer nameplate by means of letters in sequence or Arabic numerals.  The 
numeral “1” or letter “A” shall be assigned to the voltage rating providing the maximum ratio of transformation11 
with tap changers for de-energized operation. 
The neutral position (the position in which the LTC circuit has no effect on the output voltage) shall be designated 
by the letter “N” for load tap changers.  The raise positions shall be designated by Arabic numerals in ascending 
order corresponding to increasing output voltage, followed by the suffix “R,” such as 1R, 2R, etc.  The lower 
positions shall be designated by Arabic numerals in ascending order, corresponding to decreasing output voltage, 
followed by the suffix “L,” such as 1L, 2L, etc. (this applies to the relationship between two windings of a 
transformer only, such as the H and X windings). 
In the event of system requirements such as reversal of power flow, regulation of input voltage (LTC in the primary 
winding), or any unusual conditions, nameplates shall have raise-lower designations specified by the user.  This 
applies to two-winding transformers only. 

                                                 
11 The ratio of transformation is defined as the high-voltage volts divided by the low-voltage volts. 

(continued)
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The rated currents of all windings at the highest kVA rating and on all tap connections shall be shown for 
transformers rated 501 kVA and larger. 
Any reduced capacity taps shall be identified. 
NOTE 5—Percent impedance shall be given between each pair of windings and shall be the tested value for 
transformers rated 501 kVA and larger.  The voltage connection shall be stated following each percent impedance.  
When the transformer has more than one kVA rating, the kVA base shall be given. 
NOTE 6—Full-wave BIL of line terminals shall be designated as in the following example: 

High-voltage winding   450 kV BIL 
High-voltage winding neutral  110 kV BIL 
High-voltage winding neutral bushing   95 kV BIL 
Low-voltage winding     95 kV BIL 

NOTE 7—Weight may be omitted from the nameplate for transformers rated below 37.5 kVA single-phase or below 
30 kVA polyphase.  In this case, supplemental data shall be available showing the required volume of insulating 
liquid and the approximate weight of the transformer. 
NOTE 8—The approximate weights shall be shown as follows: 

a) Core and coils 
b) Tank and fittings 
c) Liquid 
d) Total weight 
e) Untanking weight (heaviest piece) 

NOTE 9—All winding terminations shall be identified on the nameplate or on the connection diagram.  A schematic 
plan view shall be included, preferably indicating orientation by locating a fixed accessory such as the de-energized 
tap changer handle, the load tap changer, instruments, or other prominent items.  All termination or connection 
points shall be permanently marked to agree with the schematic identification.  In general, the schematic view should 
be arranged to show the low-voltage side at the bottom and the H, high-voltage terminal, at the top left.  (This 
arrangement may be modified in particular cases, such as multiwinding transformers that are equipped with terminal 
locations that do not conform to the suggested arrangement.) 
Indication of voltage transformers, potential devices, current transformers, winding temperature devices, etc., when 
used, shall be shown. 
Any nonlinear devices, capacitors, or resistors installed on the winding assembly or on any tap changer shall be 
indicated on the nameplate. 
Polarity and location of current transformers shall be identified when used for metering, relaying, or line drop 
compensation.  Polarity need not be shown when current transformers are used for winding temperature equipment 
or cooling control. 
All internal leads and terminals not permanently connected shall be identified with numbers or letters in a manner 
that permits convenient reference will prevent confusion with terminal and polarity markings. 
The scallop symbol shall be used in accordance with IEEE Std 315 and IEEE Std 315A for the development of 
windings. 
NOTE 10—The nameplate shall state when the transformer is suitable for step-up operation. 
NOTE 11—The following tank, pressure, and liquid data for transformers larger than 500 kVA shall be provided: 

a) Maximum operating pressures of liquid preservation system_______ kPa (lbf/in2) positive and_______ 
kPa (lbf/in2) negative. 

b) Tank designed for ___ kPa (lbf/in2) vacuum filling.  The manufacturer shall identify any portion of the 
transformer that can not withstand the stated vacuum level (i.e., conservator, LTC boards, radiators, etc.). 

c) Liquid level below top surface of the highest point of the highest manhole flange at 25 oC _______ mm 
(in).  Liquid level changes _______ mm (in) per 10 oC change in liquid temperature. (This applies only to 
transformers that have a gas cushion above the liquid in the transformer.)  The volume of insulating liquid, 
in liters (gallons), and type of insulating liquid shall be shown for the main tank and for each liquid-filled 
compartment. 
It is suggested that liters be used for volumes less than 1000 liters, and cubic meters for volumes 1000 
liters and larger. 

NOTE 12—The nameplate shall state:  “Contains no detectable level of PCB (less than 2 PPM) at the time of 
manufacture.” 
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5.12.3 Schematic representation. 

Windings shall be represented as shown in Table 11 and Table 12. 
 

Table 11 —Designation of voltage ratings of single-phase windings 
(schematic representation) 

Identification Nomenclature Nameplate marking 
Typical winding 

diagram Condensed usage guide 

(1)(a) E 34 500 

 

E shall indicate a winding of 
E volts that is suitable for 
Δ connection on an E volt 
system. 

(1)(b) E/E1Y 2400/4160Y 

 

E/E1Y shall indicate a 
winding of E volts that is 
suitable for Δ connection on 
an E volt system, or for Y 
connection on an E1 volt 
system. 

(1)(c) E/E1GrdY 39 840/69 000GrdY 

 

E/E1GrdY shall indicate a 
winding of E volts having 
reduced insulation that is 
suitable for Δ connection on 
an E volt system, or Y 
connection on an E1 volt 
system, transformer neutral 
effectively grounded. 

(1)(d) E1 GrdY/E 12 470GrdY/7200 

 

E1 GrdY/E shall indicate a 
winding of E volts with 
reduced insulation at the 
neutral end.  The neutral end 
may be connected directly to 
the tank for Y or for single-
phase operation on an E1 volt 
system, provided the neutral 
end of the winding is 
effectively grounded. 



IEEE Std C57.12.00-2006 
IEEE STANDARD FOR STANDARD GENERAL REQUIREMENTS FOR LIQUID-IMMERSED DISTRIBUTION, 

POWER, AND REGULATING TRANSFORMERS 

28 
Copyright © 2007 IEEE. All rights reserved. 

 

Table 11 —Designation of voltage ratings of single-phase windings 
(schematic representation) 

Identification Nomenclature Nameplate marking 
Typical winding 

diagram Condensed usage guide 

(1)(e) E/2E 120/240, 240/480 

 

E/2E shall indicate a 
winding; the sections of 
which can be connected in 
parallel for operation at E 
volts, or which can be 
connected in series for 
operation at 2E volts, or 
connected in series with a 
center terminal for three-
wire operation at 2E volts 
between the extreme 
terminals and E volts 
between the center terminal 
and each of the extreme 
terminals. 

(1)(f) 2E/E 240/120 

 

2E/E shall indicate a 
winding for 2E volts, two-
wire full kilovoltamperes 
between extreme terminals; 
or for 2E/E volts three-wire 
service with 1/2 kVA 
available only, from 
midpoint to each extreme 
terminal. 

(1)(g) V • V1 240 × 480 
2400/4160Y × 
4800/8320Y 

 

V • V1 shall indicate a 
winding for parallel or series 
operation only but not 
suitable for three-wire 
service. 

NOTE 1—E is line-to-neutral voltage of a Y winding, or line-to-line voltage of a Δ winding. 

NOTE 2—E1 is 3 E. 

NOTE 3—Additional subscripts, H, X, and Y (when used) identify high-voltage, low-voltage, and tertiary-voltage 
windings. 

(continued)
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Table 12 —Designation of voltage ratings of three-phase windings 
(schematic representation) 

Identification Nomenclature Nameplate 
marking Typical winding diagram Condensed usage guide 

(2)(a) E 2400 

 
 

E shall indicate a winding 
that is permanently 
Δ connected for operation on 
an E volt system. 

(2)(b) E1Y 4160Y 

 
 

E1Y shall indicate a winding 
that is permanently Y 
connected without a neutral 
brought out (isolated) for 
operation on an E1 volt 
system. 

(2)(c) E1Y/E 4160Y/2400 

 

E1Y/E shall indicate a 
winding that is permanently 
Y connected with a fully 
insulated neutral brought out 
for operation on an E1 volt 
system, with E volts 
available from line to 
neutral. 

(2)(d) E/E1Y 2400/4160Y 

 

E/E1Y shall indicate a 
winding that may be 
Δ connected for operation on 
an E volt system, or may be 
Y connected without a 
neutral brought out (isolated) 
for operation on an E1 volt 
system. 

(2)(e) E/E1Y/E 2400/4160Y/ 
2400 

 

E/E1Y/E shall indicate a 
winding that may be 
Δ connected for operation on 
an E volt system, or may be 
Y connected with a fully 
insulated neutral brought out 
for operation on an E1 volt 
system with E volts available 
from line to neutral. 
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Table 12 —Designation of voltage ratings of three-phase windings 
(schematic representation) 

Identification Nomenclature Nameplate 
marking Typical winding diagram Condensed usage guide 

(2)(f) E1GrdY/E 60 000GrdY/ 
39 840 

E1GrdY/E shall indicate a 
winding with reduced 
insulation and permanently 
Y connected, with a neutral 
brought out and effectively 
grounded for operation on an 
E1 volt system with E volts 
available from line to 
neutral. 

(2)(g) E/E1GrdY/E 39 840/ 
69 000GrdY/ 

39 840 

E/E1GrdY/E shall indicate a 
winding having reduced 
insulation, which may be 
Δ connected for operation on 
an E volt system; or may be 
connected Y with a neutral 
brought out and effectively 
grounded for operation on an 
E1 volt system with E volts 
available from line to 
neutral. 

 7200  × 14 400 (2)(h) 

V • V1 4160Y/2400 × 
12 470Y/7200 

V • V1 shall indicate a 
winding, the sections of 
which may be connected in 
parallel to obtain one of the 
voltage ratings (as defined in 
a–g) of V, or may be 
connected in series to obtain 
one of the voltage ratings (as 
defined in a–g) of V1.  
Winding are permanently Δ 
or Y connected. 

6. Construction 

6.1 Bushings 

Transformers shall be equipped with bushings with an insulation level no less than that of the winding 
terminal to which they are connected, unless otherwise specified. 
 
Bushings for use in transformers shall have impulse and low-frequency insulation levels as listed in 
Table 13 and IEEE Std C57.19.01. 
 
Transformers using bushings that have dimensions in accordance with IEEE Std C57.19.01 shall have 
bushing mounting holes that are adequate to accommodate the maximum P dimensions for those 
bushings, as shown in the applicable tables. 

(continued)
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6.2 Transformer accessories 

Specific information on accessories is contained in the standards applying to particular types of 
transformers. 

6.3 Bushing current transformers 

Bushing current transformers used with bushings having dimensions in accordance with IEEE Std 
C57.19.01 shall have an inside diameter to accommodate the maximum D dimensions for those bushings, 
as shown in the applicable tables. 
 

Table 13 —Electrical insulation characteristics of transformer bushings 
(applies only to bushings 34.5 kV and below not listed in IEEE Std C57.19.01) 

Outdoor bushing Indoor bushingsa 

Power transformerb Distribution transformersb 

 60 Hz 
withstand 

60 Hz 
withstand 

Impulse 
full wave 

dry 
with-
stand 
(kV) 

System 
voltage  

Mini-
mum 
creep-

age dist-
ance 

1 min 
dry 

10 s 
wet 

Impulse 
full wave 

dry 
with-
stand 
(kV) 1 

min 
dry 

10 s 
wet 

Impulse 
full wave 
dry with-

stand 
(kV) 

60 Hz 
with-
stand 
1 min 
dry  

(kV)c mm/(in) (kV) (kV) (1.2/ 
50 μs) (kV) (kV) (1.2/ 

50 μs) (kV) (1.2/ 
50 μs) 

 1.2 — — — — 10  6  30 — — 

 2.5 — 21 20 60 15 13  45 20  45 

 5.0 — 27 24 75 21 20  60 24  60 

 8.7 — — — — 27 24  75 30  75 

 8.7 178/(7) 35 30 95 — — — — — 

15.0 — — — — 35 30  95  50d  110d 

18.0 — — — — 42 36 125 — — 

25.0 — — — — — — — 60 150 

34.5 — — — — — — — 80 200 
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aIndoor bushings are those intended for use on indoor transformers. Indoor bushing test values do not apply to 
bushings used primarily for mechanical protection of insulated cable leads. Wet test values are not assigned to 
indoor bushings. 
bPower transformers indicate transformers rated above 500 kVA and distribution transformers indicate 
transformer rated 500 kVA and below. 
cNominal system voltage values given above are used merely as reference numbers and do not necessarily 
imply a relation to specific operating voltages. 
dSmall indoor transformers may be supplied with bushing for a dry withstand test of 38 kV and an impulse test 
of 95 kV. 

6.4 Thermometer wells 

Unless otherwise specified in the standard applying to the particular type of transformer, dimensions for 
thermometer wells shall be as shown in Figure 3. 
 
The thermometer well shall be positioned in such a way that it is at least 25.4 mm below the liquid level 
at minimum operating temperature (either –20 ºC, or as specified by the user). 
 

 
Figure 3 —Dimension of thermometer well 

6.5 Tank pressure requirements 

6.5.1 Maximum under rated conditions 

Tank pressure under rated conditions for sealed transformers shall not exceed two atmospheres (203 kPa) 
absolute pressure12 unless requirements of applicable sections of the ASME Boiler and Pressure Vessel 
Code (BPV) are met. 

6.5.2 Limits and tests 

Specific pressure limits and tests are included in standards applying to particular types of transformers. 
 

                                                 
12 Two atmosphere absolute pressure = 203 kPa or 14.7 psig 

152 mm (6 in)

FROM END OF M22×1.5 THREAD
TO INSIDE BOTTOM OF WELL 

M22×1.5 ISO THREAD 
(7/8 in - 14 UNF 2 THREAD) 

12.7 ±1.59 mm 
(1/2 ± 1/16 in )  

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
in492.0
in487.0.DIA

mm5.12
mm4.12  
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6.6 Liquid insulation system 

6.6.1 Insulating liquids 

Transformers shall be filled with a suitable insulating liquid such as 

a) Mineral oil.  New, unused mineral oil shall meet the requirements of ASTM D3487. 
NOTE—IEEE Std C57.106 [B35] provides information concerning the acceptance and maintenance of 
mineral oil, including dielectric test breakdown criteria according to oil application, age, and test method. 

b) Less flammable hydrocarbon fluid.  New, unused less flammable hydrocarbon fluid shall meet 
the requirements of ASTM D5222-92. 
NOTE—IEEE Std C57.121 [B43] provides information concerning the acceptance and maintenance of 
less-flammable fluid in transformers. 

c) Silicone fluid.  New, unused silicone fluid shall meet the requirements of ASTM D2225-92 
NOTE—IEEE Std C57.111 [B38] provides information concerning the acceptance and maintenance of 
silicone insulating fluid in transformers. 

 
There are other insulating fluids that may be suitable and are commercially available.  At the time of this 
revision, neither ASTM specifications nor IEEE guides for use in transformers exist. 

6.6.2 Insulating liquid preservation 

Transformers shall be equipped with an insulating liquid preservation system such as: 

a) Sealed tank 

b) Gas-oil seal 

c) Conservator 

d) Conservator/diaphragm 

NOTE—Various insulating liquid (oil) preservation systems are described and defined in IEEE Std C57.12.80. 

6.6.3 Nitrogen inert-gas pressure system 

Nitrogen for use with inert-gas-protected transformers shall be in accordance with ASTM D1933, Type 
III. 
 
Nitrogen shall be supplied in 5.66 m3 (200 ft3) cylinders equipped with Connection No. 580 of 
ANSI/CGA-V-1.  The filling pressure shall be 15.2 MPa (2200 lbf/in2) at 21.1 ºC (70 ºF). 

6.7 Grounding 

6.7.1 Transformer grounding 

Transformer grounding facilities shall be furnished in accordance with the standards for particular types 
of transformers. 

6.7.2 Grounding of core 

The transformer core shall be grounded to the transformer tank for electrostatic purposes. 
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6.8 Minimum external clearances between transformer live parts of different 
phases of the same voltage 

Table 14 describes the minimum external clearances between transformer live parts of different phases.  
In the establishment of these clearances, it was recognized that bushing ends normally have rounded 
electrode shapes.  It is also assumed that conductor clamps would be suitably shaped so that they would 
not reduce the withstand strengths, and the arrangement of the incoming conductors would not reduce the 
effective clearances provided by the transformer bushing.  In other words, the clearances were 
established based upon electrostatic fields that are unusually not divergent. 
 
Where adequate previous experience has indicated that smaller clearances are acceptable, the smaller 
clearances may be applied.  Factory dielectric test conditions may require larger clearances than those 
defined here. 
 
The clearances indicated for 345 kV and 500 kV nominal system voltages are based upon a maximum 
phase-to-phase switching impulse voltage equal to 3.8 per unit times the maximum peak line-to-ground 
voltage for each nominal system voltage addressed.  The 3.8 per unit value is based on the use of closing 
resistors in the circuit breaker.  The switching of EHV shunt capacitor banks could result in higher 
voltages up to 4.2 per unit of peak line-to-ground voltage and may require greater spacing than those 
stated in Table 14. 
 
The application of metal oxide surge arresters connected in close proximity to EHV line bushings can 
reduce the phase-to-phase switching impulse voltages to a level less than 3.8 per unit, thereby permitting 
smaller clearances than those given in Table 14.  For phase-to-phase voltages other than 3.8 per unit, 
refer to footnote b) of Table 14. 
 
Minimum external clearances shall comply with Table 14 except where suitable grading of local stresses 
may allow smaller clearances.  Any such reduction in clearances should be on the basis of agreement 
between user and manufacturer. 
 
The nominal clearance values indicated are subject to normal manufacturing tolerances.  Normal 
manufacturing tolerances should not significantly increase the likelihood of a flashover because the 
clearances listed in Table 14 are conservative. 
 

Table 14 —Minimum external clearances between transformer live parts of different 
 phases of the same voltage 

Minimum clearance between live 
parts of different phases 

Minimum clearance between 
top shed of insulator of 

bushings of different phases Nominal system 
voltage, rms 

Maximum system 
voltage, rms 
(from ANSI 
C84.1, ANSI 

C92.2) Distribution
transformers 

Power 
transformers 

Distribution 
transformers 

Power 
transformers 

(kV) (kV) mm (in) mm (in) mm (in) mm (in) 
   1.2 — 25 (1) 51 (2) 25 (1) 25 (1) 
   2.5 — 51 (2) 76 (3) 25 (1) 38 (1.5) 
   5.0 — 64 (2.5) 102 (4) 38 (1.5) 51 (2) 
   8.7 — 102 (4) 127 (5)  51 (2) 64 (2.5) 

 15 — 140 (5.5) 165 (6.5)  76 (3)  89 (3.5) 
  25 — 178a (7) 229 (9)  114 (4/5)  152 (6) 

  34.5 — 330a (13) 330 (13)  203 (8)  203 (8) 
  46   48.3 432 (17) 432 (17)  305 (12)  305 (12) 
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Table 14 —Minimum external clearances between transformer live parts of different 
 phases of the same voltage 

Minimum clearance between live 
parts of different phases 

Minimum clearance between 
top shed of insulator of 

bushings of different phases Nominal system 
voltage, rms 

Maximum system 
voltage, rms 
(from ANSI 
C84.1, ANSI 

C92.2) Distribution
transformers 

Power 
transformers 

Distribution 
transformers 

Power 
transformers 

(kV) (kV) mm (in) mm (in) mm (in) mm (in) 

  69   72.5 635 (25) 635 (25)  483 (19)  483 (19) 
 115  121.0 — — 1041 (41) — —  914 (36) 
 138  145.0 — — 1245 (49) — — 1118 (44) 
 161  169.0 — — 1448 (57) — — 1321 (52) 
 230  242.0 — — 1778 (70) — — 1651 (65) 
 345  362.0 — — 2286b (90) — — 2159 (85) 
 500  550.0 — — 4064b (160) — — 3937 (155) 
 765  800.0 — — —

c
— — — —

c 
—

 

1100 1200.0 — — —
c 

—
 

— — —
c 

—
 

aIt should be noted that ANSI C57.12.22 [B5] specifies a phase-to-phase clearance of 165 mm (6.25 in) for 25 kV 
and 229 mm (9 in) for 34.5 kV nominal system voltage.  The smaller clearances are acceptable since the bushings 
are always located within a metal enclosure and are not subject to the same conditions that occur with bushings 
exposed to the elements. 
bFor phase-to-phase switching impulse voltages other than 3.8 per unit, the following formula may be used to 
establish the minimum external clearance for peak switching impulse voltages between 1000 kV and 1800 kV only: 

X = 3.0734(Y) – 1143;  or  ( X = 0.121 (Y) – 45 ) 
where 

X is the minimum clearance between live parts of different phases in mm (in) 
Y is the switching impulse voltage from phase to phase (peak kV) (applicable only from 1000 kV to 
1800 kV) 

cPower transformers, at nominal system voltages of 765 kV and 1100 kV, are usually single phase so that clearances 
between live parts of different phases are not an issue. 

NOTE 1—The external clearances given are for transformers intended for operation at altitudes of 1000 m (3300 ft) 
or less.  For operation at altitudes in excess of 1000 m, the external clearances shall be increased to compensate for 
the decrease in sparkover voltage at the rate of 1% (0.01) per 100 m (330 ft) increase in altitude in excess of 1000 m 
(3300 ft). 

NOTE 2—The above clearances are the minimum required to ensure satisfactory operation considering only the 
effects of the electrical stress between bushings. 

CAUTION 
If there is risk that these clearances will be effectively reduced by the intrusion of birds or animals, the user should 
specify increased clearances between bushings.  This is most important at lower system voltages where clearances 
between bushings are small.  In the case where bushings terminate in a closed junction box for connection to cables, 
intrusion by birds and animals is not possible; therefore the above minimum clearances will be adequate. 

(continued)
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7. Short-circuit characteristics 

7.1 Requirements 

7.1.1 General 

Liquid-filled transformers shall be designed and constructed to withstand the mechanical and thermal 
stresses produced by external short circuits under the conditions specified in 7.1.3, 7.1.4, and 7.1.5.  The 
external short circuits shall include three-phase, single line-to-ground, double line-to-ground, and line-to-
line faults on any one set of terminals at a time.  Multiwinding transformers shall be considered to have 
system fault power supplied at no more than two sets of unfaulted terminals rated greater than 35% of the 
terminal kVA of the highest capacity winding.  For other fault conditions, the requirements shall be 
specified by those responsible for the application of the transformer. 
 
Short-circuit withstand capability can be adversely affected by the cumulative effects of repeated 
mechanical and thermal overstressing produced by short circuits and loads above the nameplate rating.  It 
is not feasible to continuously monitor and quantitatively evaluate the degrading effects of such duty, 
short-circuit tests, when required, should be performed prior to placing transformer(s) in service. 
 
The intention here is not that every transformer be short-circuit tested to demonstrate adequate 
construction. 
 
When specified, short-circuit tests shall be performed as described in IEEE Std C57.12.90. 

7.1.2 Transformer categories 

Four categories for the rating of transformers are recognized. 
 

Table 15 —Category of transformer ratings 

Category Single phase (kVA) Three phase (kVA) 

Ia 5 to 500 15 to 500 

II 501 to 1667 501 to 5000 

III 1668 to 10 000 5001 to 30 000 

IV Above 10 000 Above 30 000 
aCategory I shall include distribution transformers manufactured in accordance with ANSI 
C57.12.20 [B3] up through 500 kVA, single phase or three phase.  In addition, autotransformers 
with equivalent two-winding kVA of 500 or less, which are manufactured as distribution 
transformers in accordance with ANSI C57.12.20 [B3], shall be included in Category I, even 
though their nameplate kVA may exceed 500. 

NOTE—All kVA ratings listed are minimum nameplate kVA for the principal windings. 
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7.1.3 Short-circuit current duration 

7.1.3.1 General 

For Category I distribution transformers, the duration of the short circuit shall be determined by Equation 
(1). 

2

1250
I

t =  (1) 

where 
t is duration (s) 
I is symmetrical short-circuit current in multiples of normal base current (see 7.1.5.1) 

For Category II, III, and IV units, the duration of the short-circuit current as defined in 7.1.4 is limited to 
2 s, unless otherwise specified by the user. 

When used on circuits having reclosing features, transformers in all categories shall be capable of 
withstanding the resulting successive short circuits without cooling to normal operating temperatures 
between successive occurrence of the short circuit, provided that the accumulated duration of short 
circuit does not exceed the maximum duration permitted for single short circuits as defined in 7.1.3.1. 

For currents between rated current and maximum short-circuit current, the allowable time duration 
should be obtained by consulting the manufacturer. 

IEEE Std C57.12.90 defines a procedure by which the mechanical capability of a transformer to 
withstand short-circuit stresses may be demonstrated.  The prescribed tests are not designed to verify 
thermal performance.  Conformance to short-circuit thermal requirements shall be by calculation in 
accordance with 7.4. 

7.1.3.2 Duration of short-circuit tests 

When short-circuit tests are performed, the duration of each test shall be 0.25 s except that one test 
satisfying the symmetrical current requirement shall be made for a longer duration on Category I, II, and 
III transformers.  The duration of the long test in each case shall be as shown in Equation (2). 

Category I: 

2

1250
I

t =  (2) 

where 

t is duration (s) 

Category II: 

t is 1.0 s 

Category III: 

t is 0.5 s 
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For special applications when longer fault durations are common in service, special long-duration tests 
should be specified at purchase.  When making consecutive tests without allowing time for winding 
cooling, care should be exercised to avoid exceeding temperature limits (specified in 7.3.5) for 
transformers under short-circuit conditions. 

7.1.4 Short-circuit current magnitude 

7.1.4.1 Category I 

The symmetrical short-circuit current shall be calculated using transformer impedance only except that 
the maximum symmetrical current magnitudes shall not exceed the values listed in Table 16. 
 

Table 16 —Distribution transformer short-circuit withstand capability 

Single phase 
(kVA) 

Three phase 
(kVA) 

Withstand capabilitya 
per unit of base current 

(symmetrical) 

5–25 15–75 40 
37.5–110 112.5–300 35 
167–500 500 25 

aThis table applies to all distribution transformers with secondaries rated 600 V and below and to 
distribution autotransformers with secondaries rated above 600 V. Two winding distribution transformers 
with secondaries rated above 600 V should be designed to withstand short circuits limited only by the 
transformer’s impedance. Autotransformers having nameplate kVA greater than 500 that are built as 
distribution transformers in accordance with ANSI C57.12.20 [B3] shall have withstand capabilities of 25 
per unit of base current (symmetrical). 

7.1.4.2 Category II 

The symmetrical short-circuit current shall be calculated using transformer impedance only. 

7.1.4.3 Categories III and IV 

The symmetrical short-circuit current shall be calculated using transformer impedance plus system 
impedance, as specified by the transformer user.  When system impedance is not specified, data from 
7.1.5.3 shall be used. 

7.1.4.4 Stabilizing windings 

Stabilizing windings in three-phase transformers (Δ-connected windings with no external terminals) shall 
be capable of withstanding the current resulting from any of the system faults specified in 7.1.1, 
recognizing the system grounding conditions.  Appropriate stabilizing winding kVA, voltage, and 
impedance shall be provided. 
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7.1.5 Short-circuit current calculations 

7.1.5.1 Symmetrical current (two-winding transformers) 

It should be noted that for multiwinding transformers and autotransformers, the required rms value of 
symmetrical current in each winding shall be determined by calculation based on applicable system 
conditions and fault types. 

ST

R
SC ZZ

I
I

+
=  (3) 

R

SC

I
I

I =  (4) 

where 
I is the symmetrical short circuit current in multiple of normal base 
Isc symmetrical short circuit current, (A, rms) 
IR is the rated current on the given tap connection, (A, rms) 
ZT is the transformer impedance on the given tap connection, in per unit on the same apparent 

power base as IR  
Zs is the impedance of the system or permanently connected apparatus, in per unit on the same 

apparent power base as IR 

7.1.5.2 Asymmetrical current 

The first-cycle asymmetrical peak current that the transformer is required to withstand shall be 
determined as shown in Equation (5) and Equation (6). 
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where 
φ  is arc tan (x/r), (radians) 
e  is the base of natural logarithm 
x/r is the ratio of effective ac reactance to resistance, both in ohms, in the total impedance that 

limits the fault current for the transformer connections when the short circuit occurs 
 
When the system impedance is included in the fault-current calculation, the x/r ratio of the external 
impedance shall be assumed equal to that of the transformer, when not specified. 
 
Values of K are given in Table 15. 
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Table 17 —Values of K 

r/x x/r K 

0.001 1000.00 2.824

0.002 500.00 2.820

0.003 333.00 2.815

0.004 250.00 2.811

0.005 200.00 2.806

0.006 167.00 2.802

0.007 143.00 2.798

0.008 125.00 2.793

0.009 111.00 2.789

0.010 100.00 2.785

0.020 50.00 2.743

0.030 33.30 2.702

0.040 25.00 2.662

0.050 20.00 2.624

0.060 16.70 2.588

0.070 14.30 2.552

0.080 12.50 2.518

0.090 11.10 2.484

0.100 10.00 2.452

0.200 5.00 2.184

0.300 3.33 1.990

0.400 2.50 1.849

0.500 2.00 1.746

0.600 1.67 1.669

0.700 1.43 1.611

0.800 1.25 1.568

0.900 1.11 1.534

1.000 1.00 1.509
 

NOTE—The expression of K is an approximation.  The tabulated values of K given in Table 17 are calculated from 
this approximation and are accurate to within 0.7% of the values calculated by exact methods. 
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7.1.5.3 System characteristics 

For Categories III and IV, the characteristics of the system on each set of terminals of the transformer 
(system fault capacity and the ratio of X0/X1) should be specified.  For terminals connected to rotating 
machines, the impedance of the connected equipment should be specified.  In lieu of specified system 
fault capacities and rotating machine impedances, values shall be selected for each source from Table 18 
and Table 19.  In lieu of a specified X0/X1 ratio, a value of 2.0 shall be used. 

 

Table 18 —Short-circuit apparent power of the system 
to be used unless otherwise specified 

System fault capacity Maximum system 
voltage 

(kV) (kA rms) (MVA) 

Below 48.3 — 4300

    48.3 54 4300

    72.5 82 9800

   121.0 126 25 100

   145.0 160 38 200

   169.0 100 27 900

   242.0 126 50 200

   362.0 84 50 200

   550.0 80 69 300

   800.0 80 97 000

 

Table 19 —Subtransient reactance of three-phase synchronous machinesa 

Type of machine Most common reactance
per unit 

Subtransient reactance 
range per unit 

Two-pole turbine generator 0.10 0.07–0.20 

Four-pole turbine generator 0.14 0.12–0.21 

Salient pole generators and motors with dampers 0.20 0.13–0.32 

Salient pole generators without dampers 0.30 0.20–0.50 

Condensers-air cooled 0.27 0.19–0.30 

Condensers-hydrogen cooled 0.32 0.23–0.36 
aAssumptions of rotating machine impedances should be defined by the transformer manufacturer. 
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7.1.5.4 Present limitations 

Conventional transformer materials and constructions have inherent short-circuit withstand capability 
limitations.  An example is the tensile withstand capability of annealed copper, which places a limit on 
the permissible hoop tensile stress in the outer winding of a core form transformer.  New materials and 
construction techniques have been, and will continue to be, developed to extend the withstand capability 
limitations. 
 
However, in certain circumstances it may not be possible to provide the requisite strength in the 
transformer.  In such situations, it would become necessary to limit the fault current with additional 
impedance external to the transformer windings.  For example, it may not be possible to design a 
reduced-capacity auxiliary winding to withstand a fault directly on its terminals.  When the current 
requirements of 7.1.4 cannot be met, limits of fault-current capability of the transformer shall be 
specified by the manufacturer in the proposal and shall be identified on the transformer nameplate. 
 
For distribution transformers, the short-circuit withstand capability limits of Table 16 have been accepted 
as being representative for conventional materials and constructions. 

7.1.5.5 Application conditions requiring special consideration 

The following situations affecting fault-current magnitude, duration, or frequency of occurrence require 
special consideration and should be identified in transformer specifications: 

a) Regulating transformers with extremely low impedance and depend on the impedance of directly 
connected apparatus to limit fault currents. 

b) Generator transformers susceptible to excessive overcurrents produced by connection of the 
generator to the system out of synchronism. 

c) Transformer terminals connected to rotating machines (such as motors or synchronous condensers) 
that can act as generators to feed current into the transformer under system fault conditions. 

d) Operating voltage that is higher than rated maintained at the unfaulted terminal(s) during a fault 
condition. 

e) Frequent overcurrents arising from the method of operation or the particular application (for 
example, furnace transformers, starting taps, applications using grounding switches for relay 
purposes, and traction feeding transformers). 

Station auxiliary transformers or main generator step-up transformers directly connected to a 
generator that may be subjected to prolonged duration terminal faults as a result of the inability to 
remove the voltage source quickly. 

f) Faults initiated by circuit breakers that may, under certain conditions, cause fault current in excess of 
those calculated in accordance with this section. 

7.2 Components 

Transformer components such as leads, bushings, load tap changers (LTC), de-energized tap changers, 
and current transformers that carry current continuously shall comply with all the requirements of 7.1.3 
and 7.1.4.  However, when not explicitly specified, load tap changers are not required to change taps 
successfully under short-circuit conditions. 
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7.3 Base kilovoltamperes 

7.3.1 Base kilovoltamperes of a winding 

This is the self-cooled rating of a winding as specified by the nameplate, or as determined in accordance 
with Table 20. 
 
For a transformer without a self-cooled rating, the applicable multiplying factor from Table 20 shall be 
applied to the maximum nameplate kVA rating to obtain the equivalent base kVA rating. 
 

Table 20 —Base current calculation factors 

Type of transformer Multiplying factor 

Water-cooled (ONWF) 1.0 

Natural or forced liquid-cooled with either forced-air cooled or forced-water 
cooled (ONAF, ODAF and OFWF, ODWF) 

0.60 

 

7.3.2 Base current of windings without autotransformer connections 

For transformers with two or more windings without autotransformer connections, the base current of a 
winding is obtained by dividing the base kVA of the winding by the rated kV of the winding on a per-
phase basis. 

7.3.3 Base current of windings with autotransformer connections 

For transformers with two or more windings, including one or more autotransformer connections, the 
base current and base kVA of any winding other than the series and common windings are determined as 
described in 7.3.2. 

The base current of the series winding is equal to the base kVA per phase at the series line terminal, H, 
divided by the minimum full capacity tap voltage at the series line terminal, H, in kV line to neutral. 

The base current of the common winding is equal to the line current at the common winding terminal, X, 
minus the line current at the series winding terminal, H, under loading conditions resulting in the 
maximum phasor difference.  All conditions of simultaneous loading authorized by the nameplate should 
be considered to obtain the maximum value.  Base currents are calculated based on self-cooled loading 
conditions or equivalent (use multiplying factors). 

7.3.4 Base current in windings of a regulating transformer 

The base current for each winding of a regulating transformer is the maximum current that can occur in 
that winding for any loading condition authorized by the nameplate.  Base currents are calculated based 
on self-cooled loading conditions or equivalent (use multiplying factors).  It should be noted that these 
base current definitions are applicable only to windings designed for connection to load. 
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7.3.5 Temperature limits of transformers for short-circuit conditions 

The temperature of the conductor material in the windings of transformers under the short-circuit 
conditions specified in 7.1.1 through 7.1.4, as calculated by methods described in 7.1.4, shall not exceed 
250 ºC for copper conductor or 200 ºC for EC aluminum conductor.  A maximum temperature of 250 ºC 
shall be allowed for aluminum alloys that have resistance to annealing properties at 250 ºC equivalent to 
EC aluminum at 200 ºC, or for applications of EC aluminum where the characteristics of the fully 
annealed material satisfy the mechanical requirements.  In setting these temperature limits, the following 
factors were considered: 

a) Gas generation from oil or solid insulation. 

b) Conductor annealing. 

c) Insulation aging. 

7.4 Calculation of winding temperature during a short circuit 

The final winding temperature, Tf, at the end of a short circuit of duration, t, shall be calculated on the 
basis of all heat stored in the conductor material and its associated turn insulation.  All temperatures are 
in degrees Celsius. 

sskf TmEmTTT ++++= )6.01()(  (7) 

where 

)( sk

s

TTC
tWm
+

=  (8) 

These equations are approximate formulas, and their use should be restricted to values of m = 0.6 or less. 
For values of m in excess of 0.6, the following more nearly exact formula should be used: 

[ ] s
mm

skf TETTT +−−++= 1)1()( 22 εε  (9) 

where 

Tk  is 234.5 for copper, and  

 is 225 for EC grade aluminum (the appropriate values for other grades may be used) 

Ts  is the starting temperature 
It is equal to: 

a) A 30 ºC ambient temperature plus the average winding rise plus the manufacturer’s 
recommended hottest-spot allowance, or 

b) A 30 ºC ambient temperature plus the limiting winding hottest-spot temperature rise 
specified for the appropriate type of transformer. 

ε  is the base of natural logarithm, 2.718 

E  is the per-unit eddy-current loss, based on resistance loss, Ws, at the starting temperature 
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where 

Er is the per-unit eddy-current loss at the reference temperature 

Tr is the reference temperature 

 is 20 ºC ambient temperature plus rated average winding rise 

Ws is the short-circuit resistance loss of the winding at the starting temperature (W/kg) of 
conductor material 
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where 

Wr is the resistance loss of winding at rated current and reference temperature (W) 

N is the ratio of symmetric short-circuit current magnitude to normal rated current 

M is the mass of winding conductor (kg) 

 

C is the average thermal capacitance per kg of conductor material and its associated turn 
insulation, (W s)/oC.  It shall be determined by iteration from either of the following 
empirical equations: 

 is [174 + 0.0225 (Ts + Tf) + 110 Ai/Ac ] for copper, 

 is [405 + 0.1(Ts + Tf) + 360Ai/Ac ] for aluminum 

Ai  is the cross-sectional area of turn insulation in mm2 

Ac  is the cross-sectional area of conductor in mm2 

 

CAUTION 
When applying the above formulas for calculation, care must be taken ensure consistent application of units for 
mass, weights, and cross sectional areas.  This will involve the variables Ws, M, C, Ai, and Ac.  Mixing of units 

between SI system and the U.S. customary units (in, lbs) will yield incorrect results. 

8. Testing and calculations 

8.1 General 

Unless otherwise specified, all tests shall be made in accordance with IEEE Std C57.12.90.  Unless 
otherwise specified, tests shall be made at the factory or other approved testing facilities. 

8.2 Routine, design, and other tests for transformers 

Routine, design, and other tests shall be made in accordance with the requirements of Table 21. 
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8.2.1 Routine tests 

Routine tests shall be made on every transformer to verify that the product meets the design 
specifications. 

8.2.2 Design tests 

Design tests shall be made to determine the adequacy of the design of a particular type, style, or model of 
transformer or its component parts.  Design adequacy includes but is not limited to: meeting assigned 
ratings, operating satisfactorily under normal service condition or under special condition if specified, 
and compliance with appropriate standards of the industry.  Design tests are made on representative 
transformers to substantiate the ratings assigned to all other transformers of basically the same design.  
Design tests are not intended to be used as a part of normal production.  The applicable portion of these 
design tests may also be used to evaluate modifications of a previous design and to assure that 
performance has not been adversely affected.  Test data from previous similar designs may be used for 
current designs, where appropriate.  Once made, the tests need not be repeated unless the design is 
changed to modify performance. 

8.2.3 Other tests 

Other tests are identified in individual product standards and may be specified by the purchaser in 
addition to routine tests.  (Examples: impulse, insulation power factor, audible sound, temperature rise, 
short circuit). 
 

Table 21 — Routine, design, and other tests for  
liquid-immersed transformers 

500 kVA and smaller 501 kVA and larger 
Tests 

Routine Design Other Routine Design Other 

Resistance measurements of all 
windings on the rated voltage tap and 
at the tap extremes of the first unit 
made on a new design (see NOTE 1) 

 •  •   

Winding insulation resistance 
(see NOTE 14 and NOTE 17) 

  • •  • 

Core insulation resistance 
(see NOTE 11 and NOTE 17) 

  • •  • 

Ratio tests on the rated voltage 
connection and on all tap connections 
(for LTC units, see 8.3.1) 

•   •   

Polarity and phase relation tests on the 
rated voltage connection 

•   •   

Insulation power factor 
(see NOTE 14 and NOTE 17) 

  • •  • 

Control (auxiliary) cooling losses 
(see NOTE 9 and NOTE 17) 

  •   • 
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Table 21 — Routine, design, and other tests for  
liquid-immersed transformers 

500 kVA and smaller 501 kVA and larger 
Tests 

Routine Design Other Routine Design Other 

Single phase excitation tests on the 
rated voltage connection 
(see NOTE 8 and NOTE 17) 

  •   • 

No-load losses and excitation current at 
100 and 110% of rated voltage and at 
rated power frequency on the rated 
voltage tap connection(s) 
(see NOTE 16 and NOTE 17) 

•  • •  • 

Impedance voltage and load loss at 
rated current and rated frequency on 
the rated voltage connection, and at the 
tap extremes of the first unit of a new 
design (See NOTE 1 and NOTE 2.  For 
LTC units, see 8.3.2) 

 • • •   

Zero-phase sequence impedance 
voltage 

     • 

Temperature rise 
At minimum and maximum ratings 
of the first unit of a new design 

 •   •  

At minimum and maximum ratings 
when temperature-rise tests are 
specified 

  •   • 

Dielectric tests       

Low frequency •   •   

Low frequency 
on auxiliary devices, control, and 
current transformer circuits  
(see NOTE 10 and NOTE 14) 

  • •  • 

Lightning impulse (see NOTE 3)  • •  • • 
Front of wave impulse      • 
Switching impulse, phase-to-ground 
(see NOTE 12) 

     • 

Partial discharge test 
(see NOTE 14 and NOTE 17) 

  • •  • 

Audible sound level 
(see NOTE 4) 

 • •  • • 

Short-circuit capability 
(see NOTE 5) 

 •    • 

(continued) 
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Table 21 — Routine, design, and other tests for  
liquid-immersed transformers 

500 kVA and smaller 501 kVA and larger 
Tests 

Routine Design Other Routine Design Other 

Operation test of all devices  
(see NOTE 13) 

   •   

Dissolved gasses in oil analysis  
(see NOTE 14 and NOTE 17) 

   •  • 

Mechanical       

Lifting and moving devices 
(see NOTE 15) 

 •   •  

Pressure  •   •  

Leak •   •   

Telephone influence factor (TIF) 
(see NOTE 6 and NOTE 7) 

  •    

NOTE 1—Resistance is a design test for distribution transformers rated 2500 kVA and smaller.  Resistance, 
impedance, and load-loss tests may be omitted on transformers rated 500 kVA and smaller, when a record of such 
tests made on a duplicate or essentially duplicate unit in accordance with this standard is available.  The tested load 
loss of duplicate transformers shall be corrected to reference temperature by assuming the same stray and eddy loss 
as the design test transformer. 

NOTE 2—For duplicate units, these measurements shall be taken only at the rated voltage connection for a two-
winding unit, and for three or more rated voltage connections for the case of a three or more winding unit. 

NOTE 3—Lightning impulse tests are routine for Class II power transformers.  A special routine impulse test for 
distribution transformers is required for overhead-type, pad-mounted type, and underground-type liquid-immersed 
distribution transformers.  This test is specified in 10.4 of IEEE Std C57.12.90. 

NOTE 4—The transformer shall be connected for, and energized at, rated voltage, frequency, and at no load, Noise-
contributing elements of the transformer, such as pumps and fans, shall be operated as appropriate for the rating 
being tested.  When it is impractical or undesirable to include the appropriate cooling equipment, the self-cooled 
sound level may be corrected for cooling noise contribution, if suitable corrections are available and it is mutually 
agreeable to those concerned.  Transformers shall meet standard audible sound levels as listed in NEMA Standard 
TR1 [B48], Table 0-1. 

NOTE 5—Testing of large transformers may not be practical because of test facility limitations. 

NOTE 6—A test method for measuring TIF may be found in IEEE Std 469. 

NOTE 7—This test is not practical because of test facility limitations for transformers larger than 50 kVA. 

NOTE 8—This test is a single-phase test and shall be performed on all phases of any winding only when terminals 
are brought out and accessible for suitable connections.  Only line-to-ground, low-frequency voltage suitable for the 
winding shall be applied during this measurement. 

NOTE 9—Power consumption (auxiliary/cooling) Losses associated with fans, pumps, coolers, heaters, LTC drive 
motor, lamps, and all other devices operated from the fan control box shall be measured on all Class II transformers. 

NOTE 10—Control and voltage transformer secondary circuits shall be tested at 1500 V AC 60 Hz, and current 
transformer circuits shall be tested at 2.5 kV AC 60 Hz for a maximum of 1 min duration. 

NOTE 11—The insulation resistance between the core(s) and ground shall be measured after complete assembly of 
the transformer at a level of at least 500 V DC, for a duration of 1 min.  This test shall be routine test for Class II 
power transformers and other test for other transformers. 

(continued) 
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NOTE 12—Switching impulse tests are routine for transformers with high voltage windings operating at 345 kV and 
above. 

NOTE 13—All electrical and electro-mechanical devices such as fans, pumps, motors, LTC, etc. shall be operated 
both in auto and manual mode for proper sequence/staging and function. 

NOTE 14—This test shall be a routine test for Class II power transformers and an “other test” for other transformers. 

NOTE 15—The mechanical adequacy of the lifting and moving devices may be determined either by test or 
mathematical analysis. 

NOTE 16—No-load losses and excitation test at 110% of rated voltage is an other test for 500 kVA and smaller 
transformers, except it is a routine test for Class II transformers. 

NOTE 17—Winding insulation resistance (Megger), core insulation resistance (Megger), insulation power factor, 
control (auxiliary) cooling losses, single phase excitation, no-load losses, and excitation current test at 110% voltage, 
partial discharge and dissolved gas in oil analysis tests are not applicable to distribution class transformers. 

8.2.4 Dielectric test for low voltage control wiring, associated auxiliary control 
equipment, and current transformer secondary circuits, on Class II power transformers. 

For fully assembled Class II power transformers, dielectric withstand test (Hipot) shall be performed for 
a maximum of 1 minute on low-voltage control wiring (on each terminal or all terminals tied together), 
including LTC control and motor wiring when terminated in the control box. 
 
2500 V AC shall be applied to the entire current transformer secondary circuits at the location of each 
tap(s) termination in the control box. 
 
NOTE 1—All solid state and microprocessor based devices shall be excluded from the test circuit. 

NOTE 2—All three-phase undervoltage relays and withdrawal type devices shall be removed from the test circuits. 

8.3 Additional routine tests on transformers with load tap changing or regulating 
transformers 

8.3.1 Ratio tests on load tap changing transformers shall be made 

a) At all connection positions of the tap changer for de-energized operation with the load tap 
changer on the rated voltage position. 

b) At all load tap changer positions with the tap changer for de-energized operation on the rated-
voltage position. 
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8.3.2 Impedance voltage and load-loss tests on load tap changing transformers 

Impedance voltage and load-loss tests, as listed in Table 22, shall be made on one unit of a given rating 
when multiple units are produced by one manufacturer at the same time. 
 

Table 22 —Additional tests 

 Voltages for which tap changers are set 

Test number Tap changer for 
de-energized operation Load tap changer 

1 Rated voltage tap position Max voltage tap position 

2a Rated voltage tap position Min voltage tap position 

3 Max voltage tap position Max voltage tap position 

4a Max voltage tap position Min voltage tap position 

5 Min voltage tap position Max voltage tap position 

6a Min voltage tap position Min voltage tap position 

a For tests 2, 4, and 6, the current held may be such that the current in the winding 
corresponds to the rated kVA and the rated winding voltage, when the transformer has been 
so designed with the load tap changer.  All other tests shall be made at currents 
corresponding to the rated kVA and the voltage of the tap position being tested. 

8.3.2.1 Impedance testing of regulating transformers 

The impedance of regulating transformers shall be tested at the maximum and minimum rated voltage 
positions and at the neutral position of the load tap changer. 

8.3.2.2 Test report 

When a test report is specified, the impedance values of Impedance voltage and load-loss tests on load 
tap changing transformers or Impedance testing of regulating transformers shall be included in the report. 

8.4 Determination of transformer regulation 

When specified, transformer regulation shall be determined for the rated voltage, kVA, and frequency by 
means of calculations based on the tested impedance and load losses in accordance with IEEE Std 
C57.12.90.  Regulation calculations shall be based on a reference temperature equal to the rated average 
winding temperature rise, plus 20 ºC. 
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8.5 Determination of thermal duplicate temperature-rise data 

When specifications state that a thermal test may be omitted if there are thermal test data available for a 
thermal duplicate transformer, then calculated data based upon the thermal test data may be submitted as 
thermal duplicate test data.  A thermal duplicate is a transformer whose thermal design characteristics are 
identical to a design previously tested, or whose differences in thermal characteristics are within agreed 
upon variations, such that the thermal performance of the thermal duplicate transformer shall comply 
with performance guarantees established by standards or specifications. 

8.6 Certified test data 

The minimum information listed in this subclause shall be included in certified test data. 

a) Order data 

1) Purchaser. 

2) Purchaser’s order number. 

3) Manufacturer’s production order number and serial number. 

b) Rating data 

1) Type (power, auto, grounding, etc.). 

2) Type of construction (core form or shell form) *. 

3) Cooling Class. 

4) Number of phases. 

5) Connections (delta, wye, zigzag, etc.). 

6) Polarity for single phase transformers. 

7) Frequency *. 

8) Insulation medium (oil, silicone, etc.) *. 

9) Temperature rise *. 

10) Winding ratings: voltage, voltampere, BIL, all temperature rise ratings specified, 
including future ratings *. 

11) Harmonic factor if other than standard *. 

c) Test and calculated data (by individual serial number; if the results are from another 
transformer “design” tested, provide serial number, kV and kVA ratings, and date of the test.) 

1) Date of test. 

2) Winding resistances (when required). 

3) Losses: no-load, load, auxiliary and total. 

4) Impedance(s) in %. 

5) Excitation current in %. 

6) Thermal performance data **. 

i) Ambient temperature. 

ii) Tap position, total loss, and line currents for total loss runs. 

iii) Oil flow in winding (directed or nondirected). 
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iv) Final bottom and top oil temperature rise over ambient for total loss run for each 
test. 

v) Average winding temperature rise over ambient for each winding for each test. 

vi) Calculated winding hottest spot temperature rise over ambient for maximum 
rating. 

7) Zero-sequence impedance (when specified) *. 

8) Regulation (calculated when specified). 

9) Applied voltage test values for each winding *. 

10) Induced voltage test value, including measured PD values when required *. 

11) Impulse test data per IEEE Std C57.98 [B31] (when required or specified) *. 

12) Switching impulse test data (when specified) *. 

13) Sound level test results (when specified) *. 

14) Short-circuit test results (when specified) *. 

15) Ratio test results *. 

16) Phase relation or polarity test results *. 

17) Other special test results (when specified) *. 

d) Certification statement and approval 

NOTE 1— Items identified with * are not required for distribution transformers unless specified by the user. 

NOTE 2— Number of significant figures of reported data should reflect the level of the data accuracy. 

NOTE 3—All temperature sensitive data should be reported after correcting to reference temperature (defined in 
14.1 of IEEE Std C57.12.90) except no-load losses (see 8.4 of IEEE Std C57.12.90). 

NOTE 4—Other significant information, such as tap position during induced potential test, test connection used, and 
any particular method used when alternatives are allowed in the test code, should be included. 

NOTE 5—Other drawings, such as nameplate and outline, may be made a part of certified test data in place of 
duplicating the same information. 

NOTE 6—Items identified with ** are not required for distribution transformers 2500 kVA and smaller, unless 
specified by the user. 
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9. Tolerances 

9.1 Tolerances for ratio 

The turns ratios between windings shall be such that, with the transformer at no load and with rated 
voltage on the winding with the least number of turns, the voltages of all other windings and all tap 
connections shall be within 0.5% of the nameplate voltages.  However, when the volts per turn of the 
winding exceeds 0.5% of the nameplate voltage, the turns ratio of the winding on all tap connections 
shall be to the nearest turn. 
 
For three-phase Y-connected windings, this tolerance applies to the phase-to-neutral voltage.  When the 
phase-to-neutral voltage is not explicitly marked on the nameplate, the rated phase-to-neutral voltage 
shall be calculated by dividing the phase-to-phase voltage markings by √3 . 

9.2 Tolerances for impedance 

The tolerances for impedance shall be as follows: 

a) The impedance of a two-winding transformer with an impedance voltage greater than 2.5% shall 
have a tolerance of ±7.5% of the specified value and those with an impedance voltage of 2.5% 
or less shall have a tolerance of ±10% of the specified value. 
Differences of impedance between duplicate two-winding transformers, when two or more units 
of a given rating are produced by one manufacturer at the same time, shall not exceed 7.5% of 
the specified value. 

b) The impedance of a transformer having three or more windings, or having zigzag windings, 
shall have a tolerance of ±10% of the specified value. 
Differences of impedance between duplicate three-winding or zigzag transformers, when two or 
more units of a given rating are produced by one manufacturer at the same time, shall not 
exceed 10% of the specified value. 

c) The impedance of an autotransformer shall have a tolerance of ±10% of the specified value. 
Differences of impedance between duplicate autotransformers, when two or more units of a 
given rating are produced by one manufacturer at the same time, shall not exceed 10% of the 
specified value. 

d) Transformers shall be considered suitable for operation in parallel when reactances come within 
the limitations of the foregoing paragraphs, provided that turns ratios and other controlling 
characteristics are suitable for such operation. 

9.3 Tolerances for losses 

Unless otherwise specified, the losses represented by a test of a transformer shall be subject to the 
following tolerances: The no-load losses of a transformer shall not exceed the specified no-load losses by 
more than 10%, and the total losses of a transformer shall not exceed the specified total losses by more 
than 6%.  Failure to meet the loss tolerances shall not warrant immediate rejection but shall lead to 
consultation between purchaser and manufacturer regarding the further investigation of possible causes 
and the consequences of the higher losses. 
 
It is important to note that this clause is only an acceptance criterion and is not intended to replace a 
manufacturer’s guarantee of losses for economic loss evaluation purposes. 
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9.4 Accuracies required for measuring losses 

Measured values of electric power, voltages, currents, resistances, and temperatures are used in the 
calculations of reported data.  To ensure sufficient accuracy in the measured and calculated data, the 
following requirements shall be met: 

a) Test procedures in accordance with IEEE Std C57.12.90, Clauses 5, 8, and 9, are required. 

b) The test equipment utilized for measuring losses of power and distribution transformers shall 
meet the requirements of IEEE Std C57.12.90, Clauses 5, 8, and 9. 

c) The test system accuracy for each quantity measured shall fall within the limits specified in 
Table 23. 

Table 23 —Test system accuracy requirements 

Quantity measured Test system accuracy 

Losses ±3.0%

Voltage ±0.5%

Current ±0.5%

Resistance ±0.5%

Temperature ±1.0 oC
 

d) Frequency of the test source shall be within ±0.5% of the rated frequency of the transformer 
under test. 

10. Connection of transformers for shipment 

Single-phase and three-phase transformers shall be shipped with both high-voltage and low-voltage 
windings connected for their rated voltage.  Unless otherwise specified, single-phase transformers 
designed for both series-multiple and three-wire operation shall be shipped connected in series with the 
midpoint out for three-wire operation.  Single-phase and three-phase transformers designed for series-
multiple operation only shall be shipped connected in series. 
 
Unless otherwise specified, three-phase transformers designed for both Δ and Y operation shall be 
shipped connected for the Y voltage. 
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Introduction

(This introduction is not part of IEEE Std C57.12.01-1998, IEEE Standard General Requirements for Dry-Type Distri-
bution and Power Transformers Including Those with Solid-Cast and/or Resin-Encapsulated Windings.)

This standard, together with its companion standards documents, represents a new milestone in standards for
dry-type transformers, which are becoming increasingly more important with the elimination of askarel
insulating ßuids in new transformers.

This standard is the result of an effort encompassing the interests of users, manufacturers, and others dedi-
cated to producing voluntary consensus standards primarily for dry-type transformers.

This revision was developed to recognize dry-type transformers with solid-cast and resin-encapsulated
windings. The Working Group that developed the revision identiÞed requirements for IEEE Std C57.12.01-
1989, incorporating dry-type transformers with solid-cast and resin-encapsulated windings in 3.1 through
5.10, 5.12, and 6.52 of this standard. In addition, new materials and coil design techniques necessitated a
revision that recognizes factors that differ from conventional design of dry-type transformers.

Previous editions of this standard used a constant 30 ¡C difference between hottest-spot and average winding
temperature rises for a kVA range from 1Ð20 000 kVA. Since the last revision of this standard, a Working
Group reviewed hottest-spot and average temperature-rise data. Several manufacturers of different trans-
former designs conducted extensive test programs. The Working Group concluded that the difference
between the hottest-spot and average temperature rise was dependent on the size and design of the trans-
former. For some large transformer designs the difference may exceed 30 ¡C, however, for small units, the
difference is considerably below 30 ¡C. The Working Group recommended a constant ratio of hottest-spot to
average winding temperature rise for the various insulation temperature classes. This approach improves
harmonization with international standards such as IEC 60050-726:1982. The revision of this standard clari-
Þes the requirement that hottest-spot temperature rise is a performance criteria to be met by the manufac-
turer. Calculation of hottest-spot temperature rise is required by this revision; however, future study is
planned to develop test procedures to verify hottest-spot temperature rise.

This revision was developed by the Working Group of the Dry-Type Transformers Subcommittee of the
IEEE Transformer Committee of the IEEE Power Engineering Society.

This standard is a voluntary consensus standard. Its use may become mandatory only when required by a
duly constituted legal authority, or when speciÞed in a contractual relationship. To meet specialized needs
and to allow innovation, speciÞed changes are permissible when mutually determined by the user and the
producer, provided such changes do not violate existing laws and are considered technically adequate for the
function intended.
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IEEE Standard General Requirements for 
Dry-Type Distribution and Power 
Transformers Including Those with Solid-
Cast and/or Resin-Encapsulated Windings

1. Scope

This standard is intended as a basis for the establishment of performance, interchangeability, and safety
requirements of equipment described, and for assistance in the proper selection of such equipment.

Electrical, mechanical, and safety requirements of ventilated, nonventilated, and sealed dry-type distribution
and power transformers or autotransformers (single and polyphase, with a voltage of 601 V or higher in the
highest voltage winding) are described.

The information in this standard applies to all dry-type transformers except as follows:

a) Instrument transformers;

b) Step- and induction-voltage regulators;

c) Arc-furnace transformers;

d) RectiÞer transformers;

e) Specialty transformers;

f) Mine transformers.

When this standard is used on a mandatory basis, the word shall indicates mandatory requirements; the
words should and may refer to matters that are recommended or permissive, but not mandatory.

NOTEÑThe introduction of this voluntary consensus standard describes the circumstances under which the standard
may be used on a mandatory basis. 
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2. References

This standard shall be used in conjunction with the following publications. When the following standards are
superseded by an approved revision, the revision shall apply.

ANSI/ASME, Boiler and Pressure Vessel Code (BPV) 1995, Section VIII, Division 1ÑPressure Vessels, or
Division 2ÑAlternative Rules.1

ANSI C57.12.50-1981 (Reaff 1989), American National Standard Requirements for Ventilated Dry-Type
Distribution Transformers, 1 to 500 kVA, Single-Phase, and 15 to 500 kVA, Three-Phase with High-Voltage
601 to 34 500 Volts, Low-Voltage 120 to 600 Volts. 

ANSI C57.12.51-1981 (Reaff 1989), American National Standard Requirements for Ventilated Dry-Type
Power Transformers, 501 kVA and Larger, Three-Phase with High-Voltage 601 to 34 500 Volts, Low-Voltage
208Y/120 to 4160 Volts. 

ANSI C57.12.52-1981 (Reaff 1989), American National Standard Requirements for Sealed Dry-Type
Power Transformers, 501 kVA and Larger, Three-Phase with High-Voltage 601 to 34 500 Volts, Low-
Voltage 208Y/120 to 4160 Volts.

ANSI C57.12.55-1987, American National Standard Dry-Type Transformers in Unit Installations, Including
Unit SubstationsÑConformance Standard.

ANSI C57.12.57-1986, American National Standard Requirements for Ventilated Dry-Type Network Trans-
formers 2500 kVA and Below, Three-Phase, High-Voltage 34 500 Volts and Below, Low-Voltage 216Y/125
and 480Y/277 Volts.

ANSI C57.12.70-1978 (Reaff 1993), American National Standard Terminal Markings and Connections for
Distribution and Power Transformers.

ANSI C84.1-1995, American National Standard Voltage Ratings for Electric Power Systems and Equipment
(60 Hz).

IEEE Std 99-1980 (Reaff 1992), IEEE Recommended Practice for the Preparation of Test Procedures for the
Thermal Evaluation of Insulation Systems for Electric Equipment.2

IEEE Std 100-1996, IEEE Standard Dictionary of Electrical and Electronics Terms.

IEEE Std 315-1975 (Reaff 1993), IEEE Graphic Symbols for Electrical and Electronics Diagrams. (DoD) 

IEEE Std C57.12.00-1993, IEEE Standard General Requirements for Liquid-Immersed Distribution, Power,
and Regulating Transformers.

IEEE Std C57.12.56-1986 (Reaff 1993), IEEE Standard Test Procedure for Thermal Evaluation of Insulation
Systems for Ventilated Dry-Type Power and Distribution Transformers. 

IEEE Std C57.12.60-1998, IEEE Guide for Test Procedures for Thermal Evaluation of Insulation Systems
for Solid-Cast and Resin-Encapsulated Power and Distribution Transformers.

1ANSI and ANSI/ASME publications are available from the Sales Department, American National Standards Institute, 11 West 42nd
Street, 13th Floor, New York, NY 10036, USA (http://www.ansi.org/).
2IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA (http://www.standards.ieee.org/).
2 Copyright © 1998 IEEE. All rights reserved.
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IEEE Std C57.12.80-1978 (Reaff 1992), IEEE Standard Terminology for Power and Distribution
Transformers.

IEEE Std C57.12.91-1995, IEEE Standard Test Code for Dry-Type Distribution and Power Transformers.

IEEE Std C57.94-1982 (Reaff 1987), IEEE Recommended Practice for the Installation, Application, Opera-
tion, and Maintenance of Dry-Type General Purpose Distribution and Power Transformers.

IEEE Std C57.96-1989, IEEE Guide for Loading Dry-Type Distribution and Power Transformers.

IEEE Std C57.98-1993, IEEE Guide for Transformer Impulse Tests.

IEEE Std C57.124-1991 (Reaff 1996), IEEE Recommended Practice for the Detection of Partial Discharge
and the Measurement of Apparent Charge in Dry-Type Transformers.

IEEE Std C62.2-1987 (Reaff 1994), IEEE Guide for the Application of Gapped Silicon-Carbide Surge
Arresters for Alternating Current Systems.

3. DeÞnitions

Standard transformer terminology, available in IEEE Std C57.12.80-1978, shall apply. Other electrical terms
are deÞned in IEEE Std 100-1996.

4. Service conditions

4.1 Usual service conditions

4.1.1 General

Transformers conforming to this standard shall be suitable for operation at rated kVA under the usual service
conditions in 4.1.2 through 4.1.9.

4.1.2 Temperature

The temperature of the cooling air (ambient temperature) shall not exceed 40 ¼C, and the average tempera-
ture of the cooling air for any 24 hour period shall not exceed 30 ¼C.

The minimum ambient temperature shall not be lower than Ð30 ¼C.

4.1.3 Altitude

The altitude shall not exceed 1000 m (3300 ft).

4.1.4 Supply voltage

The supply-voltage wave shape shall be approximately sinusoidal, and the phase voltage supplying a
polyphase transformer shall be approximately equal in magnitude and of approximate equal time phase in
displacement.
Copyright © 1998 IEEE. All rights reserved. 3
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4.1.5 Load current

The load current shall be approximately sinusoidal. The harmonic factor shall not exceed 0.05 per unit.

NOTEÑHarmonic factor is deÞned in IEEE Std C57.12.80-1978.3

4.1.6 Operation above rated voltage 

Transformers shall be capable of

a) Delivering rated output in kVA at 5% above rated secondary voltage, without exceeding the limiting
temperature rise, when the power factor of the load is 80% or higher;

b) Operating at 10% above rated secondary voltage at no load without exceeding the limiting tempera-
ture rise;

c) FulÞlling the foregoing requirements for rated voltage, rated frequency, and rated kVA for any tap.

The maximum continuous transformer operating voltage should not exceed the levels speciÞed in
ANSI C84.1-1995.

NOTEÑSystem conditions may require voltage transformation ratios involving tap voltages higher than the maximum
system voltage for regulation purposes. However the appropriate maximum system voltage should be observed under
operating conditions. 

4.1.7 Location

Sealed and nonventilated transformers shall be suitable for indoors, outdoors, or indoor and outdoor opera-
tion as speciÞed.

Unless otherwise speciÞed, ventilated transformers shall be suitable for indoor operation only.

4.1.8 Step-down operation

Unless otherwise speciÞed, dry-type transformers shall be designed for step-down operation.

NOTEÑSee also Note 9 of Table 11.

4.1.9 Tank or enclosure Þnish

Temperature limits and tests shall be based on the use of a nonmetallic pigment-coating Þnish.

4.2 Unusual service conditions

4.2.1 General

Conditions, other than those described in 4.1, are considered unusual service conditions and, when present,
should be brought to the attention of those responsible for the design and application of the apparatus.

3Information on references can be found in Clause 2.
4 Copyright © 1998 IEEE. All rights reserved.
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4.2.2 Unusual loading

IEEE Std C57.96-1989 provides guidance for loading under unusual conditions, including

a) Ambient temperatures higher or lower than the basis of rating;

b) Short-time loading in excess of nameplate kVA with normal life expectancy;

c) Loading that results in reduced life expectancy.

NOTEÑIEEE Std C57.96-1989 is a guide. It provides the best known general information for the loading of transform-
ers under various conditions based on typical winding insulation systems, and it is based upon the best engineering infor-
mation available at the time of preparation. The guide discusses limitations of ancillary components other than windings
that may limit the capability of transformers to meet the guide. When speciÞed, construction features (cables, leads, tap
changers, etc.) shall be supplied so that the ancillary components will not in themselves limit the short-time loading to
less than that which will result in no loss in normal life expectancy of the winding insulation system. This guide does not
cover solid-cast and/or resin-encapsulated windings.

4.2.3 Unusual altitude service conditions

Annex A provides guidance concerning operation above 1000 m (3300 ft), including the effects of altitude
on temperature rise, operation at rated kVA and reduced ambient temperature, and operation at less than
rated kVA.

4.2.4 Insulation at high altitude

The dielectric strength of transformers that depend in whole or in part upon air for insulation decreases as
the altitude increases due to the effect of decreased air density. When speciÞed, transformers shall be
designed with larger air spacing, using the correction factors from Table 1 to obtain adequate air dielectric
strength at altitudes above 1000 m (3300 ft).

The insulation level at 1000 m (3300 ft) multiplied by the correction factor from Table 1 shall be not less
than the required insulation level at the required altitude.

4.2.5 Other unusual service conditions

a) Damaging fumes or vapors, excessive or abrasive dust, explosive mixtures of dust or gases, steam,
salt spray, and excessive moisture or dripping water constitute service conditions for which some
dry-type transformers are not intended and, therefore, may have detrimental effects on transformer
life;

NOTEÑThe seriousness of the effects of the unusual conditions listed in item a) varies widely, depending upon
the design of dry-type transformer involved. While such conditions may have little or no effect on sealed, solid-
cast and/or resin-encapsulated or nonventilated dry-type transformers, they may have serious effects on venti-
lated dry-type transformers.

b) Abnormal vibrations, tilting, shock, or seismic conditions;

c) Ambient temperatures outside the normal range;

d) Unusual transportation or storage conditions;

e) Unusual space limitations;

f) Unusual maintenance problems;

g) Unusual duty or frequency of operation, impact loading;

h) Unbalanced ac voltages, or departure of ac system voltages from a sinusoidal waveform, as identi-
Þed in 4.1.4;
Copyright © 1998 IEEE. All rights reserved. 5
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i) Loads involving abnormal harmonic currents, such as those that may result where solid-state or sim-
ilar devices control appreciable load currents. Harmonic currents may cause excessive losses and
abnormal heating. Limits for usual service conditions are identiÞed in 4.1.5;

j) Multiwinding transformers with a speciÞed combination of kVA outputs and power factors for each
winding;

k) Unusually high, low, or unbalanced ac system impedance;

l) Overexcitation exceeding 110% rated V/Hz;

m) Planned short circuits as part of a regular operating or relaying practice;

n) Short-circuit application conditions requiring special consideration as described in 7.5;

o) Special insulation requirements or unusual transient voltages present on the ac power supply, includ-
ing resonant or switching-related disturbances;

p) Unusually strong magnetic radiation;

q) Unusually high nuclear Þelds;

r) Parallel operation.

NOTEÑWhile parallel operation is not unusual, it is desirable that users advise manufacturers if paralleling
with other transformers is planned and identify the transformers involved.  

Table 1ÑDielectric strength correction factors for altitudes greater than 1000 m (3300 ft)

Altitude Altitude correction 
factor for 

dielectric strength(m) (ft)

1 000 3 300 1.00

1 200 4 000 0.98

1 500 5 000 0.95

 1 800 6 000 0.92

2 100 7 000 0.89

2 400 8 000 0.86

2 700 9 000 0.83

3 000 10 000 0.80

 3 600 12 000 0.75

4 200 14 000 0.70

 4 500 15 000 0.67

NOTEÑAn altitude of 4 500 m (15 000 ft) is considered a 
maximum for transformers conforming to this standard.
6 Copyright © 1998 IEEE. All rights reserved.
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5. Rating data

5.1 Cooling classes of transformers

a) Ventilated self-cooled: class AA;

b) Ventilated forced-air-cooled: class AFA;

c) Ventilated self-cooled/forced-air-cooled: class AA/FA;

d) Nonventilated self-cooled: class ANV;

e) Sealed self-cooled: class GA.

5.2 Frequency

Unless otherwise speciÞed, transformers shall be designed for operation at a frequency of 60 Hz. 

5.3 Phases

5.3.1 General

Transformers described in this standard are either single phase or three phase. Standard ratings are included
in the product standards for particular types of transformers. When speciÞed, other phase arrangements may
be provided. 

5.3.2 Scott- or T-connected transformers

For rarely used connections such as Scott- or T-connected transformers, see ANSI C57.12.70-1978.

5.4 Rated kVA 

5.4.1 General

The rated kVA of a transformer shall be the output that can be delivered for the time speciÞed, at rated sec-
ondary voltage and rated frequency, without exceeding the speciÞed temperature-rise limitations under pre-
scribed conditions of test, and within the limitations of established standards.

5.4.2 Preferred continuous kVA

Preferred continuous kVA of single-phase and three-phase distribution and power transformers shall be as
shown in Table 2.

5.5 Voltage ratings and taps

5.5.1 General

Standard nominal system voltages are listed in ANSI C84.1-1995. Voltages available on standard transform-
ers are included in the product standards for particular types of transformers.  
Copyright © 1998 IEEE. All rights reserved. 7
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5.5.2 Voltage ratings

The voltage ratings at no load shall be based on the turn ratio. The ratio of voltage is subject to the effect of
regulation at various loads and power factors.

5.5.3 Rating of transformer taps

Whenever a transformer is provided with taps from a winding, the taps shall be full-capacity taps. When
speciÞed, taps other than full-capacity taps may be provided, and this shall be stated on the nameplate.

5.6 Connections

Standard connection arrangements are described in the product standards for particular types of transformers.

Table 2ÑPreferred continuous kVA ratings

Single-phase 
transformers

Three-phase 
transformer

1 15

3 30

7.5 45

10 75

15 112.5

25 150

37.5 225

50 300

75 500

100 750

167  1 000

250 1 500

333 2 000

500 2 500

833 3 750

1 250 5 000

1 667 7 500

2 500 10 000

3 333 12 000

5 000 15 000

6 667 20 000

8 333

10 000
8 Copyright © 1998 IEEE. All rights reserved.
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5.7 Polarity, angular displacement, and terminal markings

5.7.1 Polarity of single-phase transformers

The numbering of the termination of the H winding and the termination of the X winding shall be applied so
that when the lowest numbered H and the lowest numbered X termination are connected together, and volt-
age is applied to the transformer, the voltage between the highest numbered H termination and the highest
numbered X termination will be less than the voltage of the H winding. When more than two windings are
used, the same relationship shall apply between each pair of windings.

NOTEÑThis arrangement is also known as subtractive polarity.

5.7.2 Angular displacement between voltages of windings for three-phase transformers

The angular displacement between high-voltage and low-voltage phase voltages of three-phase transformers
with D-D or Y-Y connections shall be 0¡.

The angular displacement between high-voltage and low-voltage phase voltages of three-phase transformers
with Y-D or D-Y connections shall be 30¡, with the low voltage lagging the high voltage, as shown in
Figure 1. The angular displacement of polyphase transformers is the time angle, expressed in degrees,
between the line-to-neutral voltage terminal (H1) and the line-to-neutral voltage of the corresponding identi-
Þed low-voltage terminal (X1).

Figure 1ÑPhase relation of terminal designations for three-phase transformers
Copyright © 1998 IEEE. All rights reserved. 9
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5.7.3 Terminal marking

Terminal marking shall be in accordance with ANSI C57.12.70-1978.

5.8 Impedance

Standard values of impedance are included in the product standards for particular types of transformers.

5.9 Losses 

The total losses of a transformer shall be the sum of the no-load losses and the load losses. The load losses
shall be based on the reference temperature equal to the rated winding temperature rise plus 20 ¡C. (See
Table 9 for winding temperature-rise values.)

5.9.1 Accuracy required for measuring losses

Measured values of electric power, voltage, current, resistance, and temperatures are used in the calculations
of reported data. To ensure sufÞcient accuracy in the measured and calculated data, the following require-
ments shall be met:

a) Test procedures, in accordance with Clauses 5, 8, and 9 of IEEE Std C57.12.91-1995, are required.
b) The test equipment utilized for measuring losses of power and distribution transformers shall meet

the requirements of Clauses 5, 8, and 9 of IEEE Std C57.12.91-1995.
c) The test-system accuracy for each quantity measured shall fall within the limits speciÞed in Table 3.

5.10 Insulation levels

5.10.1 Line terminals

The line terminals of a winding shall be assigned a basic lightning impulse insulation level (BIL) to indicate
the factory dielectric tests that these terminals are capable of withstanding.

The BILs are given in Table 4. The lowest BIL is 10 kV and applies down to, and including, 120 V ratings.
Table 5 lists low-frequency insulation levels corresponding to line-terminal BILs for both fully-insulated
windings and windings with reduced neutral insulation. 

Enhanced BILs, similar to Table 3 in IEEE Std C57.12.00-1993, may be utilized for power transformers.   

Table 3ÑTest-system accuracy requirements

Quantity measured Test-system accuracy

Losses ±3.0%

Voltage ±0.5%

Current ±0.5%

Resistance ±0.5%

Temperature ±1.0 ¼C
10 Copyright © 1998 IEEE. All rights reserved.
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Table 4ÑRelationships of nominal system voltage and BILs for systems 34.5 kV and below

Nominal 
system 

voltage (kV)

BILs in common use (kV crest)

10 20 30 45 60 95 110 125 150 200

1.2 S 1 1

2.5 S 1 1

5.0 S 1 1

8.7 S 1 1

15.0 S 1 1

25.0 2 S 1 1

34.5 2 S 1

NOTES:
S = Standard value.
1 = Optional higher levels where exposure to overvoltage occurs and improved pro-

tective margins are required.
2 = Lower levels where protective characteristics of applied surge arresters have 
been evaluated and found to provide appropriate surge protection.

Table 5ÑInterrelationships of dielectric insulation levels for dry-type transformers used on 
systems with BILs 200 kV and below

BIL 
(kV)a

Low-frequency 
voltage insulation 

levels 
(kV rms)b

Impulse levelsc

Full wave 
1.2 x 50 µs 
(kV crest)

Chopped wave

kV crest Minimum time 
to ßashover (µs)

10 4 10 10 1.0

20 10 20 20 1.0

30 12 30 30 1.0

45 19 45 45 1.25

60 31 60 60 1.5

95 34  95 95 1.6

110 37 110 110 1.8

125 40 125 125 2.0

150 50 150 150 2.25

200 70 200 200 2.70

aThe latest edition of IEEE Std C62.2-1987 should be consulted for information concerning coordina-
tion with available surge-arrester protection levels.
bLow-frequency voltage-insulation levels apply to the standard ÒSÓ levels in Table 4. The low-fre-
quency voltage-test level for grounded-Y windings shall be 10 kV (except for windings 1.2 kV and less,
which shall be 4 kV).
cA positive polarity impulse wave form shall be used.
Copyright © 1998 IEEE. All rights reserved. 11
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Transformers designed for Y connection only, with a neutral brought out through a terminal, shall be
assigned a BIL for line terminals, and neutral terminals shall be insulated in accordance with 5.10.2.

5.10.2 Neutral terminals

The neutral terminal of a winding, which is designed for grounded-Y connection only, may have an insula-
tion level lower than that for the line terminal. Such neutral terminals shall be bolted to the equipment
ground pad on the transformer frame and to the system ground.

Windings of transformers and autotransformers designed for Y connection only, with the neutral brought out
and solidly grounded directly or through a current transformer, shall have neutral insulation as follows:

a) Windings with line-to-line voltages of 1200 V or less shall have the neutral insulated for a 4 kV low-
frequency applied voltage test.

b) Windings with line-to-line voltages higher than 1200 V shall have the neutral insulated for a 10 kV
low-frequency applied voltage test.

c) When speciÞed, the neutral shall be designed for a higher insulation level.

Y-connected windings with an ungrounded neutral shall be treated the same as a D-connected winding hav-
ing the same phase-to-phase voltage, and a BIL shall be assigned to the neutral terminal.

The insulation level of the neutral end of the winding may differ from the insulation level of the highest-
voltage neutral terminal for which provision is made in the transformer. In this case, the dielectric tests on
the neutral shall be determined by whichever of the following is lower: 

a) The insulation level of the neutral end of the winding, or 

b) The insulation level of the neutral terminal.

5.10.3 Insulation tests

5.10.3.1 General

The following insulation tests shall be performed in accordance with the procedures described in
IEEE Std C57.12.91-1995.

NOTEÑIn the test descriptions in 5.10.3.2 through 5.10.3.6, the word phase refers to the line terminal of a winding and
not to the entire winding, recognizing the construction of windings with Ògraded insulation.Ó

5.10.3.2 Low frequency tests

a) A winding-to-winding and winding-to-ground applied voltage test shall be made in accordance with
Table 5 on D- and Y-connected windings when the neutral is ungrounded. 

b) For internally solidly grounded-Y windings

1) A line-terminal-to-ground test voltage shall be induced from another winding. This test voltage
shall be twice the operating line-terminal-to-neutral voltage, with the neutral grounded;

2) A phase-to-phase test voltage shall be induced from another winding, which will develop twice
the operating phase-to-phase voltage between line terminals.

c) Twice the rated turn-to-turn voltages shall be developed in each winding.
12 Copyright © 1998 IEEE. All rights reserved.
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5.10.3.3 Low-frequency testÑexceptions

Tests are subject to the limitations that the voltage-to-ground test shall be performed as speciÞed in 5.10.3.2
on the line terminals of the winding with the lowest ratio of test voltage to minimum turns. Then test levels
may otherwise be reduced such that none of the tests required in 5.10.3.2 need be exceeded in order to meet
the requirements of the others, or such that no winding need be tested above its speciÞed level in order to
meet the test requirements of another winding. 

5.10.3.4 Impulse tests

Impulse tests shall be performed in accordance with Table 5.

5.10.3.5 Partial discharge tests

Partial discharge tests shall be performed as required by Table 15 or when speciÞed and agreed upon by the
user and manufacturer. The tests shall be conducted as part of the induced-voltage test. The partial-discharge
inception voltage shall be measured and recorded at the beginning of the induced-voltage test, and the
partial-discharge extinction voltage shall be measured at the end of the induced-voltage test. The partial dis-
charge shall be measured in picocolumbs (pC) using techniques described in IEEE Std C57.124-1991.

Acceptance criteria for the test shall be inception and extinction voltages 10% above the maximum operating
voltage of the transformer.

5.10.3.6 Audible sound levels

Transformers shall be designed so that the average sound-pressure level does not exceed the values given in
Tables 6, 7, or 8, measured according to IEEE Std C57.12.91Ð1995.      

Table 6ÑAverage sound level, decibels three-phase primary voltage 601 V to 1.2 kV

Equivalent
two-winding (kVA)

Self-cooled ventilated 
(class AA rating)

0Ð9 40

10Ð50 45

51Ð150 50

151Ð300 55

301Ð500 60

501Ð700 62

701Ð1000 64

1001Ð1500 65

1501Ð2000 66

2001Ð3000 68
Copyright © 1998 IEEE. All rights reserved. 13
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5.10.4 Taps

Transformers may be provided with taps for voltages above rated voltages without increasing the insulation
level, provided that the maximum system voltage is not exceeded.

5.11 Temperature rise and insulation-system capability

5.11.1 Life of insulating materials

The life of insulating materials commonly used in transformers depends largely upon the temperatures to
which they are subjected and the duration of such temperatures. Since the actual temperature is the sum of
the ambient temperature and the temperature rise, the ambient temperature largely determines the load that
can reasonably be carried by transformers in service.

Table 7ÑAverage sound level, decibels three-phase primary voltages above 1.2 kV

Equivalent
two-winding 

(kVA)

Self cooled Ventilated forced air 
cooleda

Ventilated
(class AA 

rating)

Sealed
(class AA 

rating)
kVA

Class FA 
and AFA 

rating

0Ð9 40 45 0Ð1167 67

10Ð50 45 50 1168Ð1667  68

51Ð150 50 55 1668Ð2000 69

151Ð300 55 57 2001Ð3333 71

301Ð500 60 59 3334Ð5000 73

501Ð700 62 61 5001Ð6667 74

701Ð1000 64 63 6668Ð8333 75

1001Ð1500 65 64

1501Ð2000 66 65

2001Ð3000 68 66

3001Ð4000 70 68

4001Ð5000 71 69

5001-6000 72 70

6001-7500 75 71

aDoes not apply to sealed dry-type transformers.
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Other factors upon which the life of insulating materials depends are

a) Electric stress and associated effects;
b) Vibration or varying mechanical stress;
c) Repeated expansions and contractions;
d) Exposure to moisture, contaminating environments, and radiation;
e) Incompatible materials.

These factors, in combination with time and temperature, may increase the rate of thermal degradation of
materials and contribute to early failure. The winding temperature-rise limits and insulation-system materi-
als for dry-type transformers are so chosen that the transformers will have a satisfactory life under usual
operating conditions based on insulation-system thermal evaluation. Unusual and emergency loading are
discussed in 4.2.2.

5.11.2 ClassiÞcation of insulation systems

5.11.2.1 General

Experience has shown that the thermal-life characteristics of composite insulation systems generally cannot
be reliably inferred from information concerning component materials when some component materials
have ratings lower than the temperature rating of the insulation system. To assure satisfactory service life,
insulation systems need to be evaluated by service experience or accelerated-life tests on models.
Accelerated-life tests are being used increasingly to evaluate systems using the many new synthetic insulat-
ing materials that are available, thus shortening the period required before they can be used with conÞdence.
Tests on complete insulation systems are necessary to conÞrm the performance of materials for their speciÞc
functions in the transformer. Insulation-system testing for dry-type transformers should be conducted in
accordance with IEEE Std C57.12.60-1998.

Table 8ÑAverage sound level, decibels single-phase primary voltages above 601 V

Equivalent
two-winding

(kVA)

Self cooled

Ventilated forced air cooled 
(class FA and AFA rating)aVentilated 

(class AA 
rating)

Sealed 
(class AA 

rating)

0Ð50 50 50 67

51Ð167 55 55 67

168Ð333 60 60 67

500 64 63 67

833 65 64 68

1256 68 66 70

1667 70 68 71

2500 71 70 72

3333 72 71 74

5000 73 72 76

aDoes not apply to sealed dry-type transformers.
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5.11.2.2 Insulating materials

Insulating materials are processed compositions or recognized individual raw materials, and simple combi-
nations thereof, before they are fabricated, processed, and placed in position in dry-type transformer coils or
other structures identiÞed with speciÞc parts of the transformer.

5.11.2.3 Insulation system

An insulation system is an assembly of fabricated, processed, and in-place combinations of component insu-
lating materials with related structural parts, as used in dry-type transformers or in a form representative of
such use through simulations of operational conditions, while portraying the effectiveness of the physical
support for the insulation and the severity of forces (including environmental) tending to disrupt it.

5.11.2.4 System limiting temperature

Limiting system hottest-spot temperatures and associated maximum winding-temperature rises are
described in 5.11.3 and are approved only when used in the insulation of apparatus within the scope of this
standard. These temperatures should not be confused with the values used for the identiÞcation and classiÞ-
cation of the materials themselves. 

The electrical and mechanical properties of the insulated winding shall not be impaired by the application of
the hottest-spot temperature permitted for the speciÞc insulation system. The word impaired is used here in
the sense of causing any change that could disqualify the insulating material from continuously performing
its intended function, whether it is creepage spacing, mechanical support, or dielectric barrier action.

5.11.3 Limits of temperature rise for continuously rated transformers

Hottest-spot temperature rise above the ambient temperature shall not exceed the limits given in Table 9. The
average winding-temperature rises above the ambient temperature, when measured by the resistance method
and tested in accordance with the applicable provisions of IEEE Std C57.12.91-1995, shall not exceed the
values given in Table 9. The hottest-spot temperature rise shall be determined by calculation or from temper-
ature test data. 

Table 9ÑLimits of temperature rise for continuously rated dry-type transformer windingsa

aBased on an average daily ambient temperature of 30 ¼C, with a maximum
ambient temperature of 40 ¼C.

Insulation system 
temperature 

class (¼C)

 Winding 
hottest-spot 
temperature 

rise (¼C)

Average winding-
temperature rise 

by resistance (¼C)b

bHigher average winding temperature rises by resistance may apply if the man-
ufacturer provides thermal-design test data substantiating that temperature lim-
its of the insulation are not exceeded.

130  90  75

150 110  90

180 140 115

200 160 130

220 180 150
16 Copyright © 1998 IEEE. All rights reserved.
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Transformers with a speciÞed temperature rise may have an insulation system that utilizes any combination
of materials by temperature-rise insulation deÞnitions, provided that the insulation system has been evalu-
ated in accordance with 5.11.2

Insulation material used in the individual windings of the transformer may have different system tempera-
ture limits. When this is the case, the individual windings and their corresponding average temperature rises
shall be listed on the transformer nameplate.

Materials, or combinations of materials, such as those listed in Table 10, may be used in windings and insu-
lation structures involving the various paired combinations of insulation-system temperature and average
winding temperature rise by resistance listed in Table 9, provided that such insulating materials (or combina-
tions of materials) have been shown by experience or accepted tests to be adequate for such service applica-
tion in the type of transformer involved in Table 9.

Metallic parts in contact with, or adjacent to, the insulation shall not attain a temperature in excess of that
allowed for the hottest spot of the windings adjacent to that insulation.

Metallic parts, other than those described in the previous paragraph, shall not attain temperature rises that
would impair the functional capability of the transformer.

Temperature of external parts accessible to operators shall not exceed the temperature rises over ambient
temperature at maximum rated load shown in the table that follows.     

Table 10ÑExamples of materials used in insulation systems

Solid insulating materials Binding insulating materials

Mica Polyester resins

Porcelain Epoxy resins

Glass Silicone elastomers

Glass Þbers Silicone resins

Aramid sheets/Þbers Polymide resins

Cast epoxy Polyester-imides

Cast silicone

Polymide sheet

Polyester Þlm

NOTEÑThe lists of materials in this table do not purport to be complete. They 
are only intended to identify generically some typical insulating materials for 
illustrative purposes.
Copyright © 1998 IEEE. All rights reserved. 17
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5.11.4 Conditions under which temperature limits apply

Temperature limits shall not be exceeded when the transformer is operating on the connection that will pro-
duce the highest winding-temperature rise above ambient temperature and is delivering

a) Rated kVA output at rated secondary voltage if there are no taps;
b) Rated kVA output at the rated secondary voltage for that connection if it is a rated kVA tap

connection;
c) At the rated secondary voltage of that connection, the kVA output corresponding to the current of the

tap if the connection is a reduced kVA tap connection.

NOTEÑAs used here, the terms rated secondary voltage and rated current mean the values assigned by the manufac-
turer and shown on the nameplate.

5.11.5 Reference temperature for efÞciency, losses, impedance, and regulation

The reference temperature for which efÞciency, losses, impedance, and regulation are stated shall be the
rated average winding temperature rise plus 20 °C.

5.12 Nameplates

5.12.1 General

The manufacturer shall afÞx a durable nameplate to each transformer. Unless otherwise speciÞed, it shall be
made of corrosion-resistant materials. It shall bear the rating and other essential operating data as speciÞed
in 5.12.2 and 5.12.3.

For transformers that have nameplates mounted on a removable part, the manufacturerÕs name and trans-
former serial number shall be permanently afÞxed to a nonremovable part.

5.12.2 Nameplate information for ventilated and nonventilated transformers

Unless otherwise speciÞed, the minimum information shown on the nameplate shall be that speciÞed in
Table 11 and the associated notes.

5.12.3 Nameplate information for sealed transformers

Unless otherwise speciÞed, the minimum information shown on the nameplate shall be that required in
5.12.2 plus the following additional data:

a) Insulating gas identiÞcation and weight by compartments. If the insulating gas is nitrogen, the cubic
meters (cubic feet) at 25 °C and 13.8 kPa (2 psi) shall be furnished instead of the weight;

b) Maximum operating gauge pressures:_______ kPa(_____ psi) positive;

Readily accessible 65 °C

Not readily accessible 80 °C

NOTEÑNot readily accessible is considered to apply to equipment parts 
located at heights greater than 2.0 m (6.5 ft) above ßoor level or otherwise 
located to make accidental contact unlikely.
18 Copyright © 1998 IEEE. All rights reserved.
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c) Tank designed for _____ kPa (_____ psi) negative for vacuum Þlling;

NOTEÑVacuum Þlling applies only to insulating gases other than nitrogen.

d) Gas-Þlling gage pressure at 25 °C;

e) Temperature limitations of gases condensing at temperatures higher than Ð30 °C;

f) The taps shall be identiÞed on the transformer nameplate and on the tap-changer-position indicating
plate by means of letters in sequence or Arabic numerals. The number 1 or letter A shall be assigned
to the voltage rating providing the maximum ratio of transformation with tap changers for de-ener-
gized operation;

g) In addition to the weights listed in Note 7 of Table 11, the ÒuntankingÓ weight (heaviest piece) shall
also be listed. 

Table 11ÑNameplate information

Serial number (see Note 1)

Class (AA, AA/FA, etc.) (see Note 2)

Number of phases

Frequency

kVA ratings (see Notes 1 and 2)

Voltage ratings (see Notes 1 and 3)

Tap voltages (see Note 4)

Temperature rise in °C, by individual winding if different

Polarity (single-phase transformers)

Phasor diagram (polyphase transformers)

Percent impedance (see Note 5)

Basic lightning impulse insulation levels (BILs) (see Note 6)

Approximate weight in pounds (see Note 7)

Connection diagram (see Note 8) 

Name of manufacturer 

Installation and operating instruction reference

The words Òdry-type transformerÓ

Conductor material

Step-up transformer suitability, if involved (see Note 9)
Copyright © 1998 IEEE. All rights reserved. 19
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Table 11 notes: 

1ÑThe letters and numerals showing kVA, serial number, and voltage ratings shall have a minimum height of 3.18 mm
(0.125 in), whether engraved or stamped. The weight of other letters and numerals shall be optional for the manufacturer.

2ÑWhere the class of transformer involves more than 1 kVA rating, all ratings shall be shown. Provisions for future
forced-cooling equipment shall be indicated.

3ÑThe voltage ratings of a transformer shall be designated by the voltage ratings of each winding separated by dashes.
The winding voltage ratings shall be designed as speciÞed in Tables 12 and 13.

If the transformer is suitable for Y connection, the nameplate shall be so marked, except that, on a two-winding single-
phase transformer that is insulated for Y connection on both windings, the nameplate shall show the Y voltage on the
high-voltage side only for such transformers having high-voltage ratings of above 600 V.

4ÑThe tap voltages of a winding shall be designed by listing the winding voltage of each tap, separated by a slant (/), or
shall be listed in tabular form. The rated voltage of each tap shall be shown in volts, except that for transformers
500 kVA and smaller with taps in uniform 2-1/2% or 5% steps that may be shown as percentages of rated voltage. 

The taps shall be identiÞed on the transformer nameplate by means of letters in sequence or Arabic numerals. The
numeral 1 or the letter A shall be assigned to the voltage rating providing the maximum ratio of transformation with tap
changers for de-energized operation.

The normal position shall be designated by the letter N for load-tap changers. (See IEEE Std C57.12.80-1978.) The
raised range positions shall be designated by numerals in ascending order, corresponding to increasing output voltage,
followed by the sufÞx R, such as 1R, 2R, etc. The lower range positions shall be designated by numerals in ascending
order, corresponding to decreasing output voltage, followed by the sufÞx I, such as 1I, 2I, etc. 

The rated currents of all windings at the highest kVA rating, and on all tap connections, shall be shown for transformers
501 kVA and larger.

5ÑThe percent tested impedance over 500 kVA of two-winding transformers shall be given on the tested rated voltage
connection and at rated self-cooled kVA. 

For transformers with more than two windings, the percent impedance shall be given between each pair of windings. The
voltage base shall be stated following each percent impedance Þgure and, if the transformer has more than 1 kVA rating,
the kVA base shall be given.

6ÑFull-wave BIL, in kilovolts of line terminals, shall be designated as in the following example:

High-voltage winding 60 kV BIL
Low-voltage winding 10 kV BIL

If a neutral terminal is assigned a BIL, it shall be similarly described.

7ÑFor transformers rated 30 kVA or less, the weight may be omitted from the nameplate. Supplemental data shall be
available showing the approximate weight of the transformer for ratings smaller than those for which data are shown on
the nameplate. 

The total approximate weight shall be shown for transformers larger than 30 kVA up to 500 kVA.

The following approximate weights shall be shown for transformers larger than 500 kVA:

Core and windings
Total
20 Copyright © 1998 IEEE. All rights reserved.
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Table 11 notes continued:

8ÑAll winding terminations shall be identiÞed on the nameplate or on the connection diagram. 

A schematic view shall be included. All termination or connection points shall be permanently marked to agree with the
schematic identiÞcation. In general, the schematic view should be arranged to show the low-voltage side at the bottom
and the H1 high-voltage terminal at the top left. (This arrangement may be modiÞed in particular cases, such as multi-
winding transformers equipped with terminal chambers, potheads, or transformers having terminal locations not con-
forming to the suggested arrangements.) 

Indication of potential transformers, potential devices, current transformers, winding temperature devices, etc., when
used, shall be shown. 

Polarity and location identiÞcation of current transformers shall be shown if used for metering, relaying, or line-drop
compensation. (Polarity need not be shown if current transformers are used for winding-temperature equipment or fan
control.)

All internal leads and terminals that are not permanently connected shall be designated or marked with numerals or let-
ters in a manner that will permit convenient reference and will obviate confusion with terminal and polarity markings. 

Winding-development diagrams shall use symbols as described in IEEE Std 315-1975. Any winding grounds shall be
indicated.

9ÑIf the transformer is larger than 500 kVA and is suitable for step-up operation, the nameplate shall so state.

6. Construction

6.1 Tank-pressure requirements

The tank pressure under rated conditions of sealed transformers shall not exceed 14.7 psig unless the
requirements of applicable sections of the ANSI/ASME Boiler and Pressure Vessel Code (BPV) 1995, are
met. 

6.2 Finish

The Þnish for transformer cases on tanks shall consist of a nonmetallic pigment coating.

NOTEÑThis applies to sealed units but not to open ventilated dry-types. Metallic ßake coatings, such as aluminum and
zinc, have properties that increase the temperature rise of transformers, except in direct sunlight. Temperature limits and
tests are based upon the use of a pigment coating Þnish.

6.3 Transformer accessories

SpeciÞc information concerning accessories is contained in the product standards applying to particular
types of transformers.

6.4 Terminals

Transformers shall be equipped with suitable insulated cable or bar arrangements of bushings. The BILs of
terminals shall be at least equal to that of the windings to which they are connected, unless otherwise speci-
Þed. See Tables 4 and 5 for BILs of terminals.
Copyright © 1998 IEEE. All rights reserved. 21
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6.5 Grounding

6.5.1 Transformer grounding

Transformer-grounding facilities shall be furnished in accordance with the product standards for particular
types of dry-type transformers.

6.5.2 Grounding of core

The transformer core shall be grounded, for electrostatic purposes, to the transformer frame and enclosure (if
supplied).

7. Short-circuit characteristics

7.1 General

Transformers shall be designed and constructed to withstand the mechanical and thermal stress produced by
external short circuits under the conditions in 7.3.2, 7.3.3, and 7.3.6. The external short circuits shall include
three-phase, single line-to-ground, double line-to-ground, and line-to-line faults on any one set of terminals
at a time. Multiwinding transformers shall be considered to have system-fault power supplied at no more
than two sets of unfaulted terminals, and only at terminals rated more than 35% of the terminal kilovolt-
amperes of the highest capacity winding. For other fault conditions, the requirements shall be speciÞed by
those responsible for the application of the transformer. It is recognized that short-circuit withstand capabil-
ity can be adversely affected by the cumulative effects of repeated mechanical and thermal overstressing, as
produced by short circuits and loads above the nameplate rating. Since means are not available to continu-
ously monitor and quantitatively evaluate the degrading effects of such duty, short-circuit tests, when
required, should be performed prior to placing the transformer(s) in service. The intention here is not that
every transformer be short-circuit tested to demonstrate adequate construction. When speciÞed, short-circuit
tests shall be performed as described in Clause 12 of IEEE Std C57.12.91-1995.

7.2 Transformer categories

Three categories for the rating of dry-type transformers shall be recognized.

a) Autotransformers of 500 kVA or less (equivalent two-winding) shall be included in Category I even
though their nameplate kVA may exceed 500 kVA.

b) All kVA ratings are minimum nameplate kVA for the principal windings. 

Category Single-phase (kVA) Three-phase (kVA)

I 1Ð500 15Ð500

II 501Ð1667 501Ð5000

III 1668Ð10 000 5001Ð30 000
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7.3 Short-circuit-current duration and magnitude

7.3.1 General

For Categories I, II, and III dry-type transformers, the short-circuit current duration shall be limited to 2 s.
When used on circuits having reclosing features, transformers shall be capable of withstanding the resulting
successive short circuits without cooling to normal operating temperatures between successive occurrences
of the short circuit, provided the accumulated duration of the short circuits does not exceed 2 s.

7.3.2 Duration of short-circuit tests

The duration of each test shall be 0.25 s, except that one test satisfying the symmetrical current requirements
shall be made for a longer duration on Categories I, II, and III transformers. The duration of the long test in
each case shall be as follows:

Category I: t = 2 s
Category II: t = 1 s
Category III: t = 0.5 s

For special applications where longer fault duration will be common in service, special long-duration tests
shall be speciÞed at purchase. When making consecutive tests without allowing time for winding cooling,
care shall be exercised to avoid excessive temperatures.

7.3.3 Short-circuit-current magnitude

7.3.3.1 Category I

The short-circuit-current magnitude will normally be limited only by the transformer impedance, but maxi-
mum symmetrical-current magnitudes shall not exceed 25 times base current. 

7.3.3.2 Categories II and III

The symmetrical short-circuit current shall be calculated as follows, but shall not exceed 25 times base current:

a) The symmetrical short-circuit current shall be calculated based on the sum of the transformer imped-
ance plus a value of system impedance (including the appropriate kVA base) speciÞed by the user.
Alternatively, the user may specify the system MVA available at the transformer.

b) In the absence of system information from the user, the system symmetrical short-circuit current
available at the transformer terminals shall be assumed to be 36 kA for nominal system voltages
34.5 kV and below.

NOTEÑThis corresponds to a circuit-breaker Þrst-cycle or momentary current of 58 kA (for a 13.8 kV system,
which is equivalent to a system with approximately 750 MVA nominal interrupting duty).

c) When speciÞed, or when the system impedance is known to be negligible (e.g., a station service
transformer located close to a generator), the symmetrical short-circuit current shall be calculated
using the transformer impedance only.

7.3.4 Stabilizing winding

Stabilizing winding in three-phase transformers (D-connected winding with no external terminals) shall be
capable of withstanding the current resulting from any of the system faults speciÞed in 7.1, recognizing the
system-grounding conditions. An appropriate stabilizing winding kVA, voltage and impedance, shall be
provided. 
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7.3.5 Dry-type autotransformer winding

Dry-type autotransformer winding shall be designed for a maximum withstand capability limit of 25 times
base current (symmetrical).

7.3.6 Short-circuit-current calculations

7.3.6.1 Symmetrical current

The symmetrical short-circuit current, ISC (in rms amperes), can be calculated using

(1)

where

IR is the rated current on the given tap connection (in rms amperes),

ZT is the transformer impedance on the given tap connection, in per unit on the same apparent power base
as IR,

ZS is the impedance of the system or permanently connected apparatus, in per unit on the same apparent
power base as IR.

The symmetrical short-circuit current, I, in multiples of normal base current, can be calculated using

 (2)

7.3.6.2 Asymmetrical current

The Þrst-cycle asymmetrical peak current, ISC (pk asym.), which the transformer is required to withstand,
shall be determined as follows:

ISC (pk asym.) = KISC (3)

where

,

Æ = arc tan (x/r) (in radians),

e is the base of natural logarithm,

x/r (ratio of effective ac reactance to resistance, both in ohms) is the total impedance, which limits the
fault current for the transformer connections when the short circuit occurs. When the system impedance is
included in the fault-current calculation, the x/r ratio of the external impedance shall be assumed equal to
that of the transformer, if not speciÞed.

Values of K are given in Table 14.

NOTEÑThe expression of K is an approximation. The values of K given in Table 14 are calculated from this approxima-
tion and are accurate to within 0.7% of the values calculated by exact methods.
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Table 14ÑValues of K

r/x x/r K

0.001 1000 2.824

0.002 500 2.82

0.003  333 2.815

0.004 250 2.811

0.005 200 2.806

0.006 167 2.802

0.007 143 2.798

0.008 125 2.793

0.009 111 2.789

0.01 100 2.785

0.02 50 2.743

0.03 33.3 2.702

0.04 25 2.662

0.05 20 2.624

0.06 16.7 2.588

0.07 14.3 2.552

0.08 12.5 2.518

0.09 11.1 2.484

0.1 10 2.452

0.2 5 2.184

0.3 3.33 1.99

0.4 2.5 1.849

0.5 2 1.746

0.6 1.67 1.669

0.7 1.43 1.611

0.8 1.25 1.568

0.9 1.11 1.534

1 1 1.509
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7.4 System zero-sequence data

For Category III transformers with solidly grounded neutral, the user should specify the ratio of system X0/X1.
In lieu of speciÞed X0/X1 ratio, a value of 2.0 shall be used. 

7.5 Application conditions requiring special consideration

The following situations affecting fault-current magnitude, duration, or frequency of occurrence require spe-
cial consideration and should be identiÞed in transformer speciÞcations:

a) Transformer terminals connected to rotating machines (such as motors or synchronous condensers),
which can act as generators to feed current into the transformer under system-fault conditions. The
system impedance for such cases should be derived by the user, considering the subtransient reac-
tance of synchronous machines and the locked-rotor reactance of induction motors, such as those
used in calculating Þrst-cycle or momentary duty;

b) Three-winding transformer applications;

c) Operating voltages higher than rated, maintained at the unfaulted terminal(s) during a fault condition;

d) Frequent overcurrents arising from the method of operation or the particular applications (such as
furnace transformers starting taps applications using grounding switches for relay purposes and trac-
tion feeding transformers);

e) Station auxiliary transformers directly connected to a generator that may be subject to prolonged-
duration terminal faults as a result of the inability to remove the voltage source quickly.

7.6 Components

Transformer components, such as leads, bushings, load-tap changers, de-energized tap changers, and current
transformers, which carry current continuously, shall comply with all the requirements of 7.1. However, if
not explicitly speciÞed, load-tap changers are not required to change taps successfully under short-circuit
conditions.

7.7 Base kVA and base currents

7.7.1 Base kVA of a winding

This is the self-cooled rating of the winding, as speciÞed by the nameplate.

7.7.2 Base current of winding without autotransformer connections

For transformers with two or more windings without autotransformer connections, the base current of a
winding is obtained by dividing the base kVA of the winding by the rated kV of the winding on a per-phase
basis.

7.7.3 Base current of winding with autotransformer connections

For transformers with two or more windings, including one or more autotransformer connections, the base
current and the base kVA of any winding, other than the series and common windings, are determined as
described in 7.7.2. The base current of the series winding is equal to the base kVA per phase at the series line
terminal (H) divided by the minimum full capacity tap voltage at the series line terminal (H) in kilovolts line
to neutral. The base current of the common winding is equal to the line current at the common winding ter-
minal (X) minus the line current at the series winding terminal (H) under loading conditions, resulting in
28 Copyright © 1998 IEEE. All rights reserved.



IEEE
DRY-TYPE DISTRIBUTION AND POWER TRANSFORMERS Std C57.12.01-1998
maximum phasor difference. All conditions of simultaneous loading authorized by the nameplate shall be
considered to obtain the maximum value. Base currents are calculated based on self-cooled loading condi-
tions or the equivalent.

7.8 Effects of temperature on transformer windings during short-circuit conditions

The winding temperature will increase during a short circuit, and care shall be exercised in the winding
design and the application of the conductor material to avoid a signiÞcant loss of yield strength in the period
of fault duration. In most applications of dry-type transformers with normal application limits for fuses and
circuit breakers, the duration of a short circuit is limited to a few cycles, and the added temperature-rise
effects are minimal. Where it is determined that the fault duration is more than a few cycles and a need exists
to determine by calculation the temperature rise for a speciÞc application, the temperature rise may be calcu-
lated as described in 7.10

The effect of the calculated temperature increase on a transformer in a speciÞc application may thus be
determined, and proper allowance made, to minimize permanent reduction in conductor mechanical strength
due to annealing, and to coordinate any temporary reduction in conductor strength with the applied forces at
any time.

7.9 Temperature limits of transformer for short-circuit conditions

The Þnal temperature of the conductor in the windings of general-purpose transformers, under the short-cir-
cuit conditions described in 7.8, shall not exceed the following:

7.10 Calculation of winding temperature during a short circuit

The Þnal winding temperature Tf at the end of a short circuit of duration t shall be calculated on the basis of
all heat stored in the conductor material and its associated turn insulation. All temperatures are in degrees
Celsius.

Tf = m (Tk + TS)(1 + E + 0.6m) + TS (4)

Winding temperature 
rise by resistance (°C)

Assumed initial average 
temperatures of winding 

(°C)

Final conductors 
temperatures (°C)

75 115 300

90 130 350

115 155 400

130 170 425

150 190 450
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where

E is the per-unit eddy-current loss, based on resistance loss Ws, at the starting temperature,

Tk = 234.5 °C for copper,

     = 225 °C for EC grade aluminum, 

(The appropriate values of Tk for the other grades may be used.)

TS is the starting temperature. It is equal to

a) 30 °C ambient temperature plus the average winding rise plus the manufacturerÕs recommended
hottest-spot allowance, or

b) 30 °C ambient temperature plus the limiting winding hottest-spot temperature rise speciÞed for the
appropriate type temperature,

where 

t is the duration of short circuit (in seconds),

C = 174 + (0.0225)(Tk + Ts) + (110)(Ai/Ac) for copper,

= 405 + (0.1)(Tk + Ts) + (360)(Ai/Ac) for aluminum,

Ai is the cross-sectional area of turn insulation (in inches),

AC is the cross-sectional area of the conductor (in inches),

WS is the short-circuit resistance loss of the winding at the starting temperature, in watts per pound of 
conductor material,

with

(5)

where

Wr is the resistance loss of winding at rated current and reference temperature (in watts),

N is the symmetrical short-circuit magnitude, in times normal rated current,

M is the weight of winding conductor (in pounds);

Tr is the reference temperature, which is 20 °C ambient temperature plus rated average winding rise.

m
W St

C T K T S+( )
-----------------------------=

W S

W rN
2

M
-------------- T k T S+( ) T k T r+( )¤[ ]´=
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These equations are approximate formulas and their use should be restricted to values of m £ 0.6. For values
of m > 0.6, the following more nearly exact formula should be used:

(6)

where

e is the base of natural logarithm = 2.718,

with 

E = Er [(Tk + Tr)/(Tk + Ts)]
2 (7)

where

Er is the per-unit eddy-current loss at reference temperature.

8. Testing and calculations

8.1 General

Unless otherwise speciÞed, all tests are deÞned and shall be made in accordance with IEEE Std C57.12.91-
1995. Unless otherwise speciÞed, tests shall be made at the factory only.

8.2 Test classiÞcations

Test classiÞcations are deÞned in IEEE Std C57.12.80-1978.

8.3 Routine, design, and other tests for transformers

Routine tests shall be made on all transformers. These are listed in Table 15. When speciÞed (as individual
tests), ÒotherÓ tests shall be made on transformers as listed in Table 15.

8.4 Calculations

When speciÞed, transformer regulation shall be determined for the rated voltage, kVA, and frequency by
means of calculations based on the tested impedance, in accordance with the procedure given in
IEEE Std C57.12.91-1995. The reference temperature to which the load loss, impedance voltage, short-
circuit impedance, and regulation are to be corrected shall be the average winding temperature rise, as given
in Table 9, plus 20 ¼C.

NOTEÑWhen a transformer has windings of different insulation system temperatures, only one reference temperature
is to be used, i.e., the one relating to the winding having the higher system temperature.

T f T k T S+( ) e2m E e2m 1Ð( )+ 1Ð[ ] T S+=
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Table 15ÑDry-type transformer tests

Tests

 Test classiÞcation

£ 500 kVA ³ 501 kVA

Routine Design Other Routine Design Other

Resistance measurements
of all windings on the rated voltage tap, and 
at tap extremes of the Þrst unit made on a 
new design

· ·

Ratio
tests on the rated voltage connection

· ·

Polarity and phase relation
tests on the rated voltage connection

· ·

No-load losses and excitation current
at rated voltage on the rated voltage con-
nection

·a ·

Impedance voltage and load loss
at rated current and rated frequency on the 
rated voltage connection and at the tap 
extremes of the Þrst unit of a new design

· · ·

Temperature rise
at minimum and maximum ratings of the 
Þrst unit on a new design. This test may be 
omitted if tests of thermally duplicate or 
essentially duplicate unit are available

· · ·

Dielectric tests

applied voltage · ·

induced voltage · ·

impulse ·b ·b ·b ·b

insulation power factor · ·

insulation resistance · ·

partial discharge ·c · ·c ·c ·c

Audible sound level · · ·

Short-circuit capability · ·

Mechanical (for sealed transformers)

pressure

leak ·
·

·
·

aStatistical sampling may be used for this test. (This does not apply to ³ 501 kVA.)
bWhen an impulse test is required, it shall precede the applied and induced voltage test.
cPartial discharge tests may be performed on the windings of all types of dry-type transformers, but are considered routine tests
for transformers above 1.2 kV having solid-cast and/or resin-encapsulated windings as part of the insulation systems.
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9. Tolerances

9.1 Ratio

With rated voltage impressed on one winding of a transformer, all other rated voltages at no load shall be
correct within 0.5% of the nameplate markings. 

Rated tap voltages shall correspond to the voltage of the nearest turn if the voltage per turn exceeds 0.5% of
the desired voltages.

9.2 Impedance

The tolerances for impedance shall be as follows:

a) The impedance of a two-winding transformer shall have a tolerance of ± 7.5% of the speciÞed value.
Differences of impedance between two duplicate two-winding transformers, when two or more units
of a given rating are produced by one manufacturer at the same time, shall not exceed 7.5% of the
speciÞed value.

b) The impedance of transformers having three or more windings, or having zigzag windings, shall
have a tolerance of ± 10% of the speciÞed value. Differences of impedance between duplicate three-
winding or zigzag transformers, when two or more units of a given rating are produced by one man-
ufacturer at the same time, shall not exceed 10% of the speciÞed value.

c) The impedance of an autotranformer shall have a tolerance of ± 10% of the speciÞed value. Differ-
ences of impedance between duplicate autotransformers, when two or more units of a given rating
are produced by one manufacturer at the same time, shall not exceed 10% of the speciÞed value.

d) Transformers shall be considered suitable for operation in parallel if their resistance and reactances
come within the limitations of items a) through c), provided turn ratios and other controlling charac-
teristics are suitable for such operation.

9.3 Losses

The losses represented by testing a transformer, or transformers, on a given order shall not exceed the speci-
Þed losses by more than the percentages given in Table 16.

Table 16ÑTolerances for single-phase and three-phase transformers losses

Number of units 
on one order

Basis 
determination

No-load 
losses (%)

Total losses 
(%)

1 1 unit 10 6

2 or more Each unit 10 6

2 or more Average of all units 0 0
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10. Connection of transformers for shipment

Single-phase and three-phase transformers shall be shipped with both high-voltage and low-voltage wind-
ings connected for their rated voltage. 

Single-phase transformers designed for both series-multiple and three-wire operation shall be shipped con-
nected in series with the midpoint out for three-wire operation. Single-phase and three-phase transformers,
designed for series-multiple operations only, shall be shipped connected in series. Three-phase transformers
designed for both D and Y operation shall be shipped connected for the Y voltage.
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Annex A

(informative) 

Unusual temperature and altitude

A.1 Service conditions

Transformers may be applied at higher ambient temperatures or at higher altitudes than speciÞed in this stan-
dard, but performance may be affected, and special consideration should be given to these applications.

A.2 Effect of altitude on temperature rise

The effect of the decreased air density due to high altitude is to increase the temperature rise of transformers,
since they are dependent upon air for the dissipation of heat losses.

A.3 Operation at rated kVA

Transformers may be operated at rated kVA at altitudes greater than 1000 m (3300 ft) without exceeding
temperature limits, provided the average temperature-cooling air does not exceed the values of Table A.1 for
the respective altitudes. 

NOTEÑSee 4.2.4, for transformer insulation capability at altitudes about 1000 m (3300 ft).

A.4 Operation at less than rated kVA

Transformers may be operated at altitudes greater than 1000 m (3300 ft) without exceeding temperature lim-
its, provided the load to be carried is reduced below rating by the percentages given in Table A.2 for each
100 m (330 ft) that the altitude is above 1000 m (3300 ft).
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Table A.1ÑMaximum 24 hour average temperature of cooling air

Average temperature for speciÞed altitude (°C)

Type of apparatus 1000 m
(3300 ft)

2000 m
(6600 ft)

3000 m
(9900 ft)

4000 m
(13 200 ft)

Dry-Type, class AA

75 °C 30 27 24 20

90 °C 30 26 22 18

115 °C 30 25 20 15

130 °C 30 24 18 12

150 °C 30 23 17 10

Dry-Type, class AA/FA and AFA

75 °C 30 24 18 12

90 °C 30 22 14 6

115 °C 30 20 10 0

130 °C 30 18 7 Ð5

150 °C 30 17 5 Ð8

NOTES: 

1ÑThe data included in this table apply to ventilated dry-type transformers and include
solid-cast and/or resin-encapsulated windings. These data are not applicable to sealed and
nonventilated dry-type transformers. Data for sealed transformers will be included, when
available.

2ÑIt is recommended that the average temperature of the cooling air be calculated by aver-
aging 24 consecutive hourly readings. When the outdoor air is the cooling medium, the
average of the maximum and minimum daily temperatures may be used. The value
obtained in this manner is usually slightly higher, by not more than 0.3 °C, than the true
daily average.

Table A.2ÑRated kVA derating factors for altitudes greater than 1000 m (3300 ft)

Type of cooling Derating factor (%)

Dry-type, self cooled 0.3

Dry-type, forced-air cooled 0.5
36 Copyright © 1998 IEEE. All rights reserved.
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Foreword

(This Foreword is not a part of ANSI/IEEE C57.12.56-1986, IEEE Standard Test Procedure for Thermal Evaluation of Insulation
Systems for Ventilated Dry-Type Power and Distribution Transformers.)

This standard was developed to provide a method for evaluating insulation systems for ventilated dry-type
transformers with high-voltage ratings greater than 600 V. Since the procedures contained herein are new, experience
factors may require future revision.

The working group that developed this standard used AIEE 65-1956, the Proposed Test for Thermal Evaluation of
Ventilated Dry-Type Power and Distribution Transformers, as a starting point. New materials and coil-design
techniques necessitated a revision of the procedure to recognize such factors as layer insulation, higher impulse
withstand capabilities, and new organic, high-temperature insulations. This standard describes methods that take the
new materials and processes into account.

The working group was unable to define an existing insulation system to use as a control for comparison with an
insulation system under test; therefore, an arbitrary extrapolation criteria of 40 000 h was selected for the evaluation.
The working group urges the Dry-Type Transformer Industry to report results of tests using this standard to provide a
basis for future improvement.

The working group considered aging under voltage stresses which might cause partial discharge but ruled it out since
present transformer designs are generally made to be as free of partial discharges as practical.

The working group considered a vibration and shock procedure as one of the aging factors. So little information is
published regarding the effects of vibration and shock in high-voltage insulation systems that it was impossible to
include it in this standard. The working group urges the industry to report procedures and results of testing insulation
systems with vibration and shock so that revisions of this standard may incorporate these factors, if they are found to
be significant.

This standard relates voltage withstand end-point criteria to the impulse voltage distribution within the coil or to the
initial-voltage withstand of the coil. A relationship between impulse withstand of the insulation and short-term 60 Hz
withstand is identified so that 50/60 Hz testing of model coils is possible.

Acknowledgement and thanks are extended to those who have so freely given their time and knowledge and have
conducted experimental work on which this standard is based.
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An American National Standard

IEEE Standard Test Procedure for 
Thermal Evaluation of Insulation Systems for 
Ventilated Dry-Type Power and 
Distribution Transformers

1. Introduction

1.1 Scope

This standard is intended to establish a uniform method for determining the temperature classification of ventilated
dry-type power and distribution transformer insulation systems by test rather than by chemical composition.

These insulation systems are intended for use in transformers listed in ANSI C57.12.50-1981 [1]1 and ANSI
C57.12.51-1981 [2], and whose highest voltages exceed nominal 600 V.

NOTE  —  In this standard, the term transformer shall be considered to mean ventilated dry-type transformer unless qualified by
other descriptive terms.

1.2 Purpose

The purpose of this standard is to establish a uniform method

1) For providing data for selection of the temperature classification of the insulation system
2) For providing data which may be used as a basis for a loading guide
3) For comparative evaluation of different insulation systems

1.3 References

[1] ANSI C57.12.50-1981, American National standard Ventilated Dry-Type Distribution Transformers, 1 to 500 kVA,
Single-Phase, and 15 to 500 kVA, Three-Phase, with High-Voltage 601 to 34 500 Volts, Low-Voltage 120 to 600 Volts2 

[2] ANSI C57.12.51-1981, American National Standard Requirements for Ventilated Dry-Type Power Transformers,
501 kVA and Larger, Three-Phase with High-Voltage 601 to 34 500 Volts, Low-Voltage 208Y/120 to 4160 Volts. 

[3] ANSI/ASTM D149-81, Standard Test Methods for Dielectric Breakdown Voltage and Dielectric Strength of
Electrical Insulating Materials at Commercial Power Frequencies.

1The numbers in brackets correspond to those of the references listed in 1.3.
2ANSI publications are available from the Sales Department, American National Standards Institute, 1430 Broadway, New York, NY 10018.
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[4] ANSI/IEEE C57.98-1986, IEEE Guide for Transformer Impulse Tests. 

[5] ANSI/IEEE Std 4-1978, IEEE Standard Techniques for High-Voltage Testing. 

[6] ASTM E104-51 (R1971), Standard Recommended Practice for Maintaining Constant Relative Humidity by Means
of Aqueous Solutions.3

[7] IEEE Std 1-1969, IEEE General Principles for Temperature Limits in the Rating of Electric Equipment.4 

[8] IEEE Std 101-1972, IEEE Guide for the Statistical Analysis of Thermal Life Test Data. 

[9] IEEE Std 101A-1974, Simplified Method for Calculation of the Regression Line (Appendix to IEEE Guide for the
Statistical Analysis of Thermal Life Test Data, IEEE Std 101-1972). 

[10] MANNING, M. L. The Electrical Insulation Challenge for Dry-Type Transformers. Insulation/ Circuits, Sept
1973, vol 19, no 10, pp 87-92.

1.4 Applicable Document in Preparation5

2. Basic Considerations

2.1 General

Two test methods are developed to provide a means for evaluating insulation systems as a function of thermal aging
and are an extension of AIEE 65-1956,6 Thermal Evaluation of Ventilated Dry-Type Power and Distribution
Transformers.

One method is based on retention of a dielectric withstand voltage equal to a percentage of the initial 50/60 Hz
dielectric withstand c capability of the test sample.

The second method is based on the retention of the basic impulse insulation level7 by impulse testing, or by related
[10] 50/60 Hz voltage withstand capability tests on models. See 3.7.

2.2 Intent

The intent of these test methods is to have each component of the insulation system tested under conditions that are as
nearly as possible the same as those in the actual transformer. Thus, each of the components is evaluated in accordance
with its actual function.

2.3 Aging Factors

The primary aging factors shall be temperature and time. Although the primary aging factors are temperature and time,
the criterion of failure of these high-voltage insulation systems is assumed to be voltage related to the initial dielectric
strength or to the rated basic impulse voltage level. Therefore, the time to failure of the system is determined during the

3ASTM publications are available from the American Society for Testing and Materials, 1916 Race St, Philadelphia, PA 19103.
4IEEE publications are available from the Institute of Electrical and Electronics Engineers, Service Center, 445 Hoes Lane, Piscataway, NJ 08854.
5When the following document is completed, approved, and published, it will become a part of this listing. IEEE Standards Project P745 (in
preparation), Guide for Conducting a Transient Analysis for Dry-Type Transformers.
6AIEE 65-1956 was issued for trial use and may be used for general information.
7Impulse tests are simulated in this method since transient response of models generally is not representative of that found in full size transformers.
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accelerated thermal aging by its ability to withstand prescribed proof test voltages applied after each thermal aging
cycle. See 3.7.

The Arrhenius relationship is the theoretical basis for this standard. Insulating systems which contain a large
percentage of inorganic material may not lend themselves to complete thermal evaluation by techniques based on the
Arrhenius relationship.

Test methods specified in this test procedure are of an accelerated nature. Hence, an Arrhenius extrapolation of the
time to failure obtained at the test temperatures (log of life versus 1/absolute temperature) is required to obtain the
temperature classification for normal operation. As the conditions of this accelerated testing are unusually severe,
extrapolation of the data will indicate a shorter time to failure than will be obtained in actual service use. Due to the
lack of a universally accepted standard transformer insulation system, it is not possible to compare insulation systems
with a standard system by way of the Arrhenius approach. It is expected that with the extended use of this test
procedure such a comparison can be made. Until then, a reference time of 40 000 h to failure shall be used as a
minimum acceptable basis for establishing a temperature classification. See 4.1(3)(d).

2.4 Data Treatment

To ensure that valid results are obtained, free of bias and suitable for comparative studies, the test data shall be reduced
statistically and the results reported according to Section 4.

Tests shall be carried out in accordance with Method I described in 3.1.1 except that Method 2 described in 3.1.2 may
be used where applicable.

Extrapolations indicated in Section 4 shall be applied only for failures occurring in the same part of the insulating
system. If failures occur in more than one part of the system, data for each mode of failure shall be treated separately.
Similarly, the temperature classification shall be determined by separate extrapolation for each mode of failure and the
lowest extrapolated temperature obtained shah be used as representing the temperature rating for the complete system.

3. Test Procedures

3.1 General

3.1.1 Method 1

This method shall be used when complete information is not available regarding thermal degradation characteristics of
the insulating system involved. At least three samples, in addition to samples used for temperature monitoring, shah be
tested at each of three (or more) different temperatures. Suggested temperatures are given in Table 1. Details of model
construction and test procedure are given in 3.2 through 3.7.

Table 1— Temperature and Exposure Time Guide

Estimated Time/Cycle
Hottest-Spot Temperature (°°C) or Equivalent

for System Expected to Operate At

Hours|Temperature Class 105 130 150 185 220 250

300 135 165 195 225 275 310

100 150 180 215 245 300 340

35 165 200 235 270 325 375
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3.1.2 Method 2

This method is applicable when the thermal degradation characteristics are known to be expressible by the following
adaptation of the Arrhenius rate equation:

(1)

where

L = time to failure, h
A = a constant representing the intercept of the life line of the Arrhenius plot with its ordinate
b = rate factor in the time-to-failure-temperature relationship dependent on insulation system involved,

representing the slope of the Arrhenius plot
T = absolute temperature

in which A and b are known from previous tests performed in accordance with 3.1.1, Method 1. In this case, only one
group of samples (n = samples) needs to be tested at one temperature value T2 (K). Extrapolation may be carried out
by Eq 2:

(2)

where

T1 = temperature limit, K (°C + 273) to give time-to-failure expectancy equal to or greater than L1 (L1 = 40 000 h).
ln = natural logarithm to the base e = 2.718
L2

_
= average value of time to failure at test temperature T2. It is expressed in the same units as L1.

L2 = measured time to failure (see 3.5) obtained on samples at the test temperature and used to calculate L2 per
Eq 3

(3)

where

n = number of samples at temperature T2

3.2 Test Models

Test models may be actual transformers modified to permit testing of possible modes of failure or shall be constructed
as follows:

1) All models shall be constructed to simulate the winding design they represent with regard to the arrangements
of components. Coils, supporting insulation, minimum air clearances, and varnish treatment shall be those
used in the full-sized transformers represented by the models.

2) The winding segments of the models shall be arranged so as to permit dielectric tests for the various modes
of failure, such as turn-to-turn, section-to-section, layer-to-layer, winding-to-winding, and winding-to-
ground. The use of bifilar windings is suggested for the turn-to-turn configuration.

3) Some suggested model constructions are shown in Figs 1, 2, and 3.

L A 2.718( )b T⁄
=

T1
b

ln L1 L2⁄( ) b T2⁄( )+
--------------------------------------------------=

L2
L2 1( ) L2 2( ) L2 3( ) …L2 n( )+ + +

n
-------------------------------------------------------------------------------=
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Figure 1— Side View of Model Containing Barrel (Helical Winding) 
Wound High Side and Strip Wound Low Side
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Figure 2— Top View of Model Containing Barrel (Helical Winding) 
Wound High Side and Strip Wound Low Side



Copyright © 1986 IEEE All Rights Reserved 7

VENTILATED DRY-TYPE POWER AND DISTRIBUTION TRANSFORMERS ANSI/IEEE C57.12.56-1986

Figure 3— Model for Pancake or Disc Wound High-Voltage Side and Strip Wound Low Side

3.3 Screening

Prior to exposure to an elevated temperature on the first test cycle, dielectric screening tests shall be made on all
samples (see 3.7). The initial screening tests shall be made in accordance with 3.4 (2) and (3). Samples not passed in
the screening test shall not be used.
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3.4 Test Cycles

The test procedure shall consist of subjecting the test samples to repeated test cycles following an initial screening test.
Each test cycle shall consist of the following parts and shall be performed in the order given:

1) Temperature Aging. Details given in 3.5
2) Humidification. Details given in 3.6
3) Dielectric Test Under Humid Condition.

Details given in 3.7

3.5 Temperature Aging

Exposure to elevated temperature may be accomplished by circulating electric current in the windings of the test
sample, or by use of suitable ovens, or combinations thereof.

Where exposure to elevated temperature is accomplished by circulating electric current in the windings of the test
sample, corresponding electrical elements of all samples (for example, all of the high-voltage windings and also all of
the low-voltage windings) shall be connected in series to have the same current circulated in the like elements. It
should be noted that separate current sources may be necessary for the high-voltage and low-voltage windings. Means
for making small adjustments to the current through individual samples may be provided to aid in achieving the
desired temperatures. Individual enclosures for the test models may be used to maintain test temperatures. However,
the physical arrangement of the samples with respect to each other shall be such as to promote equality of temperature
in all samples.

Any suitable method can be used for monitoring the temperature of the samples during the temperature exposure. The
following method is recommended: One of the group of test samples shall be equipped with thermocouples and shall
be used for temperature monitoring purposes only. The number and location of thermocouples shall be such as to give
an accurate indication of the hottest-spot temperature and give an adequate knowledge of the temperature distribution
within the sample to satisfy the conditions specified below.

The temperatures in all samples shall be monitored by one or more thermometers or thermocouples located on each
sample. The relative position of the thermometers or thermocouples shall be the same for all samples. The monitored
temperatures on individual test samples shall not be more than 2 °C less than that of the corresponding monitored
points in the control model.

Test temperatures shall be maintained constant at the hottest spots within the sample as measured by the monitoring
thermocouples. Thus, the hottest-spot temperature of each of the windings are the same. At other points within the
sample, deviation from this temperature is permissible although such deviation shall be within limits of the
temperature distribution in the actual transformer. Temperature differences between the hottest-spot winding
temperature and the hottest-spot temperature of the high-to-low barriers between windings shall not exceed 30 °C
unless it can be demonstrated that a greater difference occurs in the actual transformers represented by the test models.

The hottest-spot test temperature, once established, shall be maintained as a minimum value. No upper temperature
tolerance is established. However, it should be noted that excessive plus temperature variation will give pessimistic life
curves.

A periodic record of temperatures shall be taken to determine the average temperature during the temperature exposure
cycle. Aging temperature and duration of each temperature cycle shall be so selected as to require 5 to 10 cycles to
reach the average time to failure for a group of samples. When several groups of samples are tested at different
temperatures, the duration of test cycles for different groups shall be so selected as to require approximately the same
number of cycles to average failure. The heating-up time of the test samples at the beginning of the temperature cycle
should not exceed 5 h. The temperature aging cycle shall commence when the required hottest-spot temperature is
established and shall terminate when the cool-down period starts.
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Tests on any one group of samples shall be made at the same aging temperature until failure. Table 1 will serve as a
guide to the selection of test temperatures although other combinations of time and temperature may be used to fit the
degradation characteristics of the particular insulation system. If samples have not failed at the end of 7 cycles, the
aging period of the following cycles may be extended to not more than twice the previous cycle time. If a failure occurs
before the 4th cycle, the aging period of the following cycles may be decreased to not less than half the previous cycle
time.

The various temperatures and times shown in Table 1 do not describe any actual insulation system but are intended
only as a guide in selecting aging temperature. The temperature given in Table 1 cannot be expected to give the same
end point for all insulation systems.

Temperature exposure shall be conducted in a relatively clean draft-free area, and the samples shall be covered to
exclude dirt.

The time to failure of a sample, aged at one temperature, shall be considered to be equal to the cumulative duration of
temperature exposure during all test cycles (see 3.4) less one half of the last cycle.

3.6 Humidity Conditioning

Exposure to humidity shall be made with the sample de-energized under the following conditions:

1) Samples shall be allowed to cool to room temperature prior to humidification
2) Duration of humidity exposure shall be 48 h minimum
3) For the humidity exposure, the test samples shall be placed in a suitable enclosure in which a relative

humidity of not less than 90% shall be maintained.

As one method to maintain this humidity, the bottom of the test chamber may be covered with a fiat tray containing
a saturated solution, according to ASTM E104-51 (R 1971) [6], with dissolved excess of this salt present.
The chamber shall be provided with a blower or a fan for internal circulation and shall be lined with an effective
vapor barrier material (for example, aluminum foil). The humidification temperature shall be maintained within the
range of 25 °C –40 °C.

3.7 Dielectric Tests

3.7.1 General

Initial screening and periodic end-point dielectric tests shall be conducted according to either 3.7.2, Method A, or
3.7.3, Method B, as applicable. Dielectric tests shall be applied while the samples are in the humid condition. These
samples may be removed from the humidity chamber prior to the test, in which case all dielectric tests shall be
completed within 23.7.3 h after removal. The order of the tests shall be:

1) Turn-to-turn insulation
2) Layer-to-layer
3) Section-to-section
4) Applied potential

a) Windings-to-ground
b) Winding-to-winding

When the initial capability, screening, and periodic end-point tests are done at 50/60 Hz, test voltages shall be
essentially sinusoidal. Screening and periodic end-point test voltages 50/60 Hz shall be applied for a duration of 2 s.
For the definition of essentially sinusoidal, see ANSI/IEEE Std4-1978 [5], Section 4. The tests shall be conducted
using a suitable 500 VA or larger transformer whose output is essentially sinusoidal and can be varied. A smaller
capacity transformer may be used if the voltage is measured at the output of the test transformer either directly or
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For the definition of essentially sinusoidal, see ANSI/IEEE Std4-1978 [5], Section 4. The tests shall be conducted
using a suitable 500 VA or larger transformer whose output is essentially sinusoidal and can be varied. A smaller
capacity transformer may be used if the voltage is measured at the output of the test transformer either directly or
through a suitable potential transformer or capacitance voltage divider. The test voltage should be started at one-
quarter or less of the full value and brought up to full value in not more than 15 s. At the end of the test period (2 s) the
voltage shall be reduced to one-quarter value or less in not more than 5 s before the circuit is opened. A relief gap set
at a voltage 10%. or more in excess of the specified test voltage may be connected during the 50/60 Hz tests.

A collapse of voltage or the inability to maintain voltage shall indicate dielectric failure.

NOTE  —  ANSI/ASTM D149-81 [3] suggests that tripping of a circuit breaker in the primary of the test transformer may be used
to indicate breakdown. The circuit breaker should be set to trip if the current flowing through the failure and the
secondary of the transformer exceeds 50 mA. However, on larger-sized models, the reactive component of the current
may be greater than 50 mA, in which case a circuit breaker with a higher trip setting should be used.

3.7.2 Method A

From transient voltage analysis of full-sized transformer windings of the type being evaluated, determine the
maximum percent of the rated full-wave impulse (BIL) voltage that is experienced for each potential failure mode
represented, that is, turn-to-turn, layer-to-layer, etc.8

The maximum percentage of the full-wave impulse voltage appearing at the various failure-mode points can be
determined from voltage probe measurements at these points made during the transient analysis. The maximum
percent voltage can occur either as a result of the initial distribution of the impulse voltage throughout the winding, or
by resonant voltages that are a response of the network to the impulse voltage. The maximum turn-to-turn impulse
voltage is usually experienced near the line end of the coil or near the neutral end of the coil. The maximum layer-to-
layer voltage is usually experienced between the first and second layers from a terminal of a section type of winding
or from the first to second layer from a terminal of a barrel winding. The maximum section-to-section voltage is
usually experienced from the first to the second section or second to third section from a terminal. The maximum
section-to-ground voltage is usually experienced from a terminal section-to-ground. The maximum winding-to-
ground voltage is usually experienced from either the terminal section-to-ground, or from the terminal layer-to-ground
in the case of a barrel winding. For a continuous disc winding the maximum voltage with respect to ground usually
occurs at the sixth through twelfth sections from a line terminal. It is usually necessary to make a number of
experimental probe measurements by use of thetransient analysis equipment to determine the maximum possible
voltage for each failure mode.

The impulse voltage so determined is then converted to a 50/60 Hz equivalent voltage. Seventy-five percent of this
50/60 Hz voltage is then used for the tests on both aged and unaged samples as shown below (except for turn-turn
in the 1200 V class).

Screening tests of 50/60 Hz on unaged models and the periodic end-point tests on the aged models for each mode of
failure shall be made at voltages as determined from the following samples:

1) Turn-to-turn voltage shall be the greater of 120 V or the following equation:

(4)

* Entered as percent.

(Higher voltage may be used at the manufacturer’s option.)

8 See 1.4 and footnote 5.

Max %* FW kV⋅( ) 1000( ) 0.707( ) 0.75( )
1.1 100⋅

---------------------------------------------------------------------------------------------------V
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where
Max% = maximum percentage of the full-wave voltage appearing at the failure mode point
FW kV = full-wave impulse voltage, kV

2) Winding-to-winding, or winding-to-ground voltage shall be
a) For rated winding full-wave basic impulse insulation level of 60 kV or less

(5)

b) For rated winding full-wave basic impulse insulation level of greater than 60 kV

(6)

3) All other modes of potential failure such as section-to-section and layer-to-layer voltage shall be

(7)

* Entered as percent.

Alternate Method

As an alternate method, screening and endpoint tests may be performed using 1.2/50 µs voltage impulses (see ANSI/
IEEE Std 4-1978 [5]) or a combination of 50/60 Hz turn-turn tests and impulse tests for all other test points as follows:

1) For 50/60 Hz turn-to-turn tests, the voltage shall be specified as in 3.7.2(1).
2) For impulse turn-to-turn tests, the voltage shall be the greater of 170 V peak or Eq 8. Higher voltage may be

used at the manufacturer's option.
3) For all other test points, the test voltage shall be calculated by Eq 8.

Impulse test voltage =

(8)

* Entered as percent.

Collapse of the voltage wave at any point indicates dielectric failure (see 3.7).

Once a test mode is established, it shall be used to completion of the work.

3.7.3 Method B

Initial capability tests shall be conducted on a minimum of two unaged samples to determine the initial 50/60 Hz
breakdown voltage for each potential mode of failure, except for the turn-to-turn mode.

Each failure mode, except turn-to-turn, of the samples being tested shall be subjected to a series of 50/60 Hz voltage
applications applied in increasing steps until breakdown occurs. The steps shall be approximately 10% of the
anticipated breakdown voltage, starting at 70% of this value. The voltage shall be held at each step for a duration of 2 s.
The highest voltage step maintained for 2 s without breakdown shall be recorded for each failure mode on each sample.

Max %* FW kV⋅( ) 1000( ) 0.707( ) 0.75( )
1.1 100⋅

---------------------------------------------------------------------------------------------------V

Max %* FW kV⋅( ) 1000( ) 0.707( ) 0.75( )
1.25 100⋅

---------------------------------------------------------------------------------------------------V

Max %* FW kV⋅( ) 1000( ) 0.707( ) 0.75( )
1.1 100⋅

---------------------------------------------------------------------------------------------------V

Max %* FW kV⋅( ) 1000( ) 0.75( )⋅
100

------------------------------------------------------------------------------------V
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The average of the withstood voltages for each failure mode on the samples tested shall be considered to be the initial
capability voltage value for those failure modes.

For the turn-to-turn modes, the greater of the following values shall be used for screening tests and periodic end-point
tests:

* Entered as percent.

or

1) 1200 V Class—250 V
2) Over 1200 V to 15 kV Class—500 V
3) Over 15 kV to 34.5 kV Class—750 V

unless it can be shown by test that 2% is too high, in which case the test value may be substituted for 2% in the above
formula.

Screening tests on unaged samples and the periodic end-point tests on the aged samples for each mode of failure other
than turn-to-turn shall be made at 75% of the initial capability voltage values as determined in the preceding sections.

3.7.4 Test-Model Failures

A test model whose insulation faded on any one of the tests is disqualified for any further tests for this particular type
of failure (for example, turn-to-turn). However, testing may be continued to determine the time to failure of the
remaining failure modes included in the test model.

4. Reporting

Data shall be reduced statistically in accordance with IEEE Std 101-1972 [8] and IEEE Std 101A-1974 [9], Appendix
B, for the purpose of establishing regression lines only. A report of the results shall contain the following information:

1) Identification or description of the test specimens
2) The duration of temperature exposure, expressed in terms of the total number of hours to failure, in

accordance with 3.5. The number of test cycles shall be recorded.
3) If the test procedure of 3.1.1, Method 1, is used, the report shall contain:

a) Calculated value of linearity. If the value is not suitable, additional data shall be obtained.
b) Tabulated values of time to failure versus temperature calculated from the equation of the regression

line.
c) A plot of these values on coordinate paper with a logarithmic scale to present time to failure (hours) on

the ordinate and the reciprocal absolute temperature scaled to represent temperature in °C on the
abscissa.

d) Extrapolated value of temperature corresponding to a time-to-failure value of 40 000 h.
e) Temperature classification °C of the insulation system. This shall be the temperature, in °C, nearest to,

but less than, the value obtained by extrapolation above, secured from the list of temperature class values
approved for this purpose by IEEE Std 1-1969  [7].

4) If the test procedure of 3.12, Method 2, is used, the report shall contain
a) Calculated average value of life of the samples -L2
b) Calculated temperature value to yield time to failure of L1 = 40 000 h, using Eq 2.
c) Temperature class of the insulation system. This shall be the temperature nearest to, but less than, the

value obtained by Eq 2, obtained from the list of temperature class values approved for this purpose by
IEEE Std 1-1969 [7] or related standards.

2%* FW kV BIL⋅( ) 1000( ) 0.707( ) 0.75( )
1.1 100⋅

-----------------------------------------------------------------------------------------------------V
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Annex A 

(Informative)

(These Appendixes are not a part of ANSI/IEEE C57.12.56-1986, IEEE Standard Test Procedure for Thermal Evaluation of
Insulation Systems for Ventilated Dry-Type Power and Distribution Transformers.)

As a result of experience to date, certain preferred techniques are suggested. They are given below.

A.1 Method for Applying Thermocouples

A.1.1 

For the measurement of the hottest-spot temperature, it is preferable to braze the thermocouple junction to the
conductor. Small-sized thermocouple wire should be used (for example, AWG No 30). As an alternate method, the
junction may be brazed to a piece of sheet copper (for example, 1/2 · 1 · 0.004 inch thick) and this be thoroughly
embedded into the winding at the hottest-spot location during the winding operation.

A.1.2 

For the measurement of the insulating barrier temperature, the use of a thermocouple appears to be most convenient.
Care shall be taken to bring it in through thermal contact with the insulating material to reduce possible error caused
by heat conduction along the thermocouple leads. The accuracy of the measurement will be improved by the use of
small-sized leads (not over AWG No 30), brazing the hot junction to a thin copper plate and bonding this temperature
detector to the barrier material using a suitable bond (for example, epoxy resin adhesive). Thus constructed, the
temperature detector may be applied to the inner surface of the barrier or it may be embedded in the barrier material
during manufacture.

A.1.3 

 As a check on the equality of the temperature of the several samples on test, 3.5 of this standard suggests the use of
thermometers or a thermocouple located in several samples in an identical position. Considerable care shall be
exercised in locating the thermocouples or meters to be able to obtain consistent and accurate results. For the
transformer model illustrated in Fig 3 of this standard it was established experimentally that the high-voltage, hottest-
spot winding temperature occurs in the third section from the top and one third of the radial section width from the
innermost turn. In the low-voltage winding and in the barrier tube, the hottest spot occurs on the level of centerline
between the second and third sections from the top. An arrangement shown on Fig A1 is suggested.

In Fig A1 the designation O copper strip, which contains the thermocouple, its dimensions and shape, and the exact
location of the thermocouple junction shall be carefully duplicated for all the thermocouples used in any one test. The
same applies to O which gives the shape and size of the fiberglass tape packing which wedges the assembly between
the sections of the model. Furthermore, care shall be used to prevent dielectric failure to the thermocouple.

A.2 Enclosures

Section 3.6 provides for certain requirements in the temperature distribution within the sample in Fig A1. It has been
found in the tests that this requirement may not always be satisfied if the models are heated by electric current in
ambient air. Specifically, under these conditions, the required barrier temperature may not be attained. It has been
found that enclosing the models individually in light aluminum foil enclosures remedies this situation. These
aluminum enclosures serve a further purpose of thermally isolating the several models from each other, thus
preventing the models at the ends of a row from running cooler than those in the middle of a row. The preferred form
of such an enclosure is a bell cover made on a rectangular block form, open at the bottom but closed at the top,
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extending down far enough to cover the flange of the bottom end plate. It should be of identical size and shape for all
samples under test. It should cover the samples in a reasonably identical manner.

A.3 Temperature Control

For the control of temperature of the samples during the heating cycle, the use of an accurate electronic temperature
controller is preferred. A reasonably accurate control may be obtained by the use of a sensitive thermostat heated by a
coil connected in series with the test samples. It is to be understood that such a control will not be necessary if an
accurate controlled voltage is available as the source of the heating power and if the room temperature is maintained
constant.

A.4 Humidity Control

It was found during the test that an accurate control of humidity exposure is essential. It was furthermore found that to
control the humidity using wet and dry bulb thermometers is quite difficult because, for the humidity specified in the
code, the temperature difference between dry and wet bulbs is only about 1 °C. For this reason, humidity control using
a suitable salt solution in a vapor-tight enclosure is recommended unless equipment has sufficient accuracy.

Figure A1—Suggested Arrangement for Thermocouples
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Annex B 

(Informative)

Outline for Transformer Insulation Systems—Procedure and Test Cycles

Steps Procedure
Use Method A (3.7.2) or Method B (3.7.3)

I Initial Screening Dielectric Tests
(After Humidification, see 3.7.1)

(1) Turn-to-turn
(2) Layer-to-layer
(3) Section-to-section
(4) Applied potential

(a) Winding-to-ground
(b) Winding-to-winding

A. Impulse voltage related to 50/60 Hz 
voltage (3.2)
B. 50/60 Hz screening tests made at 75% 
of required capability:

(1) Turn-to-turn
(a) Turn-to-turn voltage shall be the 

greater of 120 V or

* Entered as percent.
A higher voltage may be used at 
manufacturer's option.

(2) Winding to winding or winding-to-
ground for rated FW BIL of winding:

(a) 60 kV or less

(b) Greater than 60 kV

(c) All other modes

* Entered as percent.
C. Alternate method-impulse test

(1) Turn-to-turn
(a) 50/60 Hz as B(1)(a)
(b) Impulse—greater of 170 V peak 

or Eq 8. Higher voltage may be used at the 
manufacturer's option.

(2) For all other areas:
Impulse Test Voltage =

or Eq 8
* Entered as percent.

Use minimum of two unaged samples.
Determine initial 50/60 Hz breakdown 
voltage for each mode of failure.

(a) For turn-to-turn, the greater of:

* Entered as percent.
or

(1) 1200 V class-250 V
(2) Over 1200 V to 15 kV class-500 V
(3) Over 15 kV to 34.5 kV class-750 V
(b) Start 50/60 Hz tests at 70% of 

breakdown. Use 10% steps held for 2 s. 
The average of the withstand voltage for 
each failure is considered to be the initial 
withstand voltage. Use 75% of the average 
withstand for screening tests and periodic 
end-point tests on the aged samples for 
each mode of failure other than turn-to-
turn.

Max %* FW kV⋅( ) 1000( ) 0.707( ) 0.75( )
1.1 100⋅

---------------------------------------------------------------------------------------------------V

Max %* FW kV⋅( ) 1000( ) 0.707( ) 0.75( )
1.1 100⋅

---------------------------------------------------------------------------------------------------V

Max %* FW kV⋅( ) 1000( ) 0.707( ) 0.75( )
1.25 100⋅

---------------------------------------------------------------------------------------------------V

Max %* FW kV⋅( ) 1000( ) 0.707( ) 0.75( )
1.1 100⋅

---------------------------------------------------------------------------------------------------V

Max %* FW kV⋅( ) 1000( ) 0.75( )
100

--------------------------------------------------------------------------------V peak

2%* FW kV BIL⋅( ) 1000( ) 0.707( ) 0.75( )
1.1 100⋅

-----------------------------------------------------------------------------------------------------
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II Temperature Aging 
Sections 3.4 and 3.5

Circulate current in high-voltage and low-voltage windings to obtain temperature 
desired. Separate current sources may be required for the low-voltage and high-
voltage windings. Use enclosures on each sample to obtain uniform temperature.
One sample shall be equipped with thermocouples to monitor temperature in the 
series connected sample. Temperatures shall be maintained in conformity.
The monitored temperature of each test sample shall not be more than 2 °C less than 
than of the corresponding monitored point in the control sample.
Aging temperatures and duration of each temperature cycle are to be selected so as to 
require 5 to 10 cycles to reach the average time to failure for a group of samples.
See Table 1 for temperature and exposure time guide.

III Humidification 
Section 3.6

Expose test samples except control sample, de-energized:
(1) Cool to room temperature
(2) Expose 48 h in a suitable enclosure at not less than 90% humidity. See ASTM 

E104-51 (R1971) [6] for method to obtain humidity and procedure.
IV Dielectric Tests 

Sections 3.7 and 3.7.1
These tests are the same as for step I but the test are to be applied to samples in humid 
condition within 2 h after removal from enclosure.
The order of tests are the same as outlined for initial screening (Step 1).

V Reports 
Sections 4 and 2.3.

(1) Reduce data statistically in accordance with IEEE Std 101-192 [8] including 
IEEE Std 101-A-1974 [9], Appendix B, for regression line only.

(2) Describe test samples.
(3) Record duration of heat exposure to failure (life L) of each sample at each 

exposure temperature expressed in terms of the total hours to failure — including the 
number of test cycles (see 2.3)

(4) If Method 1 (see 3.1.1) is used report:
(a) Calculated value of linearity. If the value is not suitable obtain additional 

data.
(b) Tabulate values of: life versus temperature calculated from the equation of 

the regression line.
(c) Plot these values on logarithmic paper having hours of time to failure as 

ordinate and the reciprocal absolute temperature as the abscissa in °C.
(d) Extrapolated value of temperature corresponding to a time to failure value 

of 40 000 h.
(e) Temperature classification, °C of the insulation system. See IEEE Std 1-

1969 [7] for temperature class value
(5) If Method 2 (see 3.1.2) is used report:

(a) Calculated average value of life of sample (L2).
-

(b) Calculated temperature value to yield a life L1 =40 000 h.
(c) Temperature classification, °C of the insulation system. See IEEE Std 1-

1969 [7] for temperature class value.

Outline for Transformer Insulation Systems—Procedure and Test Cycles (Continued)
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Foreword

(This Foreword is not a part of IEEE C57.12.58-1991, IEEE Guide for Conducting a Transient Voltage Analysis of a Dry-Type
Transformer Coil.)

This guide covers general recommendations for measuring voltage transients in dry-type distribution and power
transformers.

Insulation is recognized as one of the most important constructional elements of a transformer. Its chief function is to
confine the current to useful paths, preventing its flow into harmful channels. Any weakness of insulation may result
in the failure of the transformer. Dielectric strength is a measure of the effectiveness with which insulation performs.
It was once accepted that low-frequency tests alone were adequate to demonstrate the dielectric strength of
transformers. As more became known about lightning phenomena, and as impulse-testing apparatus was developed, it
became apparent that the distribution of impulse voltage stress through the transformer winding varies with the
configuration of the windings.

Impulse voltages are distributed initially on the basis of winding capacitances. If this initial distribution differs from
the final low-frequency inductance distribution, the impulse energy will oscillate between the two distributions until
the energy is dissipated and the inductance distribution is reached. In severe cases, these internal oscillations can
produce voltages to ground that approach twice the applied voltage. Along with the variation in size of transformer
windings and the physical configuration of the windings, the impulse voltage distribution when chopping the applied
wave was considered by the task force that developed this guide. Since there was insufficient information on how to
interpret the short-time oscillations on the insulation system, the inclusion of the chopped wave was deferred until a
later date.

The Dry-Type Dielectric Working Group was formed by the Transformers Committee of the IEEE Power Engineering
Society to determine standard methods for examining the impulse voltage distribution within dry-type transformer
windings; to establish a means for defining the location and magnitude of maximum voltage stress in a dry-type
transformer coil; and to support other committee activities, such as the Thermal Evaluation Working Group
(C57.12.56).

At the time that this standard was completed, the Dry-Type Dielectric Working Group had the following membership:

A D. Kline, Chair    

B. F. Allen
R. Bancroft
D. A. Barnard
A. Bimbiris
M. Cambre
O. R. Compton
J. Frank
R. E. Gearhart
R. Hayes

R. H. Hollister
J. W. Hupp
A. M. Iverson
A. J. Jonnatti
S. P. Kennedy
E. Loenig
M. L. Manning
R. A. Marek

M. I. Mitelman
J. J. Nay
W. F. Paterson
R. I. Provost
J. Rodden
V. Thenappan
R. E. Uptegraff, Jr.
G. H. Vaillancourt
H. J. Windisch

At the time that it balloted and approved this standard for submission to the IEEE Standards Board, the Transformers
Committee of the IEEE Power Engineering Society had the following membership:

E. J. Adolphson
L. C. Aicher*
D. J. Allan
B. Allen
R. Allustiarti
M. S. Altman

J. C. Arnold
J. Aubin
R. Bancroft
D. Barnard
D. L. Basel
P. L. Bellaschi*

S. Bennon*
W. B. Binder
J. V. Bonucchi
J. D. Borst
C. V. Brown
O. R. Compton



iv

F. W. Cook
J. L. Corkran
D. W. Crofts
J. N. Davis
D. H. Douglas
R. F. Dudley
J. C. Dutton*
J. K Easley*
J. A. Ebert
F. E. Elliott
D. J. Fallon
H. G. Fischer
S. L. Foster*
M. Frydman
H. E. Gabel*
R. E. Gearhart
D. W. Gerlach
D. A. Gillies
R. S. Girgis
R. L. Grubb
F. J. Gryszkiewicz
G. Hall
J. H. Harlow
F. W. Heinrichs
W. R. Henning
K. R. Highton
P. J. Hoefler
C. Hoesel
R. H. Hollister
C. C. Honey*
E. Howells
Y. P. Iijima
G. W. Iliff*
D. C. Johnson*

D. L. Johnson
A. J. Jonnatti
C. P. Kappeler
R. B. Kaufman*
J. J. Kelly
W. N. Kennedy
J. P. Kinney
A. D. Kline
E. Koening
J. G. Lackey
R. E. Lee
H. F. Light
L. W. Long*
L. A. Lowdermilk
R. I. Lowe
H. B. Margolis*
T. Massouda
J. W. Matthews
J. McGill
C. J. McMillen
W. J. McNutt
S. P. Mehta
C. K. Miller
C. H. Millian
R. E. Minkwitz
M. Mitelman
H. R. Moore
R. J. Musil
W. H. Mutschler
E. T. Norton
R. A. Olsson*
P. E. Orehek
B. K. Patel
W. F. Patterson

H. A. Pearce
D. Perco
L. W. Pierce
J. M. Pollitt
C. P. Raymond
C. A. Robbins
W. P. Sampat
L. J. Savio
W. E. Saxon
D. N. Sharma
V. Shenoy
L. R. Smith
W. W. Stein
L. R. Stensland
F. Stevens
D. Sundin
L. A. Swenson
D. S. Takach
A. L. Tanton
V. Thenappan
R. C. Thomas*
J. A. Thompson
T. P. Traub
D. E. Truax
W. B. Uhl
R. E. Uptegraff, Jr.
G. H. Vaillancourt
R. A. Veitch
L. B. Wagenaar
R. J. Whearty
A. L. Wilks
J. G. Wood
W. E. Wrenn
A. C. Wurdack*

*Member Emeritus

The Accredited Standards Committee on Transformers, Regulators, and Reactors, C57, that reviewed and approved
this document, had the following members at the time of approval:

Leo J. Savio, Chair    
John A. Gauthier, Secretary    

Organization Represented ......................................................................................................... Name of Representative

Electric Light and Power Group ............................................................................................... P. E. Orehek
S. M. A. Rizvi
F. Stevens
J. Sullivan
J. C. Thompson
M. C. Mingoia  (Alt.)

Institute of Electrical and Electronics Engineers ...................................................................... J. D. Borst
J. Davis
J. H. Harlow
L. Savio
H. D. Smith
R. A. Veitch



v

National Electrical Manufacturers Association ........................................................................ G. D. Coulter
P. Dewever
J. D. Douglas
A. A. Ghafourian
K. R. Linsley
R. L. Plaster
H. Robin
R. E. Uptegraff, Jr.
P. J. Hopkinson  (Alt.)
J. Nay  (Alt.)

Tennessee Valley Authority....................................................................................................... F. A. Lewis

Underwriters Laboratories, Inc. ................................................................................................ W. T. O'Grady

US Department of Agriculture, REA........................................................................................ J. Bohlk

US Department of Energy, Western Area Power Administration ............................................. D. R. Torgerson

US Department of the Interior, Bureau of Reclamation............................................................ F. W. Cook, Sr.

US Department of the Navy, Civil Engineering Corps ............................................................. H. P. Stickley

When the IEEE Standards Board approved this standard on June 27, 1991, it had the following membership:

Marco W. Migliaro, Chair    
Donald C. Loughry, Vice Chair    

Andrew G. Salem, Secretary    

Dennis Bodson
Paul L. Borrill
Clyde Camp
James M. Daly
Donald C. Fleckenstein
Jay Forster*
David F. Franklin
Ingrid Fromm

Thomas L. Hannan
Donald N. Heirman
Kenneth D. Hendrix
John W. Horch
Ben C. Johnson
Ivor N. Knight
Joseph L. Koepfinger*
Irving Kolodny
Michael A. Lawler

John E. May, Jr.
Lawrence V. McCall
Donald T. Michael*
Stig L. Nilsson
John L. Rankine
Ronald H. Reimer
Gary S. Robinson
Terrance R. Whittemore

*Member Emeritus

Adam Sicker
IEEE Standards Project Editor



vi

CLAUSE PAGE

1. General ................................................................................................................................................................1

1.1 Functional Diagram.................................................................................................................................... 1
1.2 Recurrent Surge Generator......................................................................................................................... 1
1.3 Voltage Measurement ................................................................................................................................ 2

2. Recurrent Surge Voltage Generator Circuitry ....................................................................................................2

2.1 Description of the Circuit........................................................................................................................... 2
2.2 Selection of Element Values ...................................................................................................................... 3

3. Instrumentation ...................................................................................................................................................6

3.1 General ....................................................................................................................................................... 6
3.2 Frequency Response .................................................................................................................................. 6
3.3 Common-Mode Rejection.......................................................................................................................... 7
3.4 Grounding Practice .................................................................................................................................... 8

4. Test Sample.........................................................................................................................................................9

4.1 Sample Description .................................................................................................................................... 9
4.2 Description of Transient Phenomena......................................................................................................... 9
4.3 Test Leads .................................................................................................................................................. 9

5. Test Point Locations............................................................................................................................................9

5.1 General ....................................................................................................................................................... 9
5.2 Pancake-Type (Disc-Type) Coils............................................................................................................... 9
5.3 Layer-Wound Coils.................................................................................................................................. 10
5.4 End Turns................................................................................................................................................. 11
5.5 Additional Test Points.............................................................................................................................. 11

6. Mounting the Test Coil .....................................................................................................................................12

7. Conducting the Test ..........................................................................................................................................12

7.1 Test Coil ................................................................................................................................................... 12
7.2 Surge Generator ....................................................................................................................................... 12
7.3 Voltage Measurements............................................................................................................................. 12

8. Reporting Results ..............................................................................................................................................13

9. Bibliography......................................................................................................................................................13

Annex A (informative) Solution of Decay Rate of Surge Generator............................................................................14



Copyright © 1991 IEEE All Rights Reserved 1

IEEE Guide for Conducting a Transient 
Voltage Analysis of a Dry-Type 
Transformer Coil

1. General

1.1 Functional Diagram

Since the function of transient analysis is to determine the response of various parts of the coil to an impulse wave, the
circuitry and instrumentation must be designed with that goal in mind. From a functional point of view, the
relationship between the test specimen, circuitry, and instrumentation may be seen best in the form of a block diagram,
as shown in Fig 1.

Figure 1— Block Diagram of Transient Analysis System

1.2 Recurrent Surge Generator

The voltage-generation and wave-shaping functions are performed by a device called a recurrent surge generator. This
generator must duplicate, at some voltage compatible with low-voltage instrumentation, the wave shapes seen at the
output of an impulse generator. The surge generator, since it is operating at a low voltage, may generate the wave on a
recurrent basis. In fact, observation of voltages on an oscilloscope face will be facilitated if the voltage wave is
recurrent.
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1.3 Voltage Measurement

The voltage is applied across the test coil at the line terminals. Voltages between various points within the coil are
measured with a high-frequency oscilloscope or other device using a differential amplifier and probes at the input. It
is highly desirable that there be synchronization between the generator and the recording instrumentation. This may be
accomplished by either a delay in the signal or triggering in advance of the wave. This will ensure the establishment
of a zero reference point at the readout. Digital equipment may offer other synchronization methods.

2. Recurrent Surge Voltage Generator Circuitry

2.1 Description of the Circuit

The circuitry is shown in Fig 2 in its simplest form to provide the function of voltage generation and wave shaping. The
voltage is obtained from an ac source and is transformed to a desired level through a variable auto transformer and
isolation transformer. Only the isolation transformer is shown in Fig 2. The peak output voltage is limited by the
voltage capability of the instrumentation and by ratings of the resistors and capacitors in the wave-shaping portion of
the circuitry. The most practical range is between 50 and 150 V. The higher the voltage, the higher the accuracy. The
repetition rate of the wave may be the ac power frequency.

Figure 2— Schematic of Wave Generation and Shaping Circuit

The generator capacitor, C1, is charged during the positive half-cycle through the diode, D1. The diode must be rated
so that it will hold off twice the transformer output voltage during the negative half-cycle. The diode must also be
capable of carrying the maximum charging current.

The actual pulse generation is performed by the capacitor, C1, and the switch, SW1. The switch is closed
synchronously with the power frequency. This should occur during the negative half-cycle, when the diode, D1 is
blocking. The switch may take different forms, such as a thyratron, ac-driven mercury-wetted switches, and an SCR It
is important that there be no bounce or other closing transients in the switch that would distort the shape of the wave
front.

Resistors R1 and R2, along with capacitor C2, help shape the wave. In reality, the values of capacitor C1 and the
inductance and capacitive values of the test coil also influence the wave shape. For this reason, wave shape adjustments
should be made with the coil in the circuit.
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The length of the tail, which is the time for the wave to decay to 50% of peak level, will be determined by the value of
the generator capacitor, C1, the tail resistor, R2, and the low-frequency impedance of the test coil. If there is no core in
the coil, then the impedance is simply the air-core inductance. The rise time of the wave is determined by the values
of the front resistor, R1, the front capacitor, C2, and the input capacitance of the test coil.

2.2 Selection of Element Values

This section will cover the selection of values of generator capacitance, C1, tail resistance, R2, front capacitance, C2,
and front resistance, R1. It is these values plus the test-coil parameters that will determine the wave shape.

2.2.1 Generator Capacitance

There are two criteria for selecting the minimum generator capacitance:

1) Test specimen capacitance and front capacitance value
2) Test specimen inductance

The effect of the test specimen and front capacitance is to directly lower the output voltage (e). This can be seen by the
analysis of the simplified generator circuit in Fig 3.

Figure 3— Division of Voltage Between Capacitors

Initially, the capacitor C1 is charged to a voltage E. The magnitude of the output voltage alter the switch is closed is

(1)

Note that C3 is the parallel combination of C2 and the test coil capacitance. In order to maintain a high efficiency in
charging the front and distributive capacitors, the value of C1 must be much higher than that of C3. Eq 1 can be
rearranged to give a value of generator capacitance that can be determined from the desired efficiency, e/E, and total
front capacitance, C3.

(2)

As mentioned earlier, the low-frequency equivalent circuit of the test coil is dominated by the air-core inductance, if
there is no magnetic core. For the purpose of determining the minimum value of generator capacitance, C1, an LC
network, as shown in Fig 4, will be considered, and all elements that affect high-frequency characteristics are
neglected. Again, capacitor C1 is initially charged to E volts.

e
E C1⋅

C1 C3+
-------------------=

C1 C3
Eff

1 Eff–
---------------- 

 +
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Figure 4— Low-Frequency Equivalent Circuit of Generator

After the switch is closed, the output will be sinusoidal in nature.

(3)

At π/3 rad, the output will decay to the 50% point, thus, the generator capacitance can be related to the inductance of
the coil.

(4)

where:

t = time to 50% point, in µs

For a 50 µs tail, Eq 4 can be simplified to C = 2.20·10−9/L. Surge generators with three decades of coverage from
.0011–1 µF will work for the vast majority of applications. For special situations, terminals may be brought out to an
external capacitor. It is important that the capacitors have low inductance because there are high-frequency currents at
the front of the wave.

2.2.2 Tail Resistor

Capacitors in the range suggested in 2.2.1 are found in discrete values, and the choice of a standard value will result in
a longer tail than necessary. A tail resistor will reduce the tail length. Assume that the inductor in Fig 4 is replaced by
a resistor, R2, as shown in Fig 5.

Figure 5— Generator Capacitor and Tail Resistor

The voltage output will vary exponentially the equation

(5)

e E
1

LC1

--------------tcos=

C
1
L
---

3t
π
----- 

  2
10 12–⋅=

e E e

t
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 –
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The exponential will give a more accurate representation of the desired wave. In actual practice, the capacitance is
chosen to give a much longer tail than required, and the final adjustment is made by lowering the tail resistance.
Suggested resistance ranges are 10 Ω  to 10 kΩ in three decades. The resistors should have low inductance in order to
minimize resonances at high frequencies.

A more rigorous treatment of the relationship between pulse tail, coil inductance, generator capacitance, and tail
resistance can be made. Such a treatment is given in the Appendix. In most cases, however, the relationship can be
determined experimentally with the suggested resistors and capacitors as a part of the surge generator.

2.2.3 Front Resistor and Front Capacitor

The front or preload capacitance and front resistance, along with the transformer capacitance, determines the rise time
of the wave. In the surge generator, these elements function identically with their counterparts in the impulse-test set.
The equivalent circuit for the elements that affect the pulse front are shown in Fig 6. During the rise time, the generator
capacitance will not significantly change, thus the voltage at the terminals will remain constant. The equation for the
output is

(6)

Figure 6— Simplified High-Frequency Equivalent Circuit

It will take 1.94 time constants for the output voltage to go from 30% to 90% of final value, or, in terms of the standard
wave, T2 – T1 = 1.94 R1C3.

Example: Assume C3 < .004 µF, and a .72 µs rise from 30% to 90%.

A recommended range for front capacitors is = .0001–.01 µF in two decades. The recommended range for front
resistors is from 10–250 Ω. It is not recommended that these be in decades, as too many resistors in series will result
in high inductance and high-frequency oscillations on the output wave form. (Ceramic resistors will not have this
problem.)

The calculated value of front resistance serves as a starting point in adjusting for rise time. Although separate
equivalent circuits for the front end adjustments have been assumed for starting values of capacitance and resistance,
there is some interaction between the individual adjustments.

In practice, it is necessary to adjust one parameter first, preferably the tail, then the front. It is possible that there may
be one or two iterations in these adjustments.

e E 1 e

t–
R1C3
------------

–
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R1
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3. Instrumentation

3.1 General

Transient waveforms generated within the test coil are displayed on an oscilloscope or other transient recording
system. Of particular concern are measurements of peak amplitude and time-to-peak. The equipment should have
sufficient response for the fastest transients expected, and, at the same time, it should have a capability of measuring
differential voltages within the test coil. Both are accomplished by using an oscilloscope with a high-speed medium-
gain-differential preamplifier. A recording range consistent with the output voltage of the recurrent surge generator
and minimum expected signal is required. The typical range is from 10 Mv to 150 V. Probes must be selected with
reduction of input capacitance as a major criteria. The use of low-input capacitance probes will minimize errors due to
additional stray capacitance. 12.5 pF paralleled by 10 MΩ is a typical figure for 10X probes.

3.2 Frequency Response

There will be high-frequency oscillations within the coil when a wave with a steep front is applied across the terminals
of the test coil. Some of these oscillations may exceed the rise time of the input wave. The highest frequency
oscillations are generally from turn-to-turn, with the decreasing resonant frequencies seen layer-to-layer or section-to-
section. The choice of an oscilloscope or other measuring device is related to the shortest rise time expected and the
bandwidth to be measured. The typical relationship between rise time and bandwidth is shown in Eq 7.

(7)

where:

BW = bandwidth, in MHz
Tr = rise time, in µs

Rise time is defined as the time interval for a transient to change from 10% to 90% of its final value. Bandwidth is the
3 dB sinusoidal response of a single-pole system associated with the rise time defined above. In measuring peak
amplitudes of oscillations, the concern is for greater accuracy than a 3 dB error. The bandwidth of a measuring system
can be related to the equivalent 3 dB bandwidth by the equation

(8)

It is difficult to use Eq 8 directly to calculate the required bandwidth of the measurement system. Rearrangement of
this equation will facilitate direct calculation of the desired bandwidth.

(9)

Example: Consider a transient with a .3 µs rise time. The equivalent bandwidth for this signal is

Tr BW⋅ 0.35=

1 ERROR–
1

1
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BW SYSTEM
---------------------------------- 

  2
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--------------------------------------------------------=

B W  SYSTEM
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----------------------------------

1

1
1 ERROR–
----------------------------- 

  2
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(10)

Two percent error is a reasonable value to expect in measuring amplitudes because it is consistent with oscilloscope
accuracies. The per-unit error is .02. Applying the bandwidth and error figures to Eq 10, an example of the required
bandwidth is:

(11)

The measuring system bandwidth is the overall bandwidth of the probes, amplifier, and measuring device. In most
instances, the limiting component will be the differential amplifier.

3.3 Common-Mode Rejection

Since voltages between points on the test coil are measured on a differential basis, and the voltage from each point to
ground may be greater than the differential voltage, there exists the potential of a common-mode rejection problem.

A portion of the common-mode voltage will be injected into the system, either in the probes or in the differential
amplifier. The degree of rejection of this common-mode voltage is called the common-mode rejection ratio. By
definition, it is the ratio of the common-mode voltage to the differential voltage appearing at the output of the
oscilloscope or other measuring means when both probe leads are connected to the common-mode voltage. The
common-mode rejection ratio (CMRR) may be expressed as a ratio either directly or in decibels.

CMRR is a function of both the balance in the amplifier and probe compensation. The capability of an amplifier is
stated usually in the specification sheet. The CMRR generally decreases as frequency increases. To check this
parameter, first the equivalent 3 dB frequency for the shortest rise time should be determined, then the CMRR vs.
frequency chart in the specification sheet should be consulted. To obtain the best CMRR possible, it is important to
have a gain and frequency balance available. Gain balance should be available on the differential amplifier or on the
probe housing. Frequency compensation match is achieved by adjustments on the probes. It is important that the
probes be checked individually for frequency compensation and gain before the differential adjustments are made. The
individual adjustments are made by applying a calibrated (rise time ≤ 0.01 ns) square wave to the probe tips.

Final differential compensation is made using the full output voltage of the recurrent surge generator, with the
differential amplifier set at the scale at which the differential voltage is to be observed. This will require a preliminary
observation of the differential voltage output. The balancing procedure may have to be repeated each time the gain of
the amplifier is changed. After adjusting the probes for minimum common-mode voltage, a detectable voltage called
“tare” may exist. If tare voltage exceeds 4% of the expected differential voltage, it should be considered as a part of the
measurement. The tare voltage may be positive or negative, and it should be subtracted algebraically from the signal
voltage. The actual value of the tare used should be the voltage occurring at the same instant that the peak of the
measured voltage occurs.

3.4 Grounding Practice

Ground currents will tend to cause common-mode problems, particularly in the situation in which high amplifier gains
are required. Good grounding practice will reduce the problem. The probe grounds should not be isolated from each
other, nor should the grounds at the probe tips be connected to the coil ground. Rather, the grounds at the tips should
be connected to each other with a short strap. This is illustrated in Fig 7. It is best to keep the probes close to each other,
even at the tip, in order to minimize a ground loop. Likewise, test leads should be kept close together. If it is necessary

B W SYSTEM
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to use a long ground connection, ferrite beads should be placed in the ground interconnection to increase the losses and
squelch high-frequency oscillations.

Figure 7— Probe Grounding Practices
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4. Test Sample

4.1 Sample Description

The test sample must be a full-size model of the transformer coil being studied. The test sample preferably should be
a production coil using the same materials as the coil being studied.

4.2 Description of Transient Phenomena

There are three major causes of high stress during transient phenomena:

1) The nonlinear initial impulse distribution that causes high stresses near the line end of the coil
2) Resonance as the initial distribution oscillates to a final linear distribution (this can result in high stresses

almost anywhere inside the coil)
3) The possibility that an idle portion of the winding, such as an unused tap, may rise to voltages in excess of the

applied impulse

4.3 Test Leads

Test leads should be installed in appropriate places in the coil if the test points are not accessible to a probe. Layer-
wound coils are an example of coils requiring test leads. The test leads should be placed at the various locations of the
coil by soldering, brazing, or mechanically wrapping a wire to the conductor when the coil is wound. The wire should
be brought to the closest end of the coil, leaving the minimum extension (not exceeding 1 in) outside the coil for access
to the test probes. The test-lead conductor should not be larger than AWG 20. The size and length of the test lead will
modify the capacitive distribution inside the coil, thereby modifying the transient voltage distribution. In addition, no
two test leads being used for measurement should complete a turn around the core. This practice will result in less
induced voltage error.

5. Test Point Locations

5.1 General

Until enough experience on a given type of winding has been obtained to identify the high-stress areas, it is good
practice to measure voltages throughout the entire coil. Therefore, all layer-to-layer and section-to-section voltages
should be measured, as well as a representative sampling of turn-to-turn stress from every layer or section. Any parts
of the winding that are idle during normal transformer operations, such as taps, should also be checked carefully. To
check the stress in the ground insulation, measurements should be taken at the ends of layers or at the beginning and
end of each section. Again, the voltage to ground of any idle turns should be checked. Once the general response of a
given type of winding is known, a less rigorous program of measurements may be used.

5.2 Pancake-Type (Disc-Type) Coils

The maximum stress normally occurs at the outside and inside of adjacent sections of the upset type of coil. Therefore,
test points should include both of these locations. This is not necessarily true of all upwound-type pancake coils, where
the stress may be largest in the center of the sections. Sufficient test joints should be selected in the initial coil to
determine the maximum voltage between sections (see Figs 8 and 9).
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Figure 8— Upset Sections

Figure 9— Upwound Sections

5.3 Layer-Wound Coils

The test points of layer-wound coils should be selected to test the layer insulation between layers at its maximum
voltage point. This normally occurs at the lower end of transverse-wound coils. For these coils, it may be necessary to
bring the test points out only at the coil ends, with a checkpoint one or two turns from the end to substantiate the
results. Coils wound with crossbacks between the layers may have the maximum voltage at any place along the layer.
This type of coil will require several test points in adjacent layers to determine the magnitude and position of the
maximum voltage (see Figs 10 and 11).
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Figure 10— Traverse Layer Wound (Using Test Leads)

Figure 11— Crossback Layer Wound (Using Test Leads)

5.4 End Turns

The maximum turn-to-turn voltage normally appears between the end turns. Test leads should be brought out of a
sufficient number of end turns to determine the maximum turn-to-turn voltage stress. Turn-to-turn voltage stress
should also be determined, and suitable test leads should be placed wherever end turns are interleaved. Test leads are
unnecessary if the turns are accessible, as, for example, are the turns of a disc-type coil or the outer turns of a layer-
wound coil.

5.5 Additional Test Points

Test points at other locations in the coil may be necessary to determine the voltage stress between other parts of the
coil, such as between test leads, between the inner layer and ground of a back-turn-type coil, and between the end turn
and adjacent turn in the next layer of an extended tap-out winding. Judgement is necessary in the location of additional
test points to determine the maximum voltage stress between the various parts of the coil.
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6. Mounting the Test Coil

The test coil should be mounted on the core with the other coils for the test. An alternate to mounting the test coil on
the core is to simulate the ground frame of the core and adjacent coils. This may be accomplished by constructing a
sheet-metal structure with the same dimensions as the core leg and core end, and a sheet-metal plane that simulates the
adjacent coil. One side of the core leg structure must be insulated so as not to produce a short circuit to the high
voltage. Otherwise, the structure will load down the generator. The inner coil may be simulated by a sheet-metal plane,
provided that the gap to the outer coil is maintained as in the actual coil. A core plane is unnecessary in this case. See
Fig 12.

Figure 12— Test Coil Mounting

7. Conducting the Test

7.1 Test Coil

The test coil should be connected to the repetitive surge generator, with the ground structure and one end of the high-
voltage coil grounded. The low-voltage coil must be grounded, and it may be shorted or loaded with a resistor if this
is the connection used in conducting the impulse test.

7.2 Surge Generator

The surge generator should be adjusted for a convenient voltage with a 1.2 × 50 µs wave shape, as defined by IEEE
C57.12.91 [B1]1. The surge generator need be energized only during the time that individual readings are being made.

7.3 Voltage Measurements

The peak differential voltage between the test points should be measured using the differential input to the
oscilloscope. Some oscilloscopes have a beam locator. This feature may aid in determining the peak voltage. The
reading should be recorded in a log, with the results calculated as a percent of peak applied wave. A digital peak-
reading storage device may be used instead of an oscilloscope if its bandwidth and common-mode variation are equal.
Extreme care must be exercised not to introduce stray capacitance and inductance. All leads from the instrumentation
to test points should be as short as practical. The test point of a differential probe should be held with an insulated
extension so as not to introduce stray capacitance with the hand. Stray capacitance effects caused by the hands can be
very pronounced when using pin probes for a continuous coil.

1The numbers in brackets, when preceded by the letter “B,” correspond to the Bibliography in Section 9.



Copyright © 1991 IEEE All Rights Reserved 13

ANALYSIS OF A DRY-TYPE TRANSFORMER CELL IEEE C57.12.58-1991

8. Reporting Results

The test report should consist of a schematic drawing of the coil with the test points numbered in accordance with the
number of turns to that test point and the test log (see Fig 13). The test log should indicate the two test point numbers
and the voltage percent between them.

Figure 13— Report Form

Experience will show where the maximum transient voltage occurs for each type of coil construction. It will be
satisfactory to reduce the number of test points once a pattern of maximum test points is established.
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Annex A Solution of Decay Rate of Surge Generator

(Informative)

(This Appendix is not a part of IEEE C57.1.2.58-1991, IEEE Guide for Conducting a Transient Voltage Analysis of a Dry-Type
Transformer Coil, but is included for information only.)

To establish the equivalent circuit, eliminate the components that determine the pulse front, the front resistor, and the
front-end distributive capacitance. This leaves the circuit shown in Fig A1.

Figure A1—Equivalent Circuit

Initially, the capacitor is charged to Vo. The differential equation for the output voltage is

( A-1)

The solution for Eq A1 may be expressed in Laplacian form.

( A-2)

There are three solutions to this equation. Wn bears a resemblance to the generalized equation

( A-3)

By comparing coefficients of the Laplacian operators, expressions for Wn, the undamped natural frequency, and L̂, the
damping ratio, may be derived.
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There are three solutions to Eq A3: sinusoidal, critically damped, and exponential. These solutions are determined by
the value of the damping ratio, L̂.

Case 1: Underdamped, L̂ < 1

Case 2: Critically damped, L̂ = 1

Case 3: Overdamped, L̂ > 1

Fig A.2 illustrates the solution for Case 2, where L̂ = 1, and for Case 1, where L̂ = 0, .2, and .5. L̂ = 0, of course,
represents a completely undamped response.

eo t( ) Voe LWnt– Wn 1 L2t–( )cos
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1 L2–
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Introduction

 

(This introduction is not part of IEEE Std C57.12.60-1998, IEEE Guide for Test Procedures for Thermal Evaluation of
Insulation Systems for Solid-Cast and Resin-Encapsulated Power and Distribution Transformers.)

 

This guide was developed to provide a method for evaluating insulation systems for solid-cast and resin-
encapsulated transformers with high-voltage ratings greater than 600 V. Since these procedures are consid-
ered to be new, and have not been tested exhaustively, further testing may prove the need for future revisions.

The working group that developed this guide used IEEE Std C57.12.56-1986, IEEE Standard Test Procedure
for Thermal Evaluation of Insulation Systems for Ventilated Dry-Type Power and Distribution Transformers,
as a starting point. New material and coil design techniques have necessitated an expansion of the procedure
to recognize factors such as the effect of glass transition temperature, higher resin-to-air and resin-to-metal
ratios, Þller contents, and conductor identity on aging and performance characteristics. This guide describes
methods that take these new materials and processes into account.

The working group was unable to deÞne an existing insulation system that could be used as a control for
comparison with an insulation system under test. Therefore, an arbitrary extrapolation criteria of 40 000 h
was selected for the evaluation. The working group urges the dry-type transformer industry to report results
of tests performed with this new procedure in order to provide a basis for the future improvement of this
guide.

The working group considered aging under voltage stresses that might cause partial discharge at operating
voltage, but ruled it out because present transformer designs are generally created to be as free as practical of
partial discharges at operating voltage. If partial discharges are present, the possibility exists that such an
endpoint could be an alternate approach to dielectric strength endpoints. This should be considered if data
become available.

The working group also considered a vibration and shock procedure as one of the aging factors. So little
information is published regarding the effects of vibration and shock in high-voltage insulation systems,
however, that it was impossible to include it in the test procedure. The working group urges the industry to
report procedures and results of any testing of insulation systems that uses vibration and shock so that future
revisions of this guide may incorporate these factors, if they are found to be signiÞcant.

This guide relates voltage withstand endpoint criteria to the impulse voltage distribution within the coil or to
the initial voltage withstand of the coil. A relationship between impulse withstand of the insulation and
short-term 60 Hz withstand is identiÞed so that 50/60 Hz testing of model coils is possible.

Since the working group was unable to deÞne an existing insulation system to use as a control for compari-
son with the insulation system under test, and no data has been forthcoming to verify the techniques outlined
in this document, it was recommended that this document be considered a guide.

At the time that this guide was completed, the Working Group of the Dry-Type Transformer Subcommittee
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IEEE Guide for Test Procedures for 
Thermal Evaluation of Insulation 
Systems for Solid-Cast and Resin-
Encapsulated Power and
Distribution Transformers

 

1. Overview

 

1.1 Scope

 

This test procedure is intended to establish a uniform method for determining the temperature classiÞcation
of solid-cast and resin-encapsulated power and distribution transformer insulation systems by testing rather
than by chemical composition.

These insulation systems are intended for use in transformers covered by IEEE Std C57.12.01-1989

 

1

 

 and
IEEE Std C57.12.91-1995 as they apply to solid-cast and resin-encapsulated transformers whose highest
voltages exceed nominal 600 V.

 

NOTEÑIn this guide, the term 

 

transformer

 

 means solid-cast and resin-encapsulated transformer, unless qualiÞed by
other descriptive terms. 

 

1.2 Purpose

 

The purpose of this test procedure is to establish a uniform method for

a) Providing data for the selection of the temperature classiÞcation of the insulation system;
b) Providing data that may be used as a basis for a loading guide;
c) Comparative evaluation of different insulation systems.

 

1

 

Information on references can be found in Clause 2.
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2. References

 

This guide shall be used in conjunction with the following publications.

ASTM E104-85(1991)e1, Standard Practice for Maintaining Consistent Relative Humidity by Means of
Aqueous Solutions.

 

2

 

IEEE Std 1-1986 (Reaff 1992), IEEE Standard General Principles for Temperature Limits in the Rating of
Electric Equipment and for the Evaluation of Electrical Insulation.

 

3

 

IEEE Std 4-1995, IEEE Standard Techniques for High-Voltage Testing.

IEEE Std 101-1987 (Reaff 1995), IEEE Guide for the Statistical Analysis of Thermal Life Test Data.

IEEE Std C57.12.01-1989, IEEE Standard General Requirements for Dry-Type Distribution and Power
Transformers Including Those With Solid-Cast and/or Resin-Encapsulated Windings.

 

4

 

IEEE Std C57.12.56-1986 (Reaff 1993), IEEE Standard Test Procedure for Thermal Evaluation of Insulation
Systems for Ventilated Dry-Type Power and Distribution Transformers.

IEEE Std C57.12.58-1991 (Reaff 1996), IEEE Guide for Conducting a Transient Voltage Analysis of a Dry-
Type Transformer Coil.

IEEE Std C57.12.91-1995, IEEE Standard Test Code for Dry-Type Distribution and Power Transformers.

 

3. Basic considerations

 

3.1 General

 

Two test methods have been developed to provide a means for evaluating insulation systems as a function of
thermal aging. They are an extension of IEEE Std C57.12.56-1986.

One test method is based on the retention of dielectric withstand voltage equal to a percentage of the initial
50/60 Hz dielectric withstand capability of the test sample. The other test method is based on the retention of
the basic impulse insulation level by impulse testing, or by related 50/60 Hz voltage withstand capability
tests on models (see 4.8).

 

NOTEÑImpulse tests are simulated in these methods because the transient responses of models generally are not repre-
sentative of those found in full-size transformers.

 

3.2 Intent of test methods

 

The intent of these test methods is to have each component of the insulation system tested under conditions
that are, as nearly as possible, the same as the conditions in the actual transformer. Thus, each of the compo-
nents is evaluated in accordance with its actual function.

 

2

 

ASTM publications are available from the American Society for Testing and Materials, 100 Barr Harbor Drive, West Conshohocken,
PA 19428-2959, USA.

 

3

 

IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA.

 

4

 

IEEE Std C57.12.01-1989 has been withdrawn; however, copies can be obtained from Global Engineering, 15 Inverness Way East,
Englewood, CO 80112-5704, USA, tel. (303) 792-2181.



 

IEEE
SOLID-CAST AND RESIN-ENCAPSULATED POWER AND DISTRIBUTION TRANSFORMERS Std C57.12.60-1998

Copyright © 1998 IEEE. All rights reserved.

 

3

 

3.3 Aging factors

 

The primary aging factors shall be temperature and time. Although the primary aging factors are temperature
and time, the criterion of failure of these high-voltage insulation systems is assumed to be voltage related to
the initial dielectric strength or to the rated basic impulse voltage level. With experience, other criteria (e.g.,
partial discharge change, power factor change, etc.) should be considered. Therefore, the time-to-failure of
the system is determined during the accelerated thermal aging by its ability to withstand prescribed proof-
test voltages applied after each thermal aging cycle (see 4.8).

The Arrhenius relationship is the theoretical basis for this test procedure.

Test methods speciÞed in this test procedure are of an accelerated nature. Therefore, an Arrhenius extrapola-
tion of the time-to-failure obtained at the test temperatures (log of life vs. 1/absolute temperature) is required
in order to obtain the temperature classiÞcation for normal operation. As the conditions of this accelerated
testing are unusually severe, extrapolation of the data will indicate a shorter time-to-failure than would be
obtained in actual service use. Due to the lack of a universally accepted standard transformer insulation sys-
tem, it is not possible to compare insulation systems with a standard system via the Arrhenius approach. It is
expected that the extended use of this procedure will make such a comparison possible. Until then, a refer-
ence time of 40 000 h to failure shall be used as a minimum acceptable basis for establishing a temperature
classiÞcation. See item c) 4) in Clause 5.

 

3.4 Data treatment

 

In order to ensure that valid results are obtained that are free of bias and suitable for comparative studies, the
test data shall be reduced statistically and the results shall be reported according to Clause 5.

Tests shall be carried out in accordance with Method 1, described in 4.1.1; however, Method 2, described in
4.1.2, may be used where applicable.

Extrapolations indicated in Clause 5 shall be applied only for failures that occur in the same part of the insu-
lating system. If failures occur in more than one part of the system, data for each mode of failure shall be
treated separately. Similarly, the temperature classiÞcation shall be determined by separate extrapolation for
each mode of failure, and the lowest extrapolated temperature obtained shall be used as representing the
temperature rating for the complete system.

 

4. Test procedures

 

4.1 General

 

4.1.1 Method 1

 

This method shall be used when complete information is not available regarding thermal degradation charac-
teristics of the insulating system involved. At least three samples (when using full-size coils), or at least
12 samples (when using representative models), in addition to control samples used for temperature moni-
toring, shall be tested at each of three (or more) different temperatures. Suggested temperatures are given in
Table 1. Details of model construction and test procedure are covered in 4.2 through 4.8.
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4.1.2 Method 2

 

This method is applicable when thermal degradation characteristics are known to be expressible by the
following adaptation of the Arrhenius rate equation:

(1)

where

 

L

 

is the time to failure (h);

 

A

 

 is a constant representing the intercept of the ÒlifeÓ line of the Arrhenius plot with its ordinate;

 

b

 

is the rate factor in the time-to-failure temperature relationship dependent upon the insulation
system involved and representing the slope of the Arrhenius plot;

 

T

 

 is the absolute temperature.

 

A

 

 and 

 

b

 

 are known from previous tests performed in accordance with Method 1 (see 4.1.1). In this case, only
one group of samples (

 

n

 

 = samples) needs to be tested at one temperature value, 

 

T

 

2

 

 (in 

 

°

 

K). Extrapolation
may be carried out by Equation (2).

(2)

where

 

T

 

1

 

is the temperature limit [in 

 

°

 

K (

 

°

 

C + 273)], to give time-to-failure expectancy equal to or greater
than 

 

L

 

1

 

 (

 

L

 

1

 

 = 40 000 h);
ln is the natural logarithm to the base e = 2.718;

is the average value of time-to-failure at test temperature, 

 

T

 

2

 

 (it is expressed in the same units as

 

L

 

1

 

);

 

L

 

2

 

 is the measured time-to-failure (see 4.5) obtained on samples at the test temperature and used to
calculate 

 

L

 

2

 

 per Equation (3).

 

Table 1ÑTemperature and exposure time guide

 

Estimated time
per cycle
(in hours)

Hottest-spot temperature (in 

 

°

 

C) or equivalent for system expected 
to operate at temperature class

105 130 150 185 220 250

 

300 135 165 195 225 275 310

100 150 180 215 245 300 340

35 165 200 235 270 325 375

L A  eb T¤=

T 1
b

ln 
L1

L2
-----è ø

æ ö b
T 2
------è ø

æ ö+

------------------------------------=

L2
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(3)

where

 

n

 

is the number of samples at temperature, 

 

T

 

2

 

.

 

4.2 Test models

 

4.2.1 Model design considerations

 

Test models may consist of one of the following alternatives:

a)

 

Full-size transformer coils.

 

 Test models may be actual full-size transformers, modiÞed to permit
testing of the possible modes of failure. These coils shall be selected to represent the standard full-
size coils intended for commercial use. After screening (4.3), the coils will be tested to determine
their functional life through the accelerated aging process at elevated temperatures. Since full-size
transformer coils are physically large and extremely expensive to produce, groups of four sample
coils shall be tested at no less than three different temperatures. One coil in each set of four shall be
designated as the control coil.

b)

 

Representative model coils.

 

 Recognizing the high cost of producing and testing full-size transformer
coils, representative model coils of the insulation system may be used for this evaluation. In order to
provide an accurate evaluation of the thermal aging effects on transformer insulation life, the repre-
sentative model must accomplish the following:

1) Represent the critical insulation system that (due to thermal degradation) can deteriorate the
electrical integrity of the transformer windings.

2) Simulate realistic voltage stresses (impulse or low frequency) for determining the end of func-
tional life of the winding insulation system after the thermal aging process.

In cast coil designs, the turn-to-turn and winding layer-to-layer insulation systems meet the above require-
ments and, therefore, must be simulated in representative models for establishing the thermal rating of the
insulation system.

The characteristics of the cast coil insulation systems that operate in series or in parallel with air gaps (e.g.,
axial coil edge-to-ground separation, radial coil-to-coil separation, and axial winding section-to-section sep-
arationÑsee Figure 1) depend mainly on air for their insulation strength. These insulation system elements
do not degrade signiÞcantly by thermal aging of the epoxy insulation. These insulation system elements,
therefore, may not be simulated in the representative insulation model.

After screening (4.3), the representative models shall be tested for determining their functional life through
the accelerated aging process at elevated temperatures. Since representative models can be made relatively
small in size and lower in cost than full-size coils, groups of 12 samples of each shall be tested at no less
than three different temperatures. All the samples shall be clearly marked for identiÞcation as shown in
Table 2.

L2

L2 1( ) L2 2( ) L2 3( ) ...L2 n( )+ + +

n
----------------------------------------------------------------------=
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4.2.2 Representative model construction

 

Based on the above principles, the models shall be designed with two layers of a representative size of coil
conductors, encased inside the cast winding insulation as shown in Figure 2.

 

Table 2ÑModel coil designation

 

Group number Sample number Temperature

 

a

 

a

 

Refer to Table 1.

I 1Ð12 A

II 13Ð24 B

III 25Ð36 C

Figure 1ÑCross-section of cast coil insulation system
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4.3 Screening

 

Prior to exposure to an elevated temperature on the Þrst test cycle, dielectric screening tests shall be made on
all samples (see 4.8). The initial screening tests shall include exposure to cold shock and humidity, and shall
be made in accordance with items b) and c) in 4.4 prior to initial screening dielectric testing. Samples that
are not passed in the screening test shall not be used.

 

4.4 Test cycles

 

The test procedure shall consist of subjecting the test samples to repeated test cycles following an initial
screening test (see 4.3). Each test cycle shall consist of the following parts and shall be performed in the
following order:

a)

 

Temperature aging

 

 Ñdetails in 4.5
b)

 

Cold shock 

 

Ñdetails in 4.6
c)

 

HumidiÞcation 

 

Ñdetails in 4.7
d)

 

Dielectric test under humid condition

 

Ñdetails in 4.8

Figure 2ÑSample model construction
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4.5 Temperature aging

 

Exposure to elevated temperature may be accomplished by circulating electric current in the windings of the
test sample, by the use of suitable ovens, or by combinations thereof.

It is recommended that circulating electric current be used for the aging of full-size transformer coils, and
suitable hot air ovens be used for the aging of representative model coils.

 

4.5.1 Aging by circulating electric current

 

Where exposure to elevated temperature is accomplished by circulating electric current in the windings of
the test sample, corresponding electrical elements of all samples (e.g., all of the high-voltage windings and
also all of the low-voltage windings) shall be connected in series to have the same current circulated in the
like elements. It should be noted that the separate current sources may be necessary for the high-voltage and
low-voltage windings. Means for making small adjustments to the current through individual samples may
be provided to aid in achieving the desired temperatures. Individual enclosures for the test models may be
used to maintain test temperatures. However, the physical arrangement of the samples with respect to each
other shall be such as to promote equality of temperature in all samples.

Any suitable method may be used for monitoring the temperature of the samples during the temperature
exposure. The following method is recommended.

One group of test samples shall be equipped with thermocouples and shall be used for temperature monitor-
ing purposes only. The number and location of thermocouples shall be such as to give an accurate indication
of the hottest-spot temperature and an adequate knowledge of the temperature distribution within the sample
in order to satisfy the conditions speciÞed below.

The temperatures in all samples shall be monitored by one or more thermometers or thermocouples located
on each sample. The relative position of the thermometers or thermocouples shall be the same for all
samples. The monitored temperatures on individual test samples shall not be over 2 

 

°

 

C lower than that of the
corresponding monitored points in the control model.

Test temperatures shall be maintained constant at the hottest spots within the sample as measured by the
monitoring thermocouples. Thus, the hottest-spot temperature of each of the windings is the same. At other
points within the sample, deviation from this temperature is permissible, although such deviation shall be
within the limits of the temperature distribution in the actual transformer.

The heat-up rate of the test samples should be controlled and monitored to prevent premature coil cracking.
It should be cautioned, however, that an excessive heat-up time will add aging time to the samples that will
not be included in the total aging time. The temperature aging cycle shall commence only when the required
hottest-spot temperature is established and shall terminate when the cool-down period starts.

Temperature exposure shall be conducted in a relatively clean, draft-free area, and the samples may be
covered to exclude dirt.

 

4.5.2 Aging by hot air ovens

 

Each group of samples shall be thermally aged in a separate hot-air-circulating oven that has been stabilized
at the prescribed temperature. The samples shall be kept in these ovens for the known durations (cycles)
before further treatments.

One unmarked sample (control sample) in each oven shall be equipped with a thermocouple to determine the
temperature of all the samples in that oven, and shall be used for monitoring purposes only. This control
sample is in addition to the 12 test samples. It is recommended that the oven be large enough to hold all 13
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sample coils. The oven temperature uniformity shall be monitored to determine variability according to
ASTM D5374-93 [B3].

 

5

 

 The oven shall have a degree of uniformity of ± 2 

 

°

 

C among the measured points in
the oven at temperatures under 300 

 

°

 

C, and ± 3 

 

°

 

C for temperatures over 300 

 

°

 

C. 

The aging cycle will begin only when the monitored control sample has reached the prescribed aging
temperature. The aging cycle will terminate at the point in time when the control sample drops more than
3 

 

°

 

C below the aging temperature. This would occur when the oven doors are opened and/or when the oven
is turned off.

 

4.5.3 Aging temperatures and cycle time

 

Regardless of the method of aging used, the following guidelines shall be used.

The hottest-spot test temperature, once established, shall be maintained as a minimum value. No upper tem-
perature tolerance is established. It should be noted, however, that excessive temperature variation in a posi-
tive direction will give pessimistic life curves.

Temperatures shall be recorded periodically to determine the average temperature during the temperature
exposure cycle. Aging temperature and duration of each temperature cycle shall be selected so as to require
5Ð10 cycles to reach the average time-to-failure for a group of samples. When several groups of samples are
tested at different temperatures, the duration of test cycles for different groups shall be selected so as to
require approximately the same number of cycles to average failure.

Tests on any one group of samples shall be made at the same aging temperature until failure occurs. Table 1
will serve as a guide to the selection of test temperatures; however, other combinations of time and tempera-
ture may be used to Þt the degradation characteristics of the particular insulation system. If samples have not
failed at the end of seven cycles, the aging period of the following cycles may be extended to not more that
twice the previous time cycle. If a failure occurs by the end of the fourth cycle, the aging period of the
following cycles may be decreased to not less than one half of the previous cycle time.

The various temperature and times shown in Table 1 do not describe any actual insulation system but are
intended only as a guide in selecting aging temperature and times. The Table 1 temperatures and times
cannot be expected to yield the same endpoints for all insulation systems.

Temperature exposure shall be conducted in a relatively clean, draft-free area, and the samples shall be
covered to exclude dirt.

The time of failure of a sample, aged at one temperature, shall be considered to be equal to the cumulative
duration of temperature exposure during all test cycles (see 4.4) less one-half of the length of the last cycle.

 

4.6 Cold shock

 

After thermal aging, the test sample is allowed to cool to room temperature. It is then placed in a suitable
container until the sample temperature is Ð30 

 

°

 

C. After reaching Ð30 

 

°

 

C, the sample is allowed to warm up to
room temperature and is then subjected to the humidiÞcation cycle.

For full-size coils, the temperature is determined either by resistance measurement of the windings or by
appropriately placed and grounded thermocouples, which should measure the internal temperature of the
coil. For representative model coils, the temperature of the control sample, measured by thermocouple, shall
be used to determine the temperature of all the test samples of a given set of 12. This requires that the control
sample be placed in the cooling chamber along with the test samples.

 

5

 

The numbers in brackets correspond to those of the bibliography in Annex A.
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4.7 Humidity conditioning

 

Exposure to humidity shall be made with the sample de-energized, under the following conditions:

a) Sample shall be allowed to return to room temperature prior to humidiÞcation.
b) Duration of humidity exposure shall be 48 h, minimum.
c) For the humidity exposure, the test samples shall be placed in a suitable enclosure in which a relative

humidity of not less than 90% shall be maintained.

As a method of maintaining this humidity, the bottom of the test chamber may be covered with a ßat tray
containing a saturated salt solution (see ASTM E104-85, Method A or C, for complete details). The chamber
shall be provided with a blower or a fan for internal circulation and shall be lined with an effective vapor bar-
rier material (e.g., aluminum foil). The humidiÞcation temperature shall be maintained within the range of
25Ð40 

 

°

 

C.

 

4.8 Dielectric tests

 

4.8.1 General

 

Initial screening and periodic endpoint dielectric tests shall be conducted according to Method A, B, or C, as
applicable. These methods are described in 4.8.2 through 4.8.4. Dielectric tests shall be applied while the
samples are in the humid condition. These samples may be removed from the humidity chamber prior to the
test, in which case all dielectric tests shall be completed within 2 h after removal. The order of the tests shall
be as follows:

a) Turn-to-turn insulation;
b) Winding-to-winding or winding-to-ground (when applicable);
c) Layer-to-layer insulation.

When the initial capability, screening, and periodic endpoint tests are performed at 50/60 Hz, test voltages
shall be essentially sinusoidal. Screening and periodic endpoint test voltages (50/60 Hz) shall be applied for
a duration of 2 s. For the deÞnition of Òessentially sinusoidal,Ó see IEEE Std 4-1995. The tests shall be
conducted using a suitable 500 VA or larger transformer whose output is essentially sinusoidal and can be
varied. A smaller capacity transformer may be used if the voltage is measured at the output of the test trans-
former either directly or through a suitable potential transformer or capacitance voltage divider. The test
voltage should be started at one-quarter or less of the full value and should be brought up to full value in not
more than 15 s. At the end of the test period (2 s), the voltage shall be reduced to one-quarter value or less in
not more than 5 s before the circuit is opened. A relief gap set at a voltage that is 10% or more in excess of
the speciÞed test voltage may be connected during the 50/60 Hz tests.

A collapse of voltage or the inability to maintain voltage shall indicate dielectric failure.

 

NOTEÑASTM D149-97a [B2] suggests that the tripping of a circuit breaker in the primary of the test transformer may
be used to indicate breakdown. The circuit breaker should be set to trip if the current ßowing through the failure and the
secondary of the transformer exceeds 50 mA; however, on larger size models, the reactive component of the current may
be greater that 50 mA, in which case a circuit breaker with a higher trip setting should be used.

 

4.8.2 Method A

 

From a transient voltage analysis (see IEEE Std C57.12.58-1991) of full-size transformer windings of the
type being evaluated, determine the maximum percent of the rated full-wave impulse (BIL) voltage that
would be experienced for each potential failure mode represented (i.e., turn-to-turn, layer-to-layer, etc.); see
IEEE Std C57.98-1993 [B10].
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The maximum percentage of the full-wave impulse voltage appearing at the various failure-mode points can
be determined from voltage probe measurements made at the points during the transient analysis. The maxi-
mum percent voltage can occur as a result of either the initial distribution of the impulse voltage throughout
the winding or the resonant voltage that is a response of the network to the impulse voltage. The maximum
turn-to-turn impulse voltage is usually experienced near the line end of the coil or near the neutral end of the
coil. The maximum layer-to-layer voltage is usually experienced between the Þrst and second layers from a
terminal of a section type of winding or from the Þrst to second layer from a terminal of a barrel winding.
The maximum section-to-section voltage is usually experienced from the Þrst to the second section or from
the second to the third section from a terminal. The maximum section-to-ground voltage is usually experi-
enced from a terminal section-to-ground. The maximum winding-to-ground voltage is usually experienced
either from the terminal section-to-ground or, in the case of a barrel winding, from the terminal layer-to-
ground. For a continuous-disc winding, the maximum voltage with respect to ground usually occurs at the
6th through 12th sections from a line terminal. It is usually necessary to make a number of experimental
probe measurements by use of the transient analysis equipment to determine the maximum possible voltage
for each failure mode.

The impulse voltage that is determined in this manner is then converted to a 50/60 Hz equivalent voltage.
Seventy-Þve percent of this 50/60 Hz voltage is then used for the tests on both aged and unaged samples as
shown below (except for turn-to-turn in the 120 V class).

The 50/60 Hz screening tests on unaged models and the periodic endpoint tests on the aged models for each
mode of failure shall be made at voltage as determined from the following:

a) Turn-to-turn voltage shall be the greater of 120 V or the following equation:

(4)

where

Max% is the maximum percentage of the full-wave voltage appearing at the failure mode point;
FWkV is the full-wave impulse voltage (kV).

Higher voltage may be used at the manufacturerÕs option.

b) Winding-to-winding or winding-to-ground voltage shall be the following:

1) For a rated winding full-wave basic impulse insulation level of 60 kV or less:

(5)

2) For a rated winding full-wave basic impulse insulation level of greater than 60 kV:

(6)

c) For all other modes of potential failure, such as section-to-section, layer-to-layer, etc., voltage
shall be

(7)

Max% FWkV´( ) 1000( ) 0.707( ) 0.75( )
1.1 100´

-----------------------------------------------------------------------------------------------volts

Max% FWkV´( ) 1000( ) 0.707( ) 0.75( )
1.1 100´

-----------------------------------------------------------------------------------------------volts

Max% FWkV´( ) 1000( ) 0.707( ) 0.75( )
1.1 100´

-----------------------------------------------------------------------------------------------volts

Max% FWkV´( ) 1000( ) 0.707( ) 0.75( )
1.1 100´

-----------------------------------------------------------------------------------------------volts
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4.8.2.1 Alternate method

As an alternate method, screening and endpoint tests may be performed using 1.2 ´ 50 ms positive full-wave
impulses (see ANSI C68.1-1968 [B1]) or a combination of 50/60 Hz turn-to-turn tests and impulse tests for
all other tests points as follows:

a) For 50/60 Hz turn-to-turn tests, the voltage shall be as speciÞed in 4.8.2 item a).
b) For impulse turn-to-turn tests, the voltage shall be the greater of 170 V peak or Equation (8). Higher

voltage may be used at the manufacturerÕs option.
c) For all other test points, the test voltage shall be calculated by Equation (8).

(8)

Once a test mode is established, it must be used until the work is completed.

4.8.3 Method B

This method shall be used for the testing of full-size transformer coils. The dielectric tests shall be
conducted not more than 2 h after removing the coils from the humidiÞcation chamber. Screening tests on
unaged coils and periodic endpoint tests on aged coils shall be made according to the following procedure.
Three full-size transformer coils shall be subjected to a 1.2 ´ 50 µs positive full-wave impulse at 75% of the
rated BIL. The wave shall be applied in accordance with IEEE Std 4-1995.

Each coil shall be tested on a core assembly with a secondary winding (non-cast). The impulse is to be
applied to the start lead of the coil under test with the Þnish lead, core, and secondary grounded. The test
shall be repeated by impulsing the Þnish lead of the coil under test, with the start lead, core, and secondary
grounded.

Following the impulse test above, a double induced potential test is to be conducted at 150% of the rated
secondary voltage for 7200 cycles at not less than 120 Hz. 

If no failures occur, the coils are returned to the aging stand to begin a new aging cycle. 

4.8.4 Method C

This method shall be used for the testing of representative model coils. The dielectric tests shall be
conducted not more than 2 h after removing the coils from the humidiÞcation chamber. 

The 12 test coils shall be subjected to speciÞed voltage withstand tests as described in the following proce-
dure. Test coils shall be subjected to a 1.2 ´ 50 µs positive full-wave impulse at 75% of the maximum antic-
ipated BIL level of the projected commercial transformer winding designs that the models simulate.

The terminal connections (see Figure 3), sequence, and magnitude of impulse voltage application for each
test sample shall be according to Table 3.

Max% FWkV´( ) 1000( ) 0.75( )
100

----------------------------------------------------------------------------volts
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4.8.5 Test model failures

A test model whose insulation failed on any one of the tests is disqualiÞed for any further tests. The remain-
ing coils are placed back into the aging mode to begin the next cycle.

5. Reporting

Data shall be reduced statistically in accordance with IEEE Std 101-1987 for the purpose of establishing
regression line only. The report of the results shall contain the following information:

a) IdentiÞcation or description of the test specimens.

b) The duration of temperature exposure, expressed in terms of the total number of hours to failure, in
accordance with 4.5. The number of test cycles shall be recorded.

Table 3ÑImpulse voltage test connections

Test Terminal connections

Number Type Ground Energize

1 Turn-to-turn B A

2 Layer-to-layer A, B C, CÕ

Figure 3ÑTerminal connections for a sample model
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c) If the test procedure of Method 1 (see 4.1.1) is used, the report shall contain the following:

1) Calculated value of linearity. If the value is not suitable, additional data shall be obtained.

2) Tabulated value of time-to-failure vs. temperature calculated from the equation of the regres-
sion line.

3) A plot of these values on coordinate paper with logarithmic scale to present time-to-failure (in
hours) on the ordinate and the reciprocal absolute temperature scaled to represent temperature
(in °C) on the abscissa.

4) Extrapolated value of a temperature corresponding to a time-to-failure value of 40 000 h.

5) Temperature classiÞcation (in °C) of the insulation system. This shall be the temperature
(in °C) nearest to, but less than, the value obtained by extrapolation above, secured from the list
of temperature class values approved for this purpose by IEEE Std 1-1986.

d) If the test procedure of Method 2 (see 4.1.2) is used, the report shall contain the following:

1) Calculated average value of life of the samples (L2).

2) Calculated temperature value to yield time-to-failure of L1 = 40 000 h, using Equation (2).

3) Temperature class of the insulation system. This shall be the temperature nearest to, but less
than, the value obtained by Equation (2), obtained from the list of temperature class values
approved for this purpose by IEEE Std 1-1986.
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Introduction
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Distribution and Power Transformers.)

 

The Terminology, Units, and Terminal Markings Working Group of the IEEE Transformers Committee was
formed in January 1995. One of its two projects was to review and update this standard, which was last
issued by ANSI in 1978.  

The purpose of IEEE Std C57.12.70-1998 is to specify standard terminal markings and connections for dis-
tribution and power transformers. 

The content of this revision of IEEE Std C57.12.70-1998, compared to the 1978 version, is very similar.  The
major effort of the Working Group was to reorganize the standard to comply with the approved style of cur-
rently published IEEE standards, to update reference standards, and to add terminal marking requirements
for padmounted compartmental transformers. 

At the time the revision of this standard was completed, the Working Group on Terminology, Units and
Terminal Markings had the following membership:

 

Thomas P. Traub,

 

 

 

Chair

Wallace B. Binder
Robert L. Grubb

John W. Matthews
B. K. Patel

Thomas A. Prevost
F. N. Young
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IEEE Standard Terminal Markings and 
Connections for Distribution and 
Power Transformers

 

1. Overview

 

1.1 Scope

 

This standard describes the terminal markings and connections for distribution, power, and regulating trans-
formers covered in the C57 series of IEEE and ANSI standards, guides, and recommended practices.

 

1.2 References

 

When the following standards are superseded by a revision, the revision shall apply:

ANSI C57.12.10-1988, American National Standard for Transformers—230 kV and Below 833/958 through
8333/10 417 kVA, Single-Phase, and 750/862 through 60 000/80 000/100 000 kVA, Three-Phase without
Load Tap Changing; and 3750/4687 through 60 000/80 000/100 000 kVA with Load Tap Changing—Safety
Requirements.

 

1

 

ANSI C57.12.20-1997, American National Standard for Overhead Distribution Transformers, 500 kVA and
Smaller: High Voltage, 34 500 Volts and below: Low Voltage, 7970/13 800 Y Volts and below—
Requirements.

ANSI C57.12.22-1989, American National Standard for Transformers—Pad-Mounted, Compartmental-
Type, Self-Cooled, Three-Phase Distribution Transformers with High-Voltage Bushings, 2500 kVA and
Smaller: High-Voltage, 34 500 GrdY/19 920 Volts and Below; Low Voltage, 480 Volts and Below—
Requirements.

ANSI C57.12.24-1992, American National Standard for Transformers--Underground-Type Three-Phase
Distribution Transformers, 2500 kVA and Smaller; High Voltage, 34 500 GrdY/19 920 Volts and Below;
Low Voltage, 480 Volts and Below—Requirements.

 

2

 

1

 

ANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor,
New York, NY 10036, USA (http://www.ansi.org/).

 

2

 

ANSI C57.12.24-1992 has been withdrawn; however, copies can be obtained from the Sales Department, American National Stan-
dards Institute, 11 West 42nd Street, 13th Floor, New York, NY 10036, USA (http://www.ansi.org/).
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ANSI C57.12.25-1990, American National Standard for Transformers—Pad-Mounted, Compartmental-
Type, Self-Cooled, Single-Phase Distribution Transformers with Separable Insulated High-Voltage
Connectors; High Voltage, 34 500 GrdY/19 920 Volts and Below; Low Voltage, 240/120 Volts; 167 kVA and
Smaller—Requirements.

ANSI C57.12.40-1994, American National Standard for Secondary Network Transformers—Subway and
Vault Types (Liquid Immersed)—Requirements.

ANSI C57.12.50-1981 (Reaff 1989), American National Standard Requirements for Ventilated Dry-Type
Distribution Transformers, 1 to 500 kVA, Single-Phase, and 15 to 500 kVA, Three-Phase, with High-Voltage
601 to 34 500 Volts, Low-Voltage 120 to 600 Volts.

ANSI C57.12.51-1981 (Reaff 1989), American National Standard Requirements for Ventilated Dry-Type
Power Transformers, 501 kVA and Larger, Three-Phase, with High-Voltage 601 to 34 500 Volts, Low-Voltage
208Y/120 to 4160 Volts.

ANSI C57.12.52-1981 (Reaff 1989), American National Standard Requirements for Sealed Dry-Type Power
Transformers, 501 kVA and Larger, Three-Phase, with High-Voltage 601 to 34 500 Volts, Low-Voltage
208Y/120 to 4160 Volts.

IEEE 100, 

 

The Authoritative Dictionary of IEEE Standards Terms,

 

 Seventh Edition.

 

3

 

IEEE Std C57.12.00-2000, IEEE Standard General Requirements for Liquid-Immersed Distribution, Power,
and Regulating Transformers.

IEEE Std C57.12.01-1998, IEEE Standard General Requiremets for Dry-type Distribution and Power Trans-
formers Including Those with Solid-Cast and/or Resin-Encapsulated Windings.

IEEE Std C57.12.23-1992 (Reaff 1999), IEEE Standard for Transformers—Underground-Type, Self-
Cooled, Single-Phase Distribution Transformers With Separable, Insulated, High-Voltage Connectors; High
Voltage (24 940 GrdY/14 400 V and Below) and Low Voltage (240/120 V, 167 kVA and Smaller).

IEEE Std C57.12.26-1992, IEEE Standard for Pad-Mounted, Compartmental-Type, Self-Cooled, Three-
Phase Distribution Transformers for Use with Separable Insulated High-Voltage Connectors (34 500 GrdY/
19 920 V and Below; 2500 kVA and Smaller)

 

4

 

.

IEEE Std C57.12.80-1978 (Reaff 1992), IEEE Standard Terminology for Power and Distribution
Transformers.

IEEE Std C57.12.90-1999, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and Regulat-
ing Transformers and IEEE Guide for Short Circuit Testing of Distribution and Power Transformers.

IEEE Std C57.12.91-1995, IEEE Standard Test Code for Dry-Type Distribution and Power Transformers.

 

3

 

IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA (http://standards.ieee.org/).

 

4

 

IEEE Std C57.12.26-1992 has been withdrawn; however, copies can be obtained from Global Engineering, 15 Inverness Way East,
Englewood, CO 80112-5704, USA, tel. (303) 792-2181 (http://global.ihs.com/).



 
IEEE

DISTRIBUTION AND POWER TRANSFORMERS Std C57.12.70-2000

Copyright © 2001 IEEE. All rights reserved.

 

3

 

2. Marking of terminals and identification of windings

 

2.1 General

 

The windings of a transformer shall be distinguished from one another as follows: two-winding transformers
shall have their windings designated as high voltage (HV or H) and low voltage (LV or X). Transformers with
more than two windings shall have their windings designated as H, X, Y, or Z.

 

2.2 Sequence designation

 

The highest voltage winding shall be designated as HV or H, except for transformers designed for
three-phase to six-phase transformation (see Clause 6). The other windings, in order of decreasing voltage,
are designated as X, Y, and Z. If two (or more) windings have the same voltage and different kVA (kilo-
volt-ampere) ratings, the higher kVA winding receives the prior letter designation of the two (or more) letters
available, according to the sequence by voltage as explained above. If two or more windings have the same
kVA and voltage rating, the designations of these windings are arbitrarily assigned.

 

2.3 External terminal designation

 

In general, external terminals shall be distinguished from one another by marking each terminal with a capi-
tal letter, followed by a subscript number. The terminals of the H winding are marked H

 

1

 

, H

 

2

 

, H

 

3

 

, etc. The
terminals of the X winding are marked X

 

l

 

, X

 

2

 

, X

 

3

 

, etc.

When two external terminals are connected to the same end of a winding, such as the terminals on loop
feed transformers, they shall be identified by the same capital letter and subscripted numeral followed by an
additional subscripted letter A or B, for example, H

 

1A

 

 and H

 

1B

 

, H

 

2A

 

 and H

 

2B

 

.

The identification of external terminals shall be accomplished either by the use of the sketches on the name-
plate showing locations of specific terminals, or by physically marking terminals. 

 

2.4 Neutral terminal designation

 

A neutral terminal of a three-phase transformer shall be marked with the proper letter followed by the sub-
script 0, for example, H

 

0

 

, X

 

0

 

, etc. A neutral terminal common to two or more windings of a single or
three-phase transformer shall be marked with the combination of the proper winding letters, each followed
by the subscript 0; for example, H

 

0

 

X

 

0

 

, as in the case of autotransformers. A terminal brought out from the
winding for some other use than that of a neutral terminal (e.g., a 50% starting tap) shall be marked as a tap
terminal.

 

2.5 Grounded terminal designation

 

If a transformer has a two-terminal winding with one terminal grounded and the other ungrounded, the
subscript 2 terminal shall be the grounded terminal.

 

3. Single-phase transformers

 

Polarity and terminal markings of single-phase transformers are described in 3.1 through 3.4.
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3.1 Types of transformers

 

3.1.1 Distribution transformers, liquid-insulated

 

Polarity shall be subtractive for all liquid-insulated distribution transformers, except as otherwise described
in applicable sections of IEEE Std C57.12.00-2000 and ANSI C57.12.20-1997, which specify additive
polarity for single-phase transformers in sizes 200 kVA and smaller having high-voltage windings 8660
volts and below.

Terminal markings shall be as shown in this standard except as otherwise specified in IEEE Std
C57.12.23-1992 and ANSI C57.12.25-1990.

 

3.1.2 Power transformers, liquid-insulated

 

Polarity shall be subtractive. Terminal markings not described in IEEE Std C57.12.00-2000 or in ANSI
C57.12.10-1988 shall be in accordance with Clause 3 of this standard.

 

3.1.3 Dry-type transformers

 

Polarity shall be subtractive. Terminal markings not described in IEEE Std C57.12.01-1998 shall be in
accordance with Clause 3 of this standard.

 

3.1.4 Autotransformers

 

Single-phase autotransformer terminals shall, as far as practicable, be marked in accordance with the
requirements for subtractive polarity (see Figure 1).

Figure 1—Single-phase transformer terminal markings
(simple H and X windings without taps)
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3.2 Subtractive and additive polarity

 

When terminals of any winding are brought outside the tank and marked per 3.3, 3.4, or 3.5, the polarity of a
transformer is

a) Subtractive when H

 

1

 

 and X

 

l

 

 are adjacent. See Figure 1, Figure 2(a), Figure 3(a), Figure 4(a),
Figure 5, Figure 6(a), Figure 7(a), Figure 8(a), Figure 9(a), Figure 10(a), Figure 11(a), Figure 12(a),
and Figure 13(a). 

b) Additive when H

 

l

 

 is diagonally located with respect to X

 

l

 

. See Figure 2(b), Figure 3(b), Figure 4(b),
Figure 6(b), Figure 7(b), Figure 8(b), Figure 9(b), Figure 10(b), Figure 11(b), Figure 12(b), and Fig-
ure 13(b).

c) The same rule applies between the H and Y winding and between the H and Z winding. For example,
when Y

 

l

 

 or Z

 

l

 

 is on the left when facing the Y or Z side of the case, respectively, the polarity is sub-
tractive; conversely, when Y

 

1

 

 or Z

 

l

 

 is on the right when facing the Y or Z side of the case, respectively,
the polarity is additive. 

Figure 2—Single-phase transformer terminal markings
(simple H and X windings with taps)
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Figure 3—Single-phase transformer terminal markings
(series multiple X winding without taps)

Figure 4—Single-phase transformer terminal markings
(series multiple X winding with taps)
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Figure 5—Single-phase transformer terminal markings
(autotransformer)

Figure 6—Single-phase transformer terminal markings
(three-wire series connection)

(transformers having neutral brought out between outside terminals)
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Figure 7—Single-phase transformer terminal markings
(two-wire multiple connection)

NOTES
1—Tank grounding connector.
2—Bolted to case externally.

(Connection to be furnished by user.)

Figure 8—Single-phase transformer terminal markings
(three-wire series connection)

(transformers having neutral brought out between outside terminals)
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Figure 9—Single-phase transformer terminal markings
(three-wire series connection)

(transformers having neutral brought out between outside terminals)

NOTES
1—Tank grounding connector.
2—Bolted to case internally.

Figure 10—Single-phase transformer terminal markings
(Three-wire series connection)

(transformers having neutral brought out between outside terminals)

NOTES
1—Tank grounding connector.
2—Bolted to case internally.
3—Figure 10(a) and (b) are related to single-phase submersible transformers with secondary cable lead bush-
ings, which require internal neutral grounding to the tank but externally appear to be an insulated neutral cable.
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Figure 11—Single-phase transformer terminal markings
(two-wire multiple connection)

NOTES
1—Tank grounding connector.
2—Bolted to case externally.

(Connection to be furnished by user.)

Figure 12—Single-phase transformer terminal markings
(two-wire series connection)
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3.3 Order of numbering terminals of any winding

 

3.3.1 Terminal numbers

 

The terminals of any winding whose leads are brought out of the case shall be numbered l, 2, 3, 4, 5, etc., the
lowest and highest numbers marking the full winding and the intermediate numbers marking fractions of
windings or taps. All numbers shall be so applied that the voltage difference from any terminal having a
lower number toward any terminal having a higher number shall have the same sign at any instant (see Fig-
ure 2 and Figure 3).

 

3.3.2 Series-multiple winding

 

If a winding is divided into two or more parts for series-multiple connections and the leads of these parts are
brought out of the case, the above rule shall apply for the series connection with the addition that the termi-
nations of each portion of the winding shall be given consecutive numbers (see Figure 2 through Figure 4 for
four or six leads brought out and Figure 6 through Figure 11 for three leads brought out). 

 

3.3.3 Two leads through one bushing

 

When two leads are brought out of the case through one bushing (to minimize inductive effect), such termi-
nals shall be physically identified by stamping or tagging in compliance with 3.3.1.

 

3.4 Order of numbering terminals of different windings

 

The numbering of the terminals of the H winding and the terminals of the X winding shall be applied so that
when H

 

l 

 

and X

 

l

 

 are connected together and voltage is applied to the transformer, the voltage between the
highest numbered H terminal and the highest numbered X terminal is less than the voltage of the H winding.

When more than two windings are used, the same relationship shall apply between each pair of windings.

Figure 13—Single-phase transformer terminal markings
(two-wire multiple connection)
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3.5 Location of H

 

1

 

 terminal 

 

The H

 

1

 

 lead shall be brought out as the right-hand terminal of the high-voltage group as seen when facing
the highest voltage side of the case; other H terminals shall be in numerical order from right to left, except as
modified by specific product standards (e.g., IEEE Std C57.12.23-1992 and ANSI C57.12.25-1990).

When only one lead of the high-voltage winding is brought out (the other lead being connected to the tank
internally), it shall be designated as H

 

l

 

. For polarity marking and testing, this H

 

l

 

 terminal shall be regarded as
located on the right, when facing the high-voltage side of the case, regardless of its actual location.

When the high-voltage leads are brought out through two bushings of different insulation levels, the bushing
having the higher voltage level shall be designated as H

 

l

 

 and shall be located on the right-hand side when
facing the high-voltage side of the case, except as modified by specific product standards (e.g., IEEE Std
C57.12.23-1992 and ANSI C57.12.25-1990).

 

3.6 Parallel operation

 

Transformers having terminals marked in accordance with this standard may be operated in parallel by con-
necting similarly marked terminals together, provided their ratios, voltages, resistances, reactances, and
ground connections are such as to permit parallel operation (see Figure 14 for connections for transformers
in parallel).

 

NOTE—In some cases, designs may be such as to permit parallel operation, although, due to a difference in the number
of tap terminals, the terminals to be connected together may not be similarly marked.

Figure 14—Connections for single-phase transformers in parallel

NOTE—This figure is included as information to illustrate the connection in parallel of single-phase transformers
of additive polarity, additive and subtractive polarity, and subtractive polarity in banks.



 
IEEE

DISTRIBUTION AND POWER TRANSFORMERS Std C57.12.70-2000

Copyright © 2001 IEEE. All rights reserved.

 

13

 

4. Angular displacement and connections for single-phase transformers in 
three-phase and six-phase banks

 

See Figure 15 through Figure 18.

Figure 15—Single-phase transformers connected ∆-∆ and Y-Y in three-phase banks 
with 0° angular displacement

NOTE—This figure is included to illustrate connections of single-phase transformers of additive polarity, additive
and subtractive polarity, and subtractive polarity in banks.
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Figure 16—Single-phase transformers connected ∆-Y and Y-∆ in three-phase banks 
with 30° angular displacement

NOTE—This figure is included to illustrate connections of single-phase transformers of additive polarity, additive
and subtractive polarity, and subtractive polarity in banks.
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Figure 17—Single-phase transformers when transforming three- to six-phase with
0° angular displacement

NOTE—This figure is included to illustrate connections of single-phase transformers of additive polarity, additive
and subtractive polarity, and subtractive polarity in banks.
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Figure 18—Single-phase transformers when transforming three- to six-phases with
30° angular displacement

NOTE—This figure is included to illustrate connections of single-phase transformers of additive polarity, additive
and subtractive polarity, and subtractive polarity in banks.
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5. 

 

Phase relationships and terminal markings for three-phase 
transformers

 

 

 

5.1 Relation between highest voltage winding and other windings

 

5.1.1 Phase sequence markings

 

The markings shall be so applied that if the phase sequence of voltage on the highest voltage winding is in
the time order H

 

1

 

, H

 

2, H3, it will be in the time order of X1, X2, X3, and Y1, Y2, Y3, etc., on the other
windings.

5.1.2 Phase relationship markings

In order that the markings of terminals shall indicate definite phase relations, they shall be made in accor-
dance with one of the three-phase groups shown in Figure 19. The angular displacement between the H
winding and the X winding is the angle in each of the voltage phasor diagrams (see Figure 19), between the
lines passing from its neutral point through H1 and X1, respectively.
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Figure 19—Terminal markings and voltage diagrams for three-phase
transformer connections

NOTES
1—This figure is included to illustrate the method of marking transformer terminals that are brought out of the
case. Dash lines show angular displacement between high- and low-voltage windings.
2—Angular displacement is the angle between a line drawn from neutral to H1 and a line drawn from neutral to
X1, measured in a clockwise direction from H1 to X1.
3—The zig-zag connections shown in Group 1 may also be achieved using the following internal connections.
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5.2 Phase relationships and terminal markings

Phase relationships and terminal markings for liquid-insulated distribution transformers shall be as specified
in general and product standards IEEE Std C57.12.00-2000, ANSI C57.12.20-1997, ANSI C57.12.22-1989,
ANSI C57.12.24-1992, IEEE Std C57.12.26-1992, and ANSI C57.12.40-1994.

Phase relationships and terminal markings for liquid-insulated power transformers shall be as specified in
general and product standards IEEE Std C57.12.00-2000 and ANSI C57.12.10-1988.

Phase relationships and terminal markings for dry-type distribution and power transformers shall be as spec-
ified in general and product standards IEEE Std C57.12.01-1998, ANSI C57.12.50-1981, ANSI C57.12.51-
1981, and ANSI C57.12.52-1981. 

5.3 Marking of full winding terminals

5.3.1 General

The three leads for each winding that connect to the full-phase windings of a three-phase transformer shall
have their terminals marked H1, H2, H3, X1, X2, X3, Y1, Y2, Y3, etc., respectively.

5.3.2 Autotransformers

Three-phase autotransformer terminals shall be marked in accordance with the requirements for correspond-
ing multiwinding transformers (see Figure 20, Group 3).
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5.4 Tap leads

In general, where tap leads are brought out of the case (neutral lead excepted) their terminals shall be marked
with the proper letter followed by the subscripts 4, 7, etc., for one phase; 5, 8, etc., for a second phase; and 6,
9, etc., for the third phase (see Figure 19, Group 3).

For delta connections, the order of numbering tap terminals shall be as follows; 4, 7, etc., from terminal 1
toward terminal 2; 5, 8, etc., from terminal 2 toward terminal 3; and 6, 9, etc., from terminal 3 toward termi-
nal 1 (see Figure 19, Group 3).

For wye connections, the order of numbering tap terminals shall be as follows; 4,7, etc., from terminal 1
toward neutral; 5, 8, etc., from terminal 2 toward neutral; and 6, 9, etc., from terminal 3 toward neutral (see
Figure 19, Group 3).

Figure 20—Angular displacement and terminal markings for
three-phase transformers

NOTES
1—Dash lines show angular displacement between high- and low-voltage windings.
2—Angular displacement is the angle between a line drawn from neutral to H1 and a line drawn from neutral to
X1 measured in a clockwise direction from H1 to X1.
3—(b), (c), (g), and (h) show mid tap brought out of one phase on the low-voltage side. 
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For a delta-connected winding with a center-tap in one leg, two connections are in common use as described
below

a) Unless otherwise specified, a center-tap X6 shall be provided in leg X1X3, as shown in Figure 20(b)
or Figure 20(g).

NOTE—This connection provides coordination with ANSI/NFPA 70-1996, paragraph 384-3(f), which requires that the
B phase (commonly connected to X2) shall have the higher voltage to ground.

b) When specified, a center tap X4 shall be provided in leg X1X2, as shown in Figure 20(c) or
Figure 20(h).

NOTE—This connection will also conform to ANSI/NFPA 70-1996, paragraph 384-3(f), if the B phase is connected to
X3.

5.5 Location of external terminals

5.5.1 Station type transformers 

For station type transformers, and others with high-voltage and low-voltage terminals on opposite sides of
the case, the H1 lead shall be brought to a terminal on the right-hand side of the case when facing the highest
voltage side. The H2 and H3 terminals shall be arranged in numerical order reading from right to left when
facing the highest voltage side. The H0 terminal, if present, shall be located on the right of the H1 terminal
when facing the highest voltage side of the case (see Figure 20, Group 1 and Group 2).

The X1 lead shall be brought to a terminal on the left-hand side of the case when facing the low-voltage side.
The X2 and X3 terminals shall be arranged in numerical order, reading from left to right, when facing the
X winding side of the case. The X0 terminal, if present, shall be located to the left of the X1 terminal when
facing the X winding side of the case (see Figure 20, Group 1 and Group 2).

The Y winding and Z winding terminals, if present, shall be numbered in the same manner as the low-voltage
terminals.

5.5.2 Secondary network, subway, and vault-type transformers

Locations of line and neutral terminals of secondary network, subway, and vault-type transformers differs
from the locations above and are shown in ANSI C57.12.40-1994.

5.5.3 Unit substation transformers

The winding terminals of “standard” and “reverse” unit substation transformers shall be located in accor-
dance with Figure 21 or Figure 22.
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When specified, winding terminals of “standard” and “reverse,” or “right” and “left”-hand units, may have
other terminal markings or arrangements.

5.5.4 Padmounted, compartmental-type transformers

For padmounted compartmental-type transformers with all terminals on one side of the case, the high-volt-
age compartment shall be located on the left side of the case, when facing the terminal side of the case. The
H1 terminal shall be located on the left of the high-voltage compartment. The compartment with the low-
voltage terminals shall be grouped on the right-hand side of the case when facing the terminal side of the

Figure 21—Terminal markings and locations for unit substation transformers
with high- and low-voltage sidewall bushings

NOTE—High-voltage terminals are denoted by H and low-voltage terminals are denoted by X.

*Neutral shall be located within dotted zone.

Figure 22—Terminal markings and locations for unit substation transformers with 
high-voltage cover bushings

*Neutral shall be located within dotted zone.
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case. The low-voltage neutral terminal, when required, shall be located to the left side of the low-voltage ter-
minal grouping followed by X1, X2, and X3 in a left-to-right-arrangement. ANSI C57.12.22-1989 and IEEE
Std C57.12.26-1992 should be referred to for the arrangements and specific dimensional requirements of the
terminal arrangements.

5.6 Interphase connections made outside of case

Where the interphase connections are made outside the case, the terminals shall be marked with the proper
letter followed by the numbers 1, 4, 7, 10, etc., for one phase; 2, 5, 8, 11, etc., for the second phase; and 3, 6,
9, 12, etc., for the third phase.

The markings shall be so applied that when a wye connection is made by joining together the highest num-
bered terminals of each phase, the requirements in this standard will apply except for 2.4.

5.7 Parallel operation

Transformers having terminals marked in accordance with this standard may be operated in parallel by con-
necting similarly marked terminals together, provided that their angular displacements are the same and also
provided that their ratios, voltages, resistances, reactances, and ground connections are such as to permit
parallel operation.

NOTE—In some cases, designs may be such as to permit parallel operation, although owing to a difference in the num-
ber of tap terminals, the terminals to be connected together may not be similarly marked.

6. Terminal markings for three-phase to six-phase transformers

6.1 General

The requirements for three-phase to six-phase transformers are set up on the basis that the three-phase winding
is always the H winding.

6.2 Marking of full winding terminals

The three terminals that connect to the three-phase winding shall be marked H1, H2, H3, and the six termi-
nals that connect to the full six-phase winding shall be marked X1, X2, X3, X4, X5, X6 (see Figure 23,
Group 1 and Group 2).
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6.3 Relation between three-phase and six-phase windings

The markings shall be so applied that if the phase sequence of voltage on the three-phase terminals is in the
order H1, H2, H3, it is in the time order X1, X2, X3, X4, X5, X6 on the six-phase terminals.

In order that the markings of terminal connections between phases will indicate definite phase relations, they
shall be made in accordance with one of the four six-phase groups shown in Figure 23, Group 1 and
Group 2. The angular displacement between the three-phase and six-phase windings is the angle in each of
the voltage phasor diagrams from its neutral through H1 and X1, respectively.

6.4 Tap leads

Where tap leads from the six-phase windings are brought out of the case (neutral lead excepted), they shall
have terminals marked as designated in 6.4.1 and 6.4.2.

6.4.1 Diametrical connections

Tap terminals shall be marked from the two ends of each phase winding toward the middle or neutral point in
the following order:

a) X7, X13, etc., from Xl toward neutral

b) X8, Xl4, etc., from X2 toward neutral

Figure 23—Terminal markings and voltage phasor diagrams for usual six-phase
transformer connections

NOTES
1—This figure is included to illustrate the method of marking transformer terminals that are brought out of the
case. Dash lines show angular displacement between high- and low-voltage windings.
2—Angular displacement is the angle between a line drawn from neutral to H1 and a line drawn from neutral to
X1 measured in a clockwise direction from H1 to X1.
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c) X9, Xl5, etc., from X3 toward neutral

d) X10, Xl6, etc., from X4 toward neutral

e) Xll, Xl7, etc., from X5 toward neutral

f) Xl2, Xl8, etc., from X6 toward neutral

See Figure 23(e).

A tap from the middle point of any phase winding not intended as a neutral shall be given a number deter-
mined by counting from Xl, X2, or X3 and not from X4, X5, or X6. For example, if the only taps brought out
are 50% starting taps, they shall be numbered X7, X9, and Xll.

6.4.2 Double-delta connection

Tap terminals shall be marked in the following order:

a) X7, Xl3, etc., from Xl toward X3

b) X8, Xl4, etc., from X2 toward X4

c) X9, X15, etc., from X3 toward X5

d) X10, Xl6, etc., from X4 toward X6

e) Xll, Xl7, etc., from X5 toward Xl

f) Xl2, Xl8, etc., from X6 toward X2

See Figure 23(f).

7. Use of transformers with standard voltage diagrams in connecting
systems of various phase displacements

7.1 General

On the basis of two power or source systems (hereafter referred to as systems), one with phase terminals
arbitrarily designated by A, B, C, and the other by a, b, c, the phase displacement of “a” with respect to “A”
may be from 0˚ to 330˚ in steps of 30˚. Examples are given in 7.2 through 7.4 of transformer connections
that may be made to transformers for any of these displacements.
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7.2 0˚ phase displacement: ∆-∆ or Y-Y

The following examples are for ∆-∆ connections with system displacements of 0˚, 120˚, and 240˚.

7.3 30˚ lagging phase displacement: ∆-Y or Y-∆ 

The following examples are for ∆-Y connections with system displacements of 30˚, 150˚, and 270˚ lagging.

7.4 30˚ leading phase displacement: ∆-Y or Y-∆

To connect systems with 30o, 270o, or 150o leading displacements, the procedure given in 7.3 is followed,
except that the sequence of connecting system terminals to the transformer is reversed by reversing any pair
of terminals on both systems, such as B, C and b, c.

For example, again using the ∆-Y diagram, when the diagram is shown in the usual form, the change in the
sequence of connections results in a reversal of phase rotation as seen by the transformer terminals.
Expressed in the recognized counterclockwise rotation, the equivalent diagrams are as follows.
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The leading displacements mentioned above can be expressed as lagging displacements for reference consis-
tency by subtracting the lead angle degrees from 360o. For example, the 30o leading displacement is the
same as 330o lagging displacement.

7.5 Summary of preceding examples

System Displacement Degrees See section Lag/lead

0 120 240 7.2 Lagging

30 150 270 7.3 Lagging

30 270 150 7.4 Leading
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(This introduction is not part of IEEE Std C57.12.80-2002, IEEE Standard Terminology for Power and Distribution
Transformers.)

 

This revision of ANSI/IEEE C57.12.80 incorporates a substantial number of changes since the last major
revision in 1978. In addition to providing many new terms, some of the more significant changes include:

a) The terms and their definitions are now listed in alphabetical order.

b) Cross-references are made to certain terms that appear in the International Electrotechnical Com-
mission Multilingual Dictionary of Electricity, Electronics and Telecommunications. These terms
can be identified when “(IEC)” follows the term.

c) Numerous cross-references have been added to related terms in the standard.  These appear follow-
ing the definition and are denoted by 

 

See also, Syn, See, 

 

and

 

 Contrast.

 

d) Obsolete cooling class designations (OA, OA/FA,  etc.) have been so designated and the correspond-
ing new terms (ONAN, ONAN/ONAF, etc.) have been added.

e) More precise definitions have replaced some previous definitions and miscellaneous corrections
have been made.
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IEEE Standard Terminology for 
Power and Distribution Transformers

1. Scope

This standard is a compilation of terminology and definitions primarily related to electric power and
distribution transformers and associated apparatus. It also includes similar data relating to power systems
and insulation that is commonly involved in transformer technology.

Cross-references are made to certain terms that appear in IEC 50, the international standard for International
Electrotechnical Vocabulary. These terms can be identified when “(IEC)” follows the term.

2. References

IEC 50, International Electrotechnical Commission, International Electrotechnical Vocabulary.1

IEEE Std 1-1986, IEEE Standard General Principles for Temperature Limits in the Rating of Electric
Equipment and for the Evaluation of Electrical Insulation.2,3, 4

IEEE Std 4−1995, IEEE Standard Techniques for High-Voltage Testing.

IEEE C57.12.00−2000, IEEE Standard General Requirements for Liquid-Immersed Distribution, Power,
and Regulating Transformers.

IEEE C57.12.01−1998, IEEE Standard General Requirements for Dry-Type Distribution and Power
Transformers Including Those with Solid Cast and/or Resin Encapsulated Windings. 

IEEE C57.12.90−1999, Standard Test Code for Liquid-Immersed Distribution, Power, and Regulating
Transformers.

1IEC publications are available from the Sales Department of the International Electrotechnical Commission, Case Postale 131, 3, rue
de Varembé, CH-1211, Genève 20, Switzerland/Suisse (http://www.iec.ch/). IEC publications are also available in the United States
from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor, New York, NY 10036, USA.
2The IEEE standards or products referred to in Clause 2 are trademarks owned by the Institute of Electrical and Electronics Engineers,
Incorporated.
3IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA (http://standards.ieee.org/).
4IEEE Std 1-1986 has been withdrawn; however, copies can be obtained from Global Engineering, 15 Inverness Way East, Englewood,
CO 80112-5704, USA, tel. (303) 792-2181 (http://global.ihs.com/).
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IEEE C57.12.91™-1995 (Reaff 2001), IEEE Standard Test Code for Dry-Type Distribution and Power
Transformers. 

3. Definitions 

3.1 AA: The cooling class for a dry-type self-cooled transformer or reactor that is cooled by the natural
circulation of air. Syn: AN (IEC).

3.2 AA/FA: The cooling class for a dry-type transformer that has a self-cooled rating with cooling obtained
by the natural circulation of air and a forced-air-cooled rating with cooling obtained by the forced circulation
of air. Syn: AN/AF (IEC).

3.3 accessible: Admitting close approach because not guarded by locked doors, elevation, or other effective
means.

3.4 accessories: Devices that perform a secondary or minor duty as an adjunct or refinement to the primary
or major duty of a unit of equipment.

3.5 additive: A chemical compound or compounds added to an insulating fluid for the purpose of imparting
new properties or altering those properties that the fluid already has.

3.6 AFA: The cooling class for a dry-type forced-air-cooled transformer that derives its cooling by the
forced circulation of air. Syn: AF (IEC).

3.7 alternating current: A periodic current the average value of which over a period is zero. 

NOTE—Unless distinctly specified otherwise, the term alternating current refers to a current that reverses at regularly
recurring intervals of time and that has alternately positive and negative values.

3.8 alternating-current saturable reactor: A reactor whose impedance varies cyclically with the
alternating current (or voltage).

3.9 alternating-current winding of a rectifier transformer: The primary winding that is connected to the
alternating-current circuit and usually has no conductive connection with the main electrodes of the rectifier.

3.10 ambient sound pressure level: The sound pressure level measured at the test facility or at the
substation without the transformer energized.

3.11 ambient temperature: The temperature of the medium such as air, water, or earth into which the heat
of the equipment is dissipated.

NOTES: 

1—For self-ventilated equipment, the ambient temperature is the average temperature of the air in the immediate
neighborhood of the equipment. 

2—For air- or gas-cooled equipment with forced ventilation or secondary water cooling, the ambient temperature is
taken as that of the in-going air or cooling gas. 

3—For self-ventilated enclosed (including oil-immersed) equipment considered as a complete unit, the ambient
temperature is the average temperature of the air outside of the enclosure in the immediate neighborhood of the
equipment.
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3.12 ampacity: Current-carrying capacity expressed in amperes, of a wire or cable under stated thermal
conditions.

3.13 angular displacement of a polyphase transformer: The phase angle expressed in degrees between
the line-to-neutral voltage of the reference identified high-voltage terminal and the line-to-neutral voltage of
the corresponding identified low-voltage terminal. 

NOTE—The preferred connection and arrangement of terminal markings for polyphase transformers are those that have
the smallest possible phase-angle displacements and are measured in a clockwise direction from the line-to-neutral
voltage of the reference identified high-voltage terminal. Thus standard three-phase transformers have angular
displacements of either zero or 30 degrees.

3.14 anode paralleling reactor: A reactor used with rectifiers with a set of mutually coupled windings
connected to anodes operating in parallel from the same transformer terminal.

3.15 ANV: The cooling class for a dry-type nonventilated self-cooled transformer, which is so constructed as
to provide no intentional circulation of external air through the transformer, and that operates at zero gauge
pressure. Syn: ANAN (IEC). 

3.16 apparatus: A general designation for large electrical equipment such as generators, motors,
transformers, circuit breakers, etc.

3.17 apparent charge: A charge that, if it could be injected instantaneously between the terminals of a test
object, would momentarily change the voltage between its terminals by the same amount as the partial
discharge itself. It is expressed in coulombs and abbreviated as C. One pC is equal to 10–12 C.

3.18 applied voltage tests: Dielectric tests in which the test voltages are low-frequency alternating voltages
from an external source applied between conducting parts and ground without exciting the core of the
transformer being tested. See also: induced voltage tests, low-frequency dielectric tests.

3.19 arcing switch (in an LTC): A switching device used in conjunction with a tap selector to carry, make,
and break currents in circuits that have already been selected. See also: diverter switch (IEC).

3.20 arcing tap switch (in an LTC): A switching device capable of carrying current and also breaking and
making current while selecting a tap position. It, thereby, combines the duties of an arcing switch and a tap
selector. See also: selector switch (IEC).

3.21 articulated unit substation: A unit substation in which the incoming, transforming, and outgoing
sections are manufactured as one or more subassemblies intended for connection in the field.

3.22 askarel: A generic term for a group of synthetic, fire-resistant, chlorinated, aromatic hydrocarbons used
as electrical insulating liquids. They have a property under arcing conditions such that any gases produced
will consist predominantly of noncombustible hydrogen chloride with lesser amounts of combustible gases.

3.23 autotransformer: A transformer in which at least two windings have a common section.

3.24 average winding rise: See: average winding temperature rise.

3.25 average winding temperature: The average temperature of a winding as determined from the ohmic
resistance measured across the terminals of the winding in accordance with the cooling curve procedure
specified in IEEE C57.12.90.

3.26 average winding temperature rise: The arithmetic difference between the average winding
temperature of a winding and the ambient temperature. 
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3.27 average winding temperature rise of a transformer: The arithmetic difference between the average
winding temperature of the hottest winding and the ambient temperature.

3.28 A-weighted sound level: Loudness that is measured with a sound-level meter using the A-weighted
response filter that is built into the meter circuitry. The A-weighting filter is commonly used to measure
community noise, and it simulates the frequency response of the human ear. 

3.29 bar-type current transformer: One that has a fixed and straight single primary winding turn passing
through the magnetic circuit. The primary winding and secondary winding(s) are insulated from each other
and from the core(s) and are assembled as an integral structure. 

3.30 basic lightning impulse insulation level (BIL): A specific insulation level expressed in kilovolts of the
crest value of a standard lightning impulse.

3.31 basic switching impulse insulation level (BSL): A specific insulation level expressed in kilovolts of
the crest value of a standard switching impulse.

3.32 bottom-oil temperature: The temperature of the liquid in a liquid-immersed transformer as measured
at an elevation just below the bottom of the coils or in the oil flowing from the liquid cooling equipment into
the transformer.

3.33 bottom-oil temperature rise: The arithmetic difference between the bottom-oil temperature and the
ambient air temperature.

3.34 burden of an instrument transformer: That property of the circuit connected to the secondary
winding that determines the active and reactive power at the secondary terminals. 

NOTE—The burden is expressed either as total ohms impedance with the effective resistance and reactance components,
or as the total volt-amperes and power factor at the specified value of current or voltage and frequency. 

3.35 bushing: An insulating structure including a central conductor, or providing a central passage for a
conductor, with provision for mounting on a barrier, conducting or otherwise, for the purpose of insulating
the conductor from the barrier and conducting current from one side of the barrier to the other.

3.36 bushing elbow: An insulated device used to connect insulated conductors to separable insulated
connectors on dead-front, pad-mounted transformers and to provide a fully insulated connection. Syn: elbow
connector.

3.37 bushing insert: That component of a separable insulated connector that is inserted into a bushing well
to complete a dead-front, load break or non-load break, separable insulated connector (bushing).

3.38 bushing test tap: A connection to one of the conducting layers of a capacitance graded bushing for
measurement of partial discharge, power factor, and capacitance values. 

3.39 bushing-type current transformer: One that has an annular core and a secondary winding insulated
from and permanently assembled on the core but has no primary winding nor insulation for a primary
winding. This type of current transformer is for use with a fully insulated conductor as the primary winding.
A bushing-type current transformer usually is used in equipment where the primary conductor is a
component part of other apparatus.

3.40 bushing voltage tap: A connection to one of the conducting layers of a capacitance graded bushing
providing a capacitance voltage divider. 
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3.41 bushing well: A component of a separable insulated connector, either permanently welded or clamped
to an enclosure wall or barrier, having a cavity that receives a replaceable component (bushing insert) to
complete the separable insulated connector (bushing).

3.42 bus reactor: A current-limiting reactor for connection between two different buses or two sections of
the same bus for the purpose of limiting and localizing the disturbance due to a fault in either bus.

3.43 capacitance graded bushing: A bushing in which metallic or nonmetallic conducting layers are
arranged within the insulating material for the purpose of controlling the distribution of the electric field of
the bushing, both axially and radially.

3.44 cascade-type voltage transformer: A voltage transformer that has an insulated-neutral or grounded-
neutral terminal and that has the primary winding subdivided into two or more (usually equal) series-
connected sections, mounted on one or more magnetic cores, and that has the secondary winding located
about the core at the neutral end of the primary winding. The sections of the primary winding are coupled by
“coupling windings.” The cores, if more than one, are insulated from each other and connected to definite
voltage levels along the primary winding.

3.45 cast coil transformer: A dry-type transformer in which the coils of at least one winding are cast
(encapsulated) into a thermosetting resin that solidifies to become a solid, rigid, insulating system protecting
the coils from contact with water, some contaminants, and damage due to casual physical contact.

3.46 change-over selector (in an LTC): A device designed to carry, but not to make or break current, used
in conjunction with a tap selector or arcing tap switch to enable its contacts, and the connected taps, to be
used more than once when moving from one extreme position to the other. This device is commonly referred
to as a reversing switch. See also: change-over selector (IEC). 

3.47 chopped-wave lightning impulse test: A voltage impulse that is terminated intentionally by sparkover
of a gap, which occurs subsequent to the maximum crest of the impulse wave voltage, with a specified
minimum crest voltage and a specified minimum time to flashover.

3.48 circulating current (in an LTC): The current that flows through the transition impedance as a result of
two taps being bridged during a tap change operation for resistance type LTCs or being in the bridging
position for reactance type LTCs. See also: circulating current (IEC).

3.49 Class 2 transformer: A step-down transformer of the low-secondary-voltage type, suitable for use in
Class 2 remote-control low-energy circuits. It shall be of the energy-limiting type or of a non-energy-
limiting type equipped with an overcurrent device.

NOTE—“Low-secondary-voltage,” as used here, has a value of approximately 24 V.

3.50 Class 105 insulation system: Materials or combinations of materials, which by experience or accepted
tests, have been shown to give the required life at a continuous temperature of 105 °C. 

3.51 Class 130 insulation system: Materials or combinations of materials, which by experience or accepted
tests, have been shown to give the required life at a continuous temperature of 130 °C.

3.52 Class 155 insulation system: Materials or combinations of materials, which by experience or accepted
tests, have been shown to give the required life at a continuous temperature of 155 °C. 

3.53 Class 180 insulation system: Materials or combinations of materials, which by experience or accepted
tests, have been shown to give the required life at a continuous temperature of 180 °C. 
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3.54 Class 220 insulation system: Materials or combinations of materials, which by experience or accepted
tests, have been shown to give the required life at a continuous temperature of 220 °C. 

3.55 Class over-220 insulation system: Materials or combinations of materials, which by experience or
accepted tests, have been shown to give the required life at a continuous temperature at temperatures over
220 °C. 

NOTE—The six class insulation system temperatures defined above are and have been, in most cases over a long period
of time, benchmarks descriptive of the various classes of insulating materials, and various accepted test procedures have
been or are being developed for use in their identification. They should not be confused with the actual temperatures at
which these same classes of insulating materials may be used in the various specific types of equipment, nor with the
temperatures on which specified temperature rises in equipment standards are based. 

In the previous definitions the words “accepted tests” are intended to refer to recognized test procedures established for
the thermal evaluation of materials by themselves or in simple combinations. Experience or test data, used in classifying
insulating materials, are distinct from the experience or test data derived for the use of materials in complete insulation
systems. The thermal endurance of complete systems may be determined by test procedures specified by the responsible
technical committees. A material that is classified as suitable for a given temperature may be found suitable for a
different temperature, either higher or lower, by an insulation system test procedure. For example, it has been found that
some materials suitable for operation at one temperature in air may be suitable for a higher temperature when used in a
system operated in an inert gas atmosphere. Likewise, some insulating materials when operated in dielectric liquids will
have lower or higher thermal endurance than in air. 

It is important to recognize that other characteristics, in addition to thermal endurance, such as mechanical strength,
moisture resistance, and partial discharge (corona) endurance, are required in varying degrees in different applications
for the successful use of insulating materials.

3.56 Class A insulation: See: class 105 insulation system.

3.57 Class B insulation: See: class 130 insulation system.

3.58 Class F insulation: See: class 155 insulation system.

3.59 Class H insulation: See: class 180 insulation system.

3.60 Class >H insulation: See: class 220 insulation system.

3.61 coefficient of grounding: The ratio (ELG/ELL) expressed as a percentage, of the highest root-mean-
square line-to-ground power-frequency voltage (ELG) on a sound phase, at a selected location, during a fault
to earth affecting one or more phases to the line-to-line power-frequency voltage (ELL) that would be
obtained, at the selected location, with the fault removed. 

NOTES:

1—Coefficients of grounding for three-phase systems are calculated from the phase-sequence impedance components as
viewed from the selected location. For machines, use the subtransient reactance. 

2—The coefficient of grounding is useful in the determination of a surge arrester rating for a selected location. 

3—A value not exceeding 80 percent is obtained approximately when for all system conditions the ratio of zero-
sequence reactance to positive-sequence reactance is positive and less than three, and the ratio of zero-sequence
resistance to positive-sequence reactance is positive and less than one.

3.62 coil (of a transformer): The assemblage of windings that encircle a ferromagnetic core leg (limb) for
the purpose of producing or linking magnetic flux. See also: winding of a transformer.

3.63 combustible material: Materials that are external to the apparatus and made of or surfaced with wood,
compressed paper, plant fibers, or other materials that will ignite and support flame.
6 Copyright © 2002 IEEE. All rights reserved.
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3.64 common winding of an autotransformer: That part of the autotransformer winding that is common to
both the primary and the secondary circuits.

3.65 commutating reactor: A reactor used with rectifiers primarily to modify the rate of current transfer
between rectifying elements.

3.66 compound-filled transformer: A transformer in which the windings are enclosed with an insulating
fluid that becomes solid, or remains slightly plastic, at normal operating temperatures.

NOTE—The shape of the compound-filled transformer is determined in large measure by the shape of the container or
mold used to contain the fluid before solidification.

3.67 concentric winding: An arrangement of transformer windings where the primary and secondary
windings, and the tertiary winding, if any, are located in radial progression about a common core.

3.68 conduit knockout: See: knockout.

3.69 conformance tests: Tests that are specifically made to demonstrate conformity with applicable
standards.

3.70 conservator: An oil preservation system in which the oil in the main tank is isolated from the
atmosphere, over the temperature range specified, by means of an auxiliary tank partly filled with oil and
connected to the completely filled main tank.

3.71 constant-current transformer: A transformer that automatically maintains an approximately constant
current in its secondary circuit under varying conditions of load impedance when supplied from an
approximately constant-voltage source. See also: current regulation of a constant-current transformer;
impedance voltage of a constant-current transformer; rated kilowatts of a constant-current
transformer; rated primary voltage of a constant-current transformer; rated secondary current of a
current transformer. 

3.72 constant-voltage transformer: A transformer that maintains an approximately constant-voltage ratio
over the range from zero to rated output.

3.73 contactor: A device for repeatedly establishing and interrupting an electric power circuit.

3.74 continuous duty: A duty that demands operation at a substantially constant load for an indefinitely
long time.

3.75 continuous rating: The maximum constant load that can be carried continuously without exceeding
established temperature-rise limitations under prescribed conditions. 

3.76 continuous thermal current rating factor (RF): The number by which the rated primary current of a
current transformer is multiplied to obtain the maximum primary current that can be carried continuously
without exceeding the limiting temperature rise from 30º C average ambient air temperature. The RF of
tapped-secondary or multiratio current transformers applies to the highest ratio, unless otherwise stated. 

NOTE—When current transformers are incorporated internally as parts of larger transformers or power circuit breakers,
they shall meet allowable average winding and hot-spot temperature limits under the specific conditions and
requirements of the larger apparatus.

3.77 control power winding: The winding (or transformer) that supplies power to motors, relays, and other
devices used for control purposes.
Copyright © 2002 IEEE. All rights reserved. 7
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3.78 control transformers: Step-down transformers generally used in circuits that are characterized by low
power levels and that contribute to a control function, such as in heating and air conditioning, printing, and
general industrial controls.

3.79 core: An element made of magnetic material, serving as part of a path for magnetic flux.

3.80 core form transformer: A transformer in which those parts of the magnetic circuit surrounded by the
windings have the form of legs with two common yokes. See also: shell form transformer.

3.81 core loss: The power dissipated in a magnetic core subjected to a time-varying magnetizing force. Core
loss includes hysteresis and eddy-current losses of the core.

3.82 corona: Obsolete term. See: partial discharge (PD).

3.83 corrosion-resistant: So constructed, protected, or treated that corrosion will not exceed specified limits
under specified test conditions.

3.84 creepage distance: The shortest distance between two conducting parts measured along the surface or
joints of the insulating material between them.

3.85 crest factor: For a periodic function, the ratio of its crest (peak, maximum) value to its root-mean-
square (rms) value.

3.86 crest value: The maximum absolute value of a function when such a maximum exists.

3.87 current-limiting fuse: A fuse that, when it is melted by a current within its specified current-limiting
range, abruptly introduces a high arc voltage to reduce the current magnitude and duration. 

NOTE—The values specified in standards for the threshold ratio, peak let-through current, and I2t characteristic are used
as the measures of current-limiting ability.

3.88 current-limiting reactor: A reactor intended for limiting the current that can flow in a circuit under
short-circuit conditions, or under other operating conditions such as starting, synchronizing, etc. Syn: series
reactor (IEC).

3.89 current regulation of a constant-current transformer: The maximum departure of the secondary
current from its rated value with rated primary voltage at rated frequency applied, and at rated secondary
power factor, and with the current variation taken between the limits of a short circuit and rated load. 

NOTE—This regulation may be expressed in per unit, or percent, on the basis of the rated secondary current.

3.90 current transformer: An instrument transformer intended to have its primary winding connected in
series with the conductor carrying the current to be measured or controlled. 

NOTE—In window-type current transformers, the primary winding is provided by the line conductor and is not an
integral part of the transformer.

3.91 C-weighted sound level: Loudness that is measured with a sound level meter using the C-weighted
filter that is built into the sound level meter. The C-weighting has only little dependence on frequency over
the greater part of the audible frequency range. 

3.92 cycle: The complete series of values of a periodic quantity that occurs during a period. 

NOTE—It is one complete set of positive and negative values of an alternating current.
8 Copyright © 2002 IEEE. All rights reserved.



IEEE
IEEE STANDARD TERMINOLOGY FOR POWER AND DISTRIBUTION TRANSFORMERS Std C57.12.80-2002
3.93 dead-break connector: A separable insulated connector designed to be separated and engaged on de-
energized circuits only.

3.94 dead front: A pad-mounted transformer that utilizes elbow (or separable, insulated) connectors to
terminate the high-voltage cables.

3.95 dead-metal part: A part, accessible or inaccessible, which is conductively connected to the grounded
circuit under conditions of normal use of the equipment.

3.96 degree of polymerization (of cellulosic paper): The average number of anhydrous-b-glucose
monomer, C6H10O5, in the cellulose molecules.

3.97 delta connection: So connected that the windings of a three-phase transformer (or the windings for the
same rated voltage of single-phase transformers associated in a three-phase bank) are connected in series to
form a closed circuit.

3.98 design family: A group of transformer designs that share common characteristics such as design
arrangement, materials, and design stresses to meet performance characteristics such as temperature rise,
impedance, losses, and seismic capability. Due to different ratings, the transformers may have dimensional
differences.

3.99 design tests: Those tests made to determine the adequacy of the design of a particular type, style, or
model of equipment or its component parts to meet its assigned ratings and to operate satisfactorily under
normal service conditions or under special conditions if specified, and to demonstrate compliance with
appropriate standards of the industry. Syn: type test (IEC). 

NOTE—Design tests are made only on representative apparatus to substantiate the ratings assigned to all other apparatus
of basically the same design. These tests are not intended to be used as a part of normal production. The applicable
portion of these design tests may also be used to evaluate modifications of a previous design and to assure that
performance has not been adversely affected. Test data from previous similar designs may be used for current designs,
where appropriate. Once made, the tests need not be repeated unless the design is changed so as to modify performance.

3.100 dielectric withstand voltage tests: Tests made to determine the ability of insulating materials and
spacings to withstand specified overvoltages for a specified time without flashover or puncture. 

NOTE—The purpose of the tests is to determine the adequacy against breakdown of insulating materials and spacings
under normal or transient conditions.

3.101 direct buried transformer: A transformer designed to be buried in the earth with connecting cables.

3.102 direct-current winding of rectifier transformer: The secondary winding that is conductively
connected to the main electrodes of the rectifier, and that conducts the direct current of the rectifier.

3.103 directed flow: The principal part of the pumped insulating fluid from heat exchangers or radiators is
forced, or directed, to flow through specific paths in the winding. See also: ODAF and ODWF.

3.104 distributed-network type unit substation: A unit substation that has a single step-down transformer
having its outgoing side connected to a bus through a circuit breaker equipped with relays that are arranged
to trip the circuit breaker on reverse power flow to the transformer and to reclose the circuit breaker upon the
restoration of the correct voltage, phase angle, and phase sequence at the transformer secondary. The bus has
one or more outgoing radial (stub-end) feeders and one or more tie connections to a similar unit substation.

3.105 distribution transformer: A transformer for transferring electrical energy from a primary distribution
circuit to a secondary distribution circuit or consumer's service circuit. See also: power transformer.
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3.106 double-secondary current transformer: One that has two secondary coils each on a separate
magnetic circuit with both magnetic circuits excited by the same primary winding.

3.107 double-secondary voltage transformer: One that has two secondary windings on the same magnetic
circuit insulated from each other and the primary.

3.108 draw-lead bushing: A bushing that will allow the use of a draw-lead conductor. 

3.109 draw-lead conductor: A cable or solid conductor that has one end connected to the transformer or
reactor winding and the other end drawn through the central tube of the bushing and connected to the top of
the bushing.

3.110 dripproof enclosure: An enclosure, usually for indoor application, so constructed or protected that
falling drops of liquid or solid particles that strike the enclosure at any angle within a specified variation
from the vertical shall not interfere with the successful operation of the enclosed equipment.

3.111 driptight enclosure: An enclosure so constructed that falling drops of liquid or solid particles striking
the enclosure at any angle within a specified variation from the vertical cannot enter the enclosure either
directly or by striking and running along a horizontal or inwardly inclined surface.

3.112 dry-type forced-air-cooled transformer: See: AFA.

3.113 dry-type nonventilated self-cooled transformer: See: ANV. 

3.114 dry-type self-cooled transformer: See: AA.

3.115 dry-type self-cooled/forced-air-cooled transformer: See: AA/FA.

3.116 dry-type transformer: A transformer in which the core and coils are in a gaseous or dry compound
insulating medium. See also: cast coil transformer; gas-filled transformer; nonventilated dry-type
transformer; sealed transformer; ventilated dry-type transformer.

3.117 duplex transformer: A transformer consisting of two single-phase transformers, of equal or unequal
ratings, in a common enclosure, generally for the purpose of supplying a load consisting of a large single-
phase load and a smaller three-phase load in combination. The two single-phase transformers may be
connected open wye-open delta, or open delta-open delta.

3.118 duplex-type unit substation: A unit substation that has two step-down transformers, each connected
to an incoming high-voltage circuit. The outgoing side of each transformer is connected to a radial (stub-
end) feeder. These feeders are joined on the feeder side of the power circuit breakers by a normally open-tie
circuit breaker.

3.119 dusttight enclosure: An enclosure so constructed that dust will not enter the enclosing case under
specified conditions.

3.120 duty: A requirement of service that defines the degree of regularity of the load.

3.121 eddy-current loss: The energy loss in conductors resulting from the flow of eddy currents and
circulating currents (if any) in parallel windings or in parallel winding strands. There is no test method to
determine individual winding eddy loss or to separate transformer stray loss from eddy loss. The total stray
and eddy loss is determined by measuring the total load loss during the impedance test. The total stray and
eddy loss is determined by subtracting the I2R loss from the load loss as follows:
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where

PEC is the eddy current loss, watts,
PSL is the stray loss, watts,
PLL is the load loss, watts,

I2R is the loss due to current and resistance, watts.

3.122 eddy currents: The currents that are induced in the body of a conducting mass by the time variation
of magnetic flux.

3.123 effectively grounded: An expression that means grounded through a grounding connection of
sufficiently low impedance (inherent or intentionally added, or both) that fault grounds that may occur
cannot build up voltages in excess of limits established for apparatus, circuits, or systems so grounded. 

NOTE—An alternating-current system or portion thereof may be said to be effectively grounded when, for all points on
the system or specified portion thereof, the ratio of zero-sequence reactance to positive-sequence reactance is less than
three and the ratio of zero-sequence resistance to positive-sequence reactance is less than one for any condition of
operation and for any amount of connected generator capacity.

3.124 efficiency: The ratio of the useful power output to the total power input.

3.125 elbow connector: An insulated device used to connect insulated current carrying conductors to
separable insulated connectors on dead-front, pad-mounted transformers and provide a fully insulated
connection. Syn: bushing elbow.

3.126 enclosure: A surrounding case or housing used to protect the contained equipment and prevent
personnel from accidentally contacting live parts.

3.127 energy limiting transformer: A transformer that is intended for use on an approximately constant-
voltage supply circuit and that has sufficient inherent impedance to limit the output current to a thermally
safe maximum value.

3.128 equipment: A general term including material, fittings, devices, appliances, fixtures, apparatus, and
the like, as a part of, or in connection with, an electrical installation.

3.129 equivalent two-winding kVA rating: The equivalent two-winding rating of multiwinding
transformers or autotransformers is one-half the sum of the kVA ratings of all windings. 

NOTE—It is customary to base this equivalent two-winding kVA rating on the self-cooled rating of the transformer.

3.130 excitation current: The current that flows in any winding used to excite the transformer when all
other windings are open-circuited. It is usually expressed in percent of the rated current of the winding in
which it is measured.

3.131 excitation losses for an instrument transformer: The watts required to supply the energy necessary
to excite the transformer, which includes the dielectric watts, the core watts, and the watts in the excited
winding due to the excitation current.

3.132 excitation-regulating winding of a two-core regulating transformer: A two-core regulating
transformer design in which the main unit has one winding operating as an autotransformer that performs

PEC PSL PLL I2–= R+
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both functions listed under excitation winding of a two-core regulating transformer and regulating
winding of a two-core regulating transformer.

3.133 excitation winding of a two-core regulating transformer: The winding of the main unit, which
draws power from the system to operate the two-core transformer.

3.134 excited winding of a two-core regulating transformer: The winding of the series unit that is excited
from the regulating winding of the main unit.

3.135 extended delta connection: A connection similar to a delta, but with a winding extension at each
corner of the delta, each of which is 120 degrees apart in phase relationship. 

NOTE—This connection may be used as an autotransformer to obtain a voltage change or a phase shift, or a
combination of both.

3.136 external insulation: The external insulating surfaces and the surrounding air. 

NOTE—The dielectric strength of external insulation is dependent on atmospheric conditions.

3.137 feeder reactor: A current-limiting reactor for connection in series with an alternating-current feeder
circuit for the purpose of limiting and localizing the disturbance due to faults on the feeder.

3.138 ferroresonance: A phenomenon usually characterized by overvoltages and very irregular wave shapes
and associated with the excitation of one or more saturable inductors through capacitance in series with the
inductor.

3.139 filter reactor: A reactor used to reduce harmonic voltage in alternating-current or direct-current
circuits.

3.140 flush-mounted device: A device in which the body projects only a small specified distance in front of
the mounting surface.

3.141 FOA: Obsolete term. See: ODAF or OFAF.

3.142 FOW: Obsolete term. See: ODWF or OFWF.

3.143 frequency: The number of periods occurring per unit time.

3.144 front-plate: The sidewall of a tank enclosing the core and coils of a liquid-immersed, pad-mounted
transformer, on which the bushing terminals are mounted.

3.145 front-of-wave lightning impulse test: A voltage impulse, with a specified rate-of-rise, that is
terminated intentionally by sparkover of a gap that occurs on the rising front of the voltage wave with a
specified time to sparkover and a specified minimum crest voltage.

3.146 full-wave lightning impulse test: Application of the “standard lightning impulse” wave, a full wave
having a front time of 1.2 µs and a time to half value of 50 µs, described as a 1.2/50 µs impulse. See also:
standard lightning impulse.

3.147 furnace transformer: A transformer that is designed to be connected to an electric arc furnace. Syn:
arc furnace transformer (IEC).

3.148 fused-type voltage transformer: One that is provided with the means for mounting a fuse, or fuses,
as an integral part of the transformer in series with the primary winding.
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3.149 GA: The cooling class for a sealed dry-type self-cooled transformer with a hermetically sealed tank. 

NOTE—The insulating gas may be air, nitrogen, or other gases (such as fluorocarbons) with high dielectric strength.

3.150 gas-filled transformer: A sealed transformer, except that the windings are immersed in a dry gas that
is other than air or nitrogen.

3.151 gas-oil sealed system: A system in which the interior of the tank is sealed from the atmosphere, over
the temperature range specified, by means of an auxiliary tank or tanks to form a gas-oil seal operating on
the manometer principle.

3.152 general purpose transformers: Step-up or step-down transformers or autotransformers generally
used in secondary distribution circuits of 600 V or less in connection with power and lighting service.

3.153 grounded: Connected to earth or to some extended conducting body that serves instead of the earth,
whether the connection is intentional or accidental. Syn: earthed (IEC).

3.154 grounded system: A system of conductors in which at least one conductor or point (usually the
middle wire or neutral point of transformer or generator windings) is intentionally grounded, either solidly
or through a current-limiting device.

3.155 ground-fault neutralizer grounded (resonant grounded): Reactance grounded through such values
of reactance that, during a fault between one of the conductors and earth, the rated-frequency current flowing
in the grounding reactances and the rated-frequency capacitance current moving between the unfaulted
conductors and earth shall be substantially equal. 

NOTES:

1—In the fault these two components of current will be substantially 180 degrees out of phase. 

2—When a system is ground-fault neutralizer grounded, it is expected that the quadrature component of the rated-
frequency single-phase-to-ground fault current will be so small that an arc fault in air will be self-extinguishing.

3.156 grounding transformer: A transformer intended primarily to provide a neutral point for grounding
purposes. Syn: three phase earthing transformer (IEC). See also: rated kVA of a grounding
transformer; voltage rating of a grounding transformer. 

NOTE—A grounding transformer may be provided with a ∆ winding in which resistors or reactors are connected. See
also: stabilizing winding.

3.157 group-series loop insulating transformer: An insulating transformer whose secondary is arranged to
operate a group of series lamps or a series group of individual-lamp transformers.

3.158 harmonic factor: The ratio of the effective value of all the harmonics to the effective value of the
fundamental.

Harmonic factor =  (for voltage)

Harmonic factor =  (for current)

3.159 heat exchanger: A device attached to an oil-filled transformer for the purpose of exchanging heat
from the transformer oil to either ambient air or to water.

3.160 hertz: The unit of frequency (cycles per second).
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3.161 high fire point fluid: See: less-flammable insulating fluid

3.162 high molecular weight hydrocarbon (HMWH) insulating fluid: A specially refined paraffinic
hydrocarbon based less-flammable insulating liquid and coolant for use in fire-resistant indoor and outdoor
transformers, which generally conforms to ASTM D5222 when new.

3.163 high power factor transformer: A high-reactance transformer that has a power-factor-correcting
device, such as a capacitor, so that the input current is at a power factor of not less than 90 percent when the
transformer delivers rated current to its intended load device.

3.164 high-reactance transformer: An energy-limiting transformer that has sufficient inherent reactance to
limit the output current to a maximum value.

3.165 high-voltage and low-voltage windings: The terms high voltage and low voltage are used to
distinguish the winding having the greater from that having the lesser voltage rating.

3.166 hoeppner connection: A three-phase transformer connection involving transformation from a wye
winding to the combination of a delta winding and a zigzag winding, which are connected permanently in
parallel.

NOTE—This connection is used when a wye-delta connection is needed, with ground connections on both primary and
secondary windings.

3.167 hot-spot: A nonrecommended, abbreviated term occasionally used as a synonym for either hottest-
spot temperature, or hottest-spot temperature rise. 

3.168 hottest-spot rise: See: hottest-spot temperature rise.

3.169 hottest-spot temperature: The hottest temperature of the current carrying components of a
transformer in contact with insulation or insulating fluid.

3.170 hottest-spot temperature rise: The arithmetic difference between the hottest-spot temperature and
the ambient temperature.

3.171 hysteresis loss: The energy loss in magnetic material that results from an alternating magnetic field as
the elementary magnets within the material seek to align themselves with the reversing magnetic field.

3.172 ignition transformer: Step-up transformer generally used for electrically igniting oil, gas, or gasoline
in domestic, commercial, or industrial heating equipment.

3.173 impedance drop: The phasor sum of the resistance voltage drop and the reactance voltage drop. 

NOTE—For transformers, the resistance drop, the reactance drop, and the impedance drop are, respectively, the sum of
the primary and secondary drops reduced to the same terms. They are determined from the load-loss measurements and
are usually expressed in per unit or in percent.

3.174 impedance grounded: Grounded through impedance. 

NOTE—The component of the impedance need not be at the same location as the device to be grounded.

3.175 impedance kVA (rated): The kVA measured in the excited winding with the other winding short-
circuited and with sufficient voltage applied to the excited winding to cause rated current to flow in the
winding.
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3.176 impedance voltage of a constant-current transformer: The measured primary voltage required to
circulate rated secondary current through the short-circuited secondary coil for a particular coil separation.

NOTE—It is usually expressed in per unit or percent of the rated primary voltage.

3.177 impedance voltage of a transformer: The voltage required to circulate rated current through one of
two specified windings of a transformer when the other winding is short-circuited, with the windings
connected as for rated voltage operation. 

NOTE—It is usually expressed in per unit, or percent, of the rated voltage of the winding in which the voltage is
measured.

3.178 impulse test: An insulation test in which the voltage applied is an impulse voltage of specified wave
shape.

3.179 individual-lamp autotransformer: A series autotransformer that transforms the primary current to a
higher or lower current as required for the operation of an individual street light.

3.180 individual-lamp insulating transformer: An insulating transformer used to protect the secondary
circuit, casing, lamp, and associated luminaire of an individual street light from the high-voltage hazard of
the primary circuit.

3.181 indoor: When used as a prefix, meaning not suitable for exposure to the weather. 

NOTE—For example, indoor equipment designed for indoor service or for use in a weatherproof housing.

3.182 indoor transformer: A transformer that, because of its construction, must be protected from the
weather.

3.183 induced voltage tests: Induced voltage tests are dielectric tests on transformer windings in which the
appropriate test voltages are developed in the windings by magnetic induction. See also: applied voltage
tests, low-frequency dielectric tests.

NOTE—Power for induced voltage tests is usually supplied at higher-than-rated frequency to avoid core saturation and
excessive excitation current.

3.184 induction voltage regulator: A regulating transformer having a primary winding in shunt and a
secondary winding in series with a circuit, for gradually adjusting the voltage or the phase relation, or both,
of the circuit by changing the relative magnetic coupling of the exciting (primary) and series (secondary)
windings.

3.185 inert gas-pressure system: A system in which the interior of the tank is sealed from the atmosphere,
over the temperature range specified, by means of a positive pressure of inert gas maintained from a separate
inert gas source and reducing valve system.

3.186 inhibited oil: Mineral transformer oil to which a synthetic oxidation inhibitor has been added.

3.187 inhibitor: Any substance that when added to an electrical insulating fluid retards or prevents
undesirable reactions. 

3.188 inside top air temperature: The temperature of the air inside a dry-type transformer enclosure,
measured in the space above the core and coils.
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3.189 instrument transformer: A transformer that is intended to reproduce in its secondary circuit, in a
definite and known proportion, the current or voltage of its primary circuit, with the phase relations and
waveform substantially preserved. 

3.190 insulated-neutral terminal-type voltage transformer: A voltage transformer that has the neutral
end of the high-voltage winding insulated from the case or base and connected to a terminal that provides
insulation for a lower voltage than required for the line terminal.

3.191 insulating transformer: A transformer used to insulate one circuit from another.

3.192 insulation class (nonpreferred term) See: insulation level.

3.193 insulation coordination: The process of correlating the insulation strengths of electrical equipment
with expected overvoltages and with the characteristics of surge protective devices.

3.194 insulation level: An insulation strength expressed in terms of a withstand voltage.

3.195 insulation power factor: The ratio of the power dissipated in the insulation, in watts, to the product of
the effective voltage and current in volt-amperes, when tested under a sinusoidal voltage and prescribed
conditions.

NOTE—If the current is also sinusoidal, the insulation power factor is equal to the cosine of the phase angle between the
applied voltage and the resulting current.

3.196 insulation system: An assembly of insulating materials in a particular type, and sometimes size, of
equipment.

3.197 integral unit substation: A unit substation in which the incoming, transforming, and outgoing
sections are manufactured as a single compact unit.

3.198 interconnected delta connection: A three-phase connection using six windings (two per phase)
connected in a six-sided circuit with six bushings to provide a fixed phase-shift between two three-phase
circuits without change in voltage magnitude.

NOTE—The interconnected delta connection is sometimes described as a “hexagon autotransformer,” or a “squashed
delta.”

3.199 interlacing impedance voltage of a Scott-connected transformer: The single-phase voltage applied
from the midtap of the main transformer winding to both ends, connected together, which is sufficient to
circulate in the supply lines a current equal to the rated three-phase line current. The current in each half of
the winding is 50 percent of this value.

NOTES:

1—The per-unit or percent interlacing resistance is the measured watts expressed on the base of the rated kVA of the
teaser winding.

2—The per-unit or percent interlacing impedance is the measured voltage expressed on the base of the teaser voltage.

3.200 interleaved winding: An arrangement of transformer windings where the primary and secondary
windings, and the tertiary windings, if any, are subdivided into disks (or pancakes) or layers and interleaved
on the same core. Also, a type of winding in which the conductors are arranged out of sequence in the turns
to increase the series capacitance of the winding.
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3.201 interlock: A device actuated by the operation of some other device with which it is directly
associated, to govern succeeding operations of the same or allied devices.

NOTE—Interlocks may be either electric or mechanical.

3.202 intermittent duty: A requirement of service that demands operation for alternate periods of (a) load
and no load; or (b) load and rest; or (c) load, no load, and rest; such alternate intervals being definitely
specified.

3.203 internal insulation: The insulation that is not directly exposed to atmospheric conditions.

3.204 interphase transformer: An autotransformer, or a set of mutually coupled reactors, used to obtain
parallel operation between two or more simple rectifiers that have ripple voltages that are out of phase.

3.205 IR-drop compensation transformer: A provision in the transformer by which the voltage drop due
to transformer load current and internal transformer resistance is partially or completely neutralized. Such
transformers are suitable only for one-way transformation, that is, not interchangeable for step-up and step-
down transformations.

3.206 I2R loss: The loss that is due to the currents in, and the direct-current resistance of, the windings. The
I2R loss is determined by measuring the direct-current resistances using a direct current and voltage and then
a calculation is performed using the winding currents. 

3.207 KDAF: The cooling class for a transformer having its core and coils immersed in insulating liquid
with fire point greater than 300 ºC and cooled by forced circulation of the insulating liquid utilizing directed
flow. The insulating liquid is cooled by external insulating liquid-to-air heat-exchanger equipment utilizing
forced circulation of air over its cooling surface. See also: directed flow.

3.208 KDWF: The cooling class for a transformer having its core and coils immersed in insulating liquid
with fire point greater than 300 ºC and cooled by forced circulation of the insulating liquid utilizing directed
flow. The insulating liquid is cooled by external insulating liquid-to-water heat-exchanger equipment
utilizing forced circulation of water over its cooling surface. See also: directed flow.

3.209 KFAF: The cooling class for a transformer having its core and coils immersed in insulating liquid
with fire point greater than 300 ºC and cooled by forced circulation of the insulating liquid utilizing non-
directed flow. The insulating liquid is cooled by external insulating liquid-to-air heat-exchanger equipment
utilizing forced circulation of air over its cooling surface. See also: non-directed flow.

3.210 KFWF: The cooling class for a transformer having its core and coils immersed in insulating liquid
with fire point greater than 300 ºC and cooled by forced circulation of the insulating liquid utilizing non-
directed flow. The insulating liquid is cooled by external insulating liquid-to-water heat-exchanger
equipment utilizing forced circulation of water over its cooling surface. See also: non-directed flow.

3.211 KNAN: The cooling class for a transformer or reactor having its core and coils immersed in insulating
liquid with fire point greater than 300 ºC, the cooling being effected by the natural circulation of air over the
cooling surface. 

3.212 KNAN/KFAF/KFAF: The cooling class for a transformer having its core and coils immersed in
insulating liquid with fire point greater than 300 ºC and having a self-cooled rating with cooling obtained by
the natural circulation of air over the cooling surface, and two forced insulating liquid-cooled ratings
obtained by forced circulation of the insulating liquid over the core and coils, utilizing non-directed flow. See
also: non-directed flow.
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3.213 KNAN/KNAF: The cooling class for a transformer having its core and coils immersed in insulating
liquid with fire point greater than 300 ºC and having a self-cooled rating with cooling obtained by the natural
circulation of air over the cooling surface, and a forced-air-cooled rating with cooling obtained by the forced
circulation of air over this same cooling surface. 

3.214 KNAN/KNAF/KFAF: The cooling class for a transformer having its core and coils immersed in
insulating liquid with fire point greater than 300 ºC and having a self-cooled rating with cooling obtained by
the natural circulation of air over the cooling surface, a forced-air-cooled rating with cooling obtained by the
forced circulation of air over this same cooling surface, and a forced insulating liquid-cooled rating with
cooling obtained by the forced circulation of the insulating liquid over the core and coils utilizing non-
directed flow. The insulating liquid is cooled by the same cooling surface over which the air is being forced
circulated. See also: non-directed flow.

3.215 KNAN/KNAF/KNAF: The cooling class for a transformer having its core and coils immersed in
insulating liquid with fire point greater than 300 ºC and having a self-cooled rating obtained by the natural
circulation of air over the cooling surface, a forced-air-cooled rating obtained by the forced circulation of air
over a portion of the cooling surface, and an increased forced-air-cooled rating obtained by the increased
forced circulation of air over a portion of the cooling surface. 

3.216 knockout: A portion of the wall of a box or cabinet so fashioned that it may be readily removed by a
hammer, screwdriver, and pliers at the time of installation in order to provide a hole for the attachment of a
raceway cable or fitting.

3.217 KNWF: The cooling class for a transformer having its core and coils immersed in insulating liquid
with fire point greater than 300 ºC, the cooling being effected by the natural circulation of the insulating
liquid over a water-cooled surface. 

3.218 KNWF/KNAN: The cooling class for a transformer having its core and coils immersed in insulating
liquid with fire point greater than 300 ºC and having a water-cooled rating with cooling obtained by the
natural circulation of the insulating liquid over the water-cooled surface, and a self-cooled rating with
cooling obtained by the natural circulation of air over the cooling surface. 

3.219 kVA or volt-ampere short-circuit input rating of a high-reactance transformer: One that
designates the input kVA or volt-amperes at rated primary voltage with the secondary terminals short-
circuited.

3.220 LDAF: The cooling class for a transformer having its core and coils immersed in insulating liquid
with no measurable fire point and cooled by forced circulation of the insulating liquid utilizing directed flow.
The insulating liquid is cooled by external insulating liquid-to-air heat-exchanger equipment utilizing forced
circulation of air over its cooling surface. See also: directed flow.

3.221 LDWF: The cooling class for a transformer having its core and coils immersed in insulating liquid
with no measurable fire point and cooled by forced circulation of the insulating liquid utilizing directed flow.
The insulating liquid is cooled by external insulating liquid-to-water heat-exchanger equipment utilizing
forced circulation of water over its cooling surface. See also: directed flow.

3.222 lead: A conductor that connects a winding to its termination (that is, terminal, bushing, terminal
board, or connection to another winding).

3.223 lead polarity: A designation of the relative instantaneous direction of the currents in the leads of a
transformer. Primary and secondary leads are said to have the same polarity when, at a given instant, the
current enters the primary lead in question and leaves the secondary lead in question in the same direction as
though the two leads formed a continuous circuit. The lead polarity of a single-phase distribution or power
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transformer may be either additive or subtractive. If adjacent leads from each of the two windings in
question are connected together and voltage applied to one of the windings: 

a) The lead polarity is additive if the voltage across the other two leads of the windings in question is
greater than that of the higher voltage winding alone.

b) The lead polarity is subtractive if the voltage across the other two leads of the windings in question
is less than that of the higher voltage winding alone. The polarity of a polyphase transformer is fixed
by the internal connections between phases; it is usually designated by means of a phasor diagram
showing the angular displacements of the voltages in the windings and a sketch showing the mark-
ing of the leads. The phasors of the phasor diagrams represent induced voltages. The standard rota-
tion of phasors is counterclockwise. See also: polarity.

3.224 less-flammable insulating fluid: Electrical insulating fluid that has a fire point greater than or equal
to 300 ºC per ASTM D92 as defined in Article 450-23 of the National Electrical Code® (NEC®) (NFPA 70-
1999). 

3.225 less-flammable liquid-insulated transformers insulating fluid: Transformers insulated with less-
flammable liquids to provide increased fire safety. 

3.226 LFAF: The cooling class for a transformer having its core and coils immersed in insulating liquid with
no measurable fire point and cooled by forced circulation of the insulating liquid utilizing non-directed flow.
The insulating liquid is cooled by external insulating liquid-to-air heat-exchanger equipment utilizing forced
circulation of air over its cooling surface. See also: non-directed flow.

3.227 LFWF: The cooling class for a transformer having its core and coils immersed in insulating liquid
with no measurable fire point and cooled by forced circulation of the insulating liquid utilizing non-directed
flow. The insulating liquid is cooled by external insulating liquid-to-water heat-exchanger equipment
utilizing forced circulation of water over its cooling surface. See also: non-directed flow.

3.228 lightning impulse insulation level: An insulation level expressed in kilovolts of the crest value of a
lightning impulse withstand voltage.

3.229 lightning impulse protection level (of a protective device): The maximum lightning impulse voltage
expected at the terminals of a surge protective device under specified conditions of operation.

3.230 lightning impulse test: Application of the following sequence of impulse waves:
a) One reduced full wave
b) Two chopped waves
c) One full wave

See also: standard lightning impulse.

3.231 limiting insulation system temperature (limiting hottest-spot temperature): The maximum
temperature selected for correlation with a specified test condition of the equipment with the object of
attaining a desired service life of the insulation system.

3.232 limiting temperature: The maximum temperature at which a component or material may be operated
continuously with no sacrifice in normal life expectancy.

3.233 line-drop compensator: A device that causes the voltage-regulating relay to increase the output
voltage by an amount that compensates for the impedance drop in the circuit between the regulator and a
predetermined location on the circuit (sometimes referred to as the load center).

3.234 liquid-immersed transformer: A transformer in which the core and coils are immersed in an
insulating liquid.
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3.235 live front: A pad-mounted transformer in which the high-voltage cables are terminated on live-metal
parts.

3.236 live-metal part: A part consisting of electrically conductive material that can be energized under
conditions of normal use of the equipment.

3.237 LNAN: The cooling class for a transformer or reactor having its core and coils immersed in insulating
liquid with no measurable fire point, the cooling being effected by the natural circulation of air over the
cooling surface. 

3.238 LNAN/LFAF/LFAF: The cooling class for a transformer having its core and coils immersed in
insulating liquid with no measurable fire point, and having a self-cooled rating with cooling obtained by the
natural circulation of air over the cooling surface, and two forced insulating liquid-cooled ratings obtained
by forced circulation of the insulating liquid over the core and coils, utilizing non-directed flow. See also:
non-directed flow.

3.239 LNAN/LNAF: The cooling class for a transformer having its core and coils immersed in insulating
liquid with no measurable fire point, and having a self-cooled rating with cooling obtained by the natural
circulation of air over the cooling surface, and a forced-air-cooled rating with cooling obtained by the forced
circulation of air over this same cooling surface. 

3.240 LNAN/LNAF/LFAF: The cooling class for a transformer having its core and coils immersed in
insulating liquid with no measurable fire point, and having a self-cooled rating with cooling obtained by the
natural circulation of air over the cooling surface, a forced-air-cooled rating with cooling obtained by the
forced circulation of air over this same cooling surface, and a forced insulating liquid-cooled rating with
cooling obtained by the forced circulation of the insulating liquid over the core and coils, utilizing non-
directed flow. The insulating liquid is cooled by the same cooling surface over which the air is being forced
circulated. See also: non-directed flow.

3.241 LNAN/LNAF/LNAF: The cooling class for a transformer having its core and coils immersed in
insulating liquid with no measurable fire point, and having a self-cooled rating obtained by the natural
circulation of air over the cooling surface, a forced-air-cooled rating obtained by the forced circulation of air
over a portion of the cooling surface, and an increased forced-air-cooled rating obtained by the increased
forced circulation of air over a portion of the cooling surface. 

3.242 LNWF: The cooling class for a transformer having its core and coils immersed in insulating liquid
with no measurable fire point, the cooling being effected by the natural circulation of the insulating liquid
over a water-cooled surface. 

3.243 LNWF/LNAN: The cooling class for a transformer having its core and coils immersed in insulating
liquid with no measurable fire point, and having a water-cooled rating with cooling obtained by the natural
circulation of the insulating liquid over the water-cooled surface, and a self-cooled rating with cooling
obtained by the natural circulation of air over the cooling surface.

3.244 load (output): The apparent power in megavolt-amperes, kilovolt-amperes, or volt-amperes that may
be transferred by the transformer.

3.245 load-break bushing: A bushing capable of interrupting rated maximum load current as it is
disconnected and that safely extinguishes the arc that occurs during the current interruption.

3.246 load-break connector. A separable insulated connector designed to close and interrupt current on
energized circuits.
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3.247 load-break switch: A switch capable of interrupting rated maximum load current as it is disconnected
and that safely extinguishes the arc that occurs during the current interruption. 

3.248 load losses: Those losses that are incident to the carrying of a specified load. Load losses include I2R
loss in the current carrying parts (windings, leads, busbars, bushings), eddy losses in conductors due to eddy
currents and circulating currents (if any) in parallel windings or in parallel winding strands, and stray loss
induced by leakage flux in the tank, core clamps, or other structural parts. In equation form: 

(1)

where

PLL is the load loss (W)

I2R is the loss due to current and resistance (W)
PEC is the eddy current loss (W)
PSL is the stray loss (W).

See also: no-load (excitation) losses.

3.249 load tap changer (LTC): A selector switch device, which may include current interrupting
contactors, used to change transformer taps with the transformer energized and carrying full load. Syn: on-
load tap-changer (IEC).

3.250 load tap changing transformer: A transformer used to vary the voltage, or the phase angle, or both,
of a regulated circuit in steps by means of a device that connects different taps of tapped winding(s) without
interrupting the load.

3.251 loop-feed transformer: A transformer, generally with two primary bushings per terminal, such that
the primary source may be obtained from either, or both, of two connecting cables that are connected to
other transformers and the source in a loop arrangement.

3.252 low-frequency dielectric tests: Dielectric tests in which the test voltages are low-frequency
alternating voltages from an external source. Contrast: lightning impulse test, switching impulse test; see
also: applied voltage tests, induced voltage tests. 

3.253 low power factor transformer: A high-reactance transformer that does not have means for power-
factor correction.

3.254 luminous tube transformers: Transformers, autotransformers, or reactors (having a secondary open-
circuit rms of 1000 V or more) for operation of cold-cathode and hot-cathode luminous tubing generally
used for signs, illumination, and decoration purposes.

3.255 machine-tool control transformers: Step-down transformers, which may be equipped with a fuse or
other overcurrent protection device, that are generally used for the operation of solenoids, contactors, relays,
portable tools, and localized lighting.

3.256 main transformer of a Scott-connected transformer: The term “main transformer,” as applied to
two single-phase Scott-connected units for three-phase to two-phase or two-phase to three-phase operation,
designates the transformer that is connected directly between two of the phase wires of the three-phase lines.
See also: teaser transformer of a Scott-connected transformer.

NOTE—A tap is provided at the midpoint for connection to the teaser transformer.

PLL I2R PEC PSL+ +=
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3.257 main unit of a two-core regulating transformer: The core and coil unit that furnishes excitation to
the series unit.

3.258 marked ratio: For instrument transformers, the ratio of the rated primary value to the rated secondary
value as stated on the nameplate.

3.259 maximum design voltage: The highest rms phase-to-phase voltage that equipment components are
designed to withstand continuously, and to operate in a satisfactory manner without derating of any kind.

3.260 maximum system voltage: The highest rms phase-to-phase voltage that occurs on the system under
normal operating conditions, and the highest rms phase-to-phase voltage for which equipment and other
system components are designed for satisfactory continuous operation without derating of any kind. (This
voltage excludes voltage transients and temporary overvoltages caused by abnormal system conditions such
as faults, load rejection, etc.)

3.261 mercury vapor lamp transformers (multiple-supply type): Transformers, autotransformers, or
reactors for operating mercury or metallic iodide vapor lamps for all types of lighting applications, including
indoor, outdoor area, roadway, uviarc, and other process and specialized lighting.

3.262 mineral oil: A specially refined oil for use as a insulating liquid and coolant in transformers.
Generally conforms to ASTM D3487 when new.

3.263 mineral-oil-immersed transformer: A liquid-immersed transformer in which the insulating and
cooling liquid is a mineral oil specifically refined for use in transformers (transformer oil) Syn: oil-
immersed transformer.

3.264 mobile transformer: A transformer designed to provide temporary or emergency replacement power
when the primary device is unavailable for service.

NOTE—A mobile transformer is typically mounted on a trailer for easy transportation to the point of use. These units
are usually provided with a wide range of voltage adjustments on both the high- and low-voltage sides to allow flexibility
in use. These units are typically compact in size, have minimum oil volume, and are generally forced air and forced oil
cooled (OFAF).

3.265 multigrounded neutral system: A distribution system of the four-wire type where all transformer
neutrals are grounded, and neutral conductors are directly grounded at frequent points along the circuit.

3.266 multiratio current transformer: One with three or more ratios obtained by the use of taps on the
secondary winding.

3.267 multiple-secondary current transformer: One that has three or more secondary windings, each on a
separate magnetic circuit, with all magnetic circuits excited by the same primary winding.

3.268 network protector: An assembly comprising a circuit breaker and its complete control equipment for
automatically disconnecting a transformer from a secondary network in response to predetermined electric
conditions on the primary feeder or transformer, and for connecting a transformer to a secondary network
either through manual control or automatic control responsive to predetermined electrical conditions on the
feeder and the secondary network.

NOTE—The network protector is usually arranged to connect automatically its associated transformer to the network
when conditions are such that the transformer, when connected, will supply power to the network and to automatically
disconnect the transformer from the network when power flows from the network to the transformer.

3.269 network transformer: A transformer designed for use in a vault to feed a variable capacity system of
interconnected secondaries. 
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NOTE—A network transformer may be of the submersible or of the vault type. It usually, but not always, has provision
for attaching a network protector.

3.270 neutral ground: An intentional ground applied to the neutral conductor or neutral point of a circuit,
transformer, machine, apparatus, or system.

3.271 neutral grounding reactor: A current-limiting inductive reactor for connection in the neutral for the
purpose of limiting and neutralizing disturbances due to ground faults.

3.272 neutral point: (A) The common point of a wye-connection in a polyphase system. (B) the point of a
symmetrical system that is normally at zero voltage.

3.273 no-load current: See: excitation current.

3.274 no-load (excitation) losses: Those losses that are incident to the excitation of the transformer. No-
load (excitation) losses include core loss, dielectric loss, conductor loss in the winding due to exciting
current, and conductor loss due to circulating current in parallel windings. These losses change with the
excitation voltage. See also: load losses.

3.275 nominal rate of rise (impulse): The slope of the line that determines the virtual zero.

NOTE—It is usually expressed in volts or amperes per microsecond.

3.276 nominal system voltage: The system voltage by which the system is designated and to which certain
operating characteristics of the system are related. (The nominal voltage of a system is near the voltage level
at which the system normally operates and provides a per-unit base voltage for system study purposes. To
allow for operating contingencies, systems generally operate at voltage levels about 5 to 10 percent below
the maximum system voltage for which system components are designed.)

3.277 non-directed flow: Indicates that the pumped insulating fluid from heat exchangers or radiators flows
freely inside the tank and is not forced to flow through the windings. See also: OFAF, OFWF.

3.278 non-energy-limiting transformer: A constant-potential transformer that does not have sufficient
inherent impedance to limit the output to a thermally safe maximum value.

3.279 non-self-restoring insulation: An insulation that loses its insulating properties or does not recover
them completely, after a disruptive discharge caused by the application of a test voltage; insulation of this
kind is generally, but not necessarily, internal insulation.

3.280 nonventilated: So constructed as to provide no intentional circulation of external air through the
enclosure.

3.281 nonventilated dry-type transformer: A dry-type transformer that is so constructed as to provide no
intentional circulation of external air through the transformer and operating at zero gauge pressure.

3.282 OA: Obsolete term. See: ONAN.

3.283 OA/FA: Obsolete term. See: ONAN/ONAF.

3.284 OA/FA/FA: Obsolete term. See: ONAN/ONAF/ONAF.

3.285 OA/FA/FOA: Obsolete term. See: ONAN/ONAF/ODAF or ONAN/ONAF/OFAF.

3.286 OA/FOA/FOA: Obsolete term. See: ONAN/ODAF/ODAF or ONAN/OFAF/OFAF.
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3.287 ODAF: The cooling class for a transformer having its core and coils immersed in mineral oil or
synthetic insulating liquid with fire point less than or equal to 300 ºC and cooled by forced circulation of the
insulating liquid utilizing directed flow. The insulating liquid is cooled by external insulating liquid-to-air
heat-exchanger equipment utilizing forced circulation of air over its cooling surface. (ODAF was previously
termed FOA). See also: directed flow.

3.288 ODWF: The cooling class for a transformer having its core and coils immersed in mineral oil or
synthetic insulating liquid with fire point less than or equal to 300 ºC and cooled by forced circulation of the
insulating liquid utilizing directed flow. The insulating liquid is cooled by external insulating liquid-to-water
heat-exchanger equipment utilizing forced circulation of water over its cooling surface. (ODWF was
previously termed FOW). See also: directed flow.

3.289 OFAF: The cooling class for a transformer having its core and coils immersed in mineral oil or
synthetic insulating liquid with fire point less than or equal to 300 ºC and cooled by forced circulation of the
insulating liquid utilizing non-directed flow. The insulating liquid is cooled by external insulating liquid-to-
air heat-exchanger equipment utilizing forced circulation of air over its cooling surface. (OFAF was
previously termed FOA). See also: non-directed flow.

3.290 OFWF: The cooling class for a transformer having its core and coils immersed in mineral oil or
synthetic insulating liquid with fire point less than or equal to 300 ºC and cooled by forced circulation of the
insulating liquid utilizing non-directed flow. The insulating liquid is cooled by external insulating liquid-to-
water heat-exchanger equipment utilizing forced circulation of water over its cooling surface. (OFWF was
previously termed FOW). See also: non-directed flow.

3.291 oil-immersed forced-oil-cooled transformer with forced-air cooler (Class FOA): Obsolete term.
See: ODAF or OFAF. 

3.292 oil-immersed forced-oil-cooled transformer with forced-water cooler (Class FOW): Obsolete
term. See: ODWF or OFWF.

3.293 oil-immersed self-cooled/forced-air, forced-oil-cooled/forced-air, forced-oil-cooled transformer
(Class OA/FOA/FOA): Obsolete term. See: ONAN/OFAF/OFAF.

3.294 oil-immersed self-cooled/forced-air-cooled transformer (Class OA/FA): Obsolete term. See:
ONAN/ONAF.

3.295 oil-immersed self-cooled/forced air-cooled/forced-air-cooled transformer (OA/FA/FA): Obsolete
term. See: ONAN/ONAF/ONAF.

3.296 oil-immersed self-cooled/forced-air-cooled/forced-oil-cooled transformer (Class OA/FA/FOA):
Obsolete term. See: ONAN/ONAF/OFAF or ONAN/ONAF/ODAF.

3.297 oil-immersed self-cooled transformer (Class OA): Obsolete term. See: ONAN.

3.298 oil-immersed transformer: See: mineral-oil-immersed transformer.

3.299 oil-immersed water-cooled transformer (Class OW): Obsolete term. See: ONWF.

3.300 oil-immersed water-cooled/self-cooled transformer (Class OW/A): Obsolete term. See: ONWF/
ONAN.

3.301 oil resistant gaskets: Those gaskets made of material that is resistant to oil or oil fumes.
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3.302 oiltight: So constructed as to exclude oils, coolants, and similar liquids under specified test
conditions.

3.303 ONAN: The cooling class for a transformer or reactor having its core and coils immersed in mineral
oil or synthetic insulating liquid with fire point less than or equal to 300 ºC, the cooling being effected by the
natural circulation of air over the cooling surface. (ONAN was previously termed OA).

3.304 ONAN/OFAF/OFAF: The cooling class for a transformer having its core and coils immersed in
mineral oil or synthetic insulating liquid with fire point less than or equal to 300 ºC and having a self-cooled
rating with cooling obtained by the natural circulation of air over the cooling surface, and two forced
insulating liquid-cooled ratings obtained by forced circulation of the insulating liquid over the core and
coils, utilizing non-directed flow. (ONAN/OFAF/OFAF was previously termed OA/FOA/FOA). See also:
non-directed flow.

3.305 ONAN/ONAF: The cooling class for a transformer having its core and coils immersed in mineral oil
or synthetic insulating liquid with fire point less than or equal to 300 ºC and having a self-cooled rating with
cooling obtained by the natural circulation of air over the cooling surface, and a forced-air-cooled rating
with cooling obtained by the forced circulation of air over this same cooling surface. (ONAN/ONAF was
previously termed OA/FA). 

3.306 ONAN/ONAF/OFAF: The cooling class for a transformer having its core and coils immersed in
mineral oil or synthetic insulating liquid with fire point less than or equal to 300 ºC and having a self-cooled
rating with cooling obtained by the natural circulation of air over the cooling surface, a forced-air-cooled
rating with cooling obtained by the forced circulation of air over this same cooling surface, and a forced
insulating liquid-cooled rating with cooling obtained by the forced circulation of the insulating liquid over
the core and coils, utilizing non-directed flow. The insulating liquid is cooled by the same cooling surface
over which the air is being forced circulated. (ONAN/ONAF/OFAF was previously termed OA/FA/FOA).
See also: non-directed flow.

3.307 ONAN/ONAF/ONAF: The cooling class for a transformer having its core and coils immersed in
mineral oil or synthetic insulating liquid with fire point less than or equal to 300 ºC and having a self-cooled
rating obtained by the natural circulation of air over the cooling surface, a forced-air-cooled rating obtained
by the forced circulation of air over a portion of the cooling surface, and an increased forced-air-cooled
rating obtained by the increased forced circulation of air over a portion of the cooling surface. (ONAN/
ONAF/ONAF was previously termed OA/FA/FA).

3.308 ONWF: The cooling class for a transformer having its core and coils immersed in mineral oil or
synthetic insulating liquid with fire point less than or equal to 300 ºC the cooling being effected by the
natural circulation of the insulating liquid over a water-cooled surface. (ONWF was previously termed
OW). 

3.309 ONWF/ONAN: The cooling class for a transformer having its core and coils immersed in mineral oil
or synthetic insulating liquid with fire point less than or equal to 300 ºC and having a water-cooled rating
with cooling obtained by the natural circulation of the insulating liquid over the water-cooled surface, and a
self-cooled rating with cooling obtained by the natural circulation of air over the cooling surface. (ONWF/
ONAN was previously termed OW/A). 

3.310 open-delta connection: A connection similar to a delta-delta connection utilizing three single-phase
transformers, but with one single-phase transformer removed.

NOTE—The two remaining transformers of an open-delta bank will carry 57.7% of the load carried by the bank using
three identical transformers connected delta-delta.
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3.311 other tests: Tests so identified in individual product standards that may be specified by the purchaser
in addition to design and routine tests. (Examples: impulse, insulation power factor, audible sound.)

NOTE—Transformer “General Requirements” Standards (such as IEEE Std C57.12.00-2000) classify various tests as
“routine,” “design,” or “other” depending on the size, voltage, and type of transformer involved.

3.312 outdoor: Suitable for installation where exposed to the weather.

3.313 outdoor transformer: A transformer of weather-resistant construction suitable for service without
additional protection from the weather.

3.314 overcurrent protection: A form of protection that operates when current exceeds a predetermined
value.

3.315 overload (general): Output of current, power, or torque, by a device, in excess of the rated output of
the device on a specified rating basis.

3.316 overvoltage: Abnormal voltage between two points of a system that is greater than the highest value
appearing between the same two points under normal service conditions. Overvoltages may be low
frequency, temporary, and transient—meaning a lightning or switching surge overvoltage.

3.317 OW: Obsolete term. See: ONWF.

3.318 OW/A: Obsolete term. See: ONWF/ONAN.

3.319 oxidation inhibitor: Any substance added to an insulating fluid to improve its resistance to
deleterious attack in an oxidizing environment.

3.320 pad-mounted enclosure: An enclosure containing electrical apparatus typically located outdoors at
ground level where the general public has direct contact with the exterior surfaces of the equipment. The
general construction of this equipment shall be such that authorized personnel may obtain access to the
apparatus inside the equipment compartment. 

3.321 pad-mounted transformer: An outdoor transformer utilized as part of an underground distribution
system, with enclosed compartment(s) for high-voltage and low-voltage cables entering from below, and
mounted on a foundation pad.

3.322 paralleling reactor: A current-limiting reactor for correcting the division of load between parallel-
connected transformers that have unequal impedance voltages.

3.323 parking stand: A standardized bracket attached near the primary bushings of dead-front equipment
for the purpose of attaching grounding bushings, feed-through devices, and other accessories used to insulate
primary elbow terminals. 

3.324 partial discharge (PD): An electric discharge that only partially bridges the insulation between
conductors, and which may or may not occur adjacent to a conductor.

NOTES:

1—Partial discharges occur when the local electric field intensity exceeds the dielectric strength of the dielectric
involved, resulting in local ionization and breakdown. Depending on intensity, partial discharges are often accompanied
by emission of light, heat, sound, and radio influence voltage (with a wide frequency range).
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2—The relative intensity of partial discharge can be observed at the transformer terminals by measurement of the
apparent charge (coulombs). However, the apparent charge (terminal charge) should not be confused with the actual
charge transferred across the discharging element in the dielectric which, in most cases, cannot be ascertained.

Partial discharge tests using the radio influence voltage techniques that are responsive to the apparent terminal charges
are generally used for measurement of relative discharge intensity.

3—Partial discharges can also be detected and located using sonic techniques.

4—“Corona” has also been used to describe partial discharges. This is a non-preferred term since it has other unrelated
meanings.

3.325 pcb: See: askarel.

3.326 peak value: See: crest value.

3.327 percent ratio: For instrument transformers, the true ratio expressed in percent of the marked ratio.

3.328 percent ratio correction of an instrument transformer: The difference between the ratio correction
factor and unity, expressed in percent [(RCF – 1) × 100]. See also: ratio correction factor.

NOTE—The percent ratio correction is positive if the ratio correction factor is greater than unity. If the percent ratio
correction is positive, the measured secondary current or voltage will be less than the primary value divided by the
marked ratio.

3.329 performance characteristics: Those characteristics (such as impedance, losses, dielectric test levels,
temperature rise, sound level, etc.) that describe the performance of the equipment under specified
conditions of operation.

3.330 periodic duty: A type of intermittent duty in which the load conditions are regularly recurrent.

3.331 phase angle of an instrument transformer: The phase displacement, in minutes, between the
primary and secondary values.

NOTE—The phase angle of a current transformer is designated by the Greek letter beta (ß) and is positive when the
current leaving the identified secondary terminal leads the current entering the identified primary terminal.

The phase angle of a voltage transformer is designated by the Greek letter gamma (γ) and is positive when the secondary
voltage from the identified to the unidentified terminal leads the corresponding primary voltage.

3.332 phase-angle correction factor: The ratio of the true power factor to the measured power factor. It is a
function of both the phase angles of the instrument transformers and the power factor of the primary circuit
being measured. See also: phase angle of an instrument transformer.

NOTE—The phase-angle correction factor corrects for the phase displacement of the secondary current or voltage, or
both, due to the instrument transformer phase angle(s). For a current transformer, the phase-angle correction factor:

For a voltage transformer, the phase-angle correction factor: 

When both voltage and current transformers are used, the combined phase-angle correction: 

where

PACF θ2 β+( )cos θ2( )cos⁄=

PACF θ2 β–( )cos θ2( )cos⁄=

PACF θ2 β γ–+( )cos θ2( )cos⁄=
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θ2 is the apparent power factor angle of the circuit being measured,

ß is the current transformer phase angle,
γ is the voltage transformer phase angle.

3.333 phase sequence: The order in which the voltages successively reach their positive maximum values.

3.334 phase-shifting transformer (phase-angle regulator): A transformer that advances or retards the
voltage phase-angle relationship of one circuit with respect to another.

NOTES:

1—The terms “advance” and “retard” describe the electrical angular position of the load voltage with respect to the
source voltage.

2—If the load voltage reaches its positive maximum sooner than the source voltage, this is an “advance” position.

3—Conversely, if the load voltage reaches its positive maximum later than the source voltage, this is a “retard” position.

3.335 phase-to-ground per-unit overvoltage: The ratio of a phase-to-ground overvoltage to the phase-to-
ground voltage corresponding to the maximum system voltage.

3.336 phase-to-phase per-unit overvoltage: The ratio of a phase-to-phase overvoltage to the phase-to-
phase voltage corresponding to the maximum system voltage.

3.337 polarity: The designation of the relative instantaneous directions of the currents entering the primary
terminals and leaving the secondary terminals during most of each half cycle. See also: lead polarity.

NOTE—Primary and secondary terminals are said to have the same polarity, when, at a given instant during most of
each half cycle, the current enters the identified, similarly marked primary lead and leaves the identified, similarly
marked secondary terminal in the same direction as though the two terminals formed a continuous circuit.

3.338 pole-type transformer: A transformer that is suitable for mounting on a pole or similar structure.

3.339 positive pressure oil preservation system: A gas-oil sealed system, in which a positive gage pressure
is maintained on the oil preservation system by a pressure regulator control system connected to a
compressed gas or compressed air bottle.

3.340 power rectifier transformer: A rectifier transformer connected to mercury-arc or semiconductor
rectifiers for electrochemical service, steel processing applications, electric furnace applications, mining
applications, transportation applications, and direct-current transmissions.

3.341 power transformer: A transformer that transfers electric energy in any part of the circuit between the
generator and the distribution primary circuits. See also: distribution transformer.

3.342 preventive autotransformer: An autotransformer (or center-tapped reactor) used in load-tap-
changing and regulating transformers or step-voltage regulators to limit the circulating current when
operating on a position in which two adjacent taps are bridged or during the change of taps between adjacent
positions. See also: transition reactor (IEC).

3.343 primary circuit of a regulating transformer: The circuit on the input side of the regulator.

3.344 primary voltage rating of a general-purpose specialty transformer: The input circuit voltage for
which the primary winding is designed, and to which operating and performance characteristics are referred.

3.345 primary unit substation: A substation in which the low-voltage section is rated above 1000 V.
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3.346 primary winding: The winding on the energy input side.

3.347 proof (suffix): Apparatus is designed as splash-proof, dust-proof, etc., when so constructed, protected,
or treated that its successful operation is not interfered with when subjected to the specified material or
condition.

3.348 radial-feed transformer: A pad-mounted transformer with only one set of primary bushings,
designed for connection to only one set of primary cables and not equipped for loop-feed connection.

3.349 radial-type unit substation: A unit substation that has a single step-down transformer and that has an
outgoing section for the connection of one or more outgoing radial (stub-end) feeders.

3.350 radiator: An insulating fluid to air heat exchanging device attached to a transformer for the purpose of
exchanging heat from the transformer insulating fluid to the ambient air.

3.351 radio influence voltage (RIV): A radio frequency voltage generally produced by partial discharge
and measured at the equipment terminals for the purpose of determining the electromagnetic interference
effect of the discharges.

NOTES:

1—“RIV” can be measured with a coupled radio interference measuring instrument and is commonly measured at
approximately 1 MHz, although a wide frequency range is involved.

2—”RIV” values are often used as an “index” of “partial discharge” intensity.

3—The RIV of equipment was historically measured to determine the influence of energized equipment on radio
broadcasting, hence—RIV.

3.352 rainproof: So constructed, protected, or treated as to prevent rain under specified test conditions from
interfering with successful operation of the apparatus.

3.353 raintight: So constructed or protected as to exclude rain under specified test conditions.

3.354 rated current of a current transformer: The primary current upon which the performance
specifications are based. 

3.355 rated kilowatts of a constant-current transformer: The kilowatt output at the secondary terminals
with rated primary voltage and frequency, and with rated secondary current and power factor, and within the
limitations of established standards.

3.356 rated kVA of a grounding transformer: The short-time kilovolt-ampere rating is the product of the
rated line-to-neutral voltage at rated frequency, and the maximum constant current that can flow in the
neutral for the specified time without causing specified temperature-rise limitations to be exceeded, and
within the limitations of established standards for such equipment.

3.357 rated kVA of a transformer: The output that can be delivered for the time specified at rated
secondary voltage and rated frequency without exceeding the specified temperature-rise limitations under
prescribed conditions.

3.358 rated kVA tap: A tap through which the transformer can deliver its rated kVA output without
exceeding the specified temperature rise.

3.359 rated primary voltage of a constant-current transformer: The primary voltage for which the
transformer is designed and to which operation and performance characteristics are referred.
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3.360 rated primary voltage of a constant-voltage transformer: The voltage calculated from the rated
secondary voltage by turn ratio.

NOTES:

1—See turn ratio of a transformer and its note, for the definition of the turn ratio to be used.

2—In the case of a multiwinding transformer, the rated voltage of any other winding is obtained in a similar manner.

3.361 rated secondary current of a constant-current transformer: The secondary current for which the
transformer is designed and to which operation and performance characteristics are referred.

3.362 rated secondary current of a constant-voltage transformer: The secondary current obtained by
dividing the rated kVA by the rated secondary voltage, in kV. 

3.363 rated secondary current of a current transformer: The rated current divided by the marked ratio.

3.364 rated secondary voltage of a constant-voltage transformer: The voltage at which the transformer is
designed to deliver rated kVA and to which operating and performance characteristics are referred.

3.365 rated secondary voltage of a voltage transformer: The rated voltage divided by the marked ratio.

3.366 rated voltage: The voltage to which operating and performance characteristics of apparatus and
equipment are referred.

NOTE—Deviation from rated voltage may not impair operation of equipment, but specified performance characteristics
are based on operation under rated conditions. However, in many cases apparatus standards specify a range of voltage
within which successful performance may be expected.

3.367 rated voltage of a voltage transformer: The primary voltage selected for the basis of performance
specifications of a voltage transformer.

NOTE—The relationship above applies directly for single-phase transformers, but requires additional consideration of
the connections involved in three-phase transformers.

3.368 rated voltage of a winding: The voltage to which operating and performance characteristics are
referred.

3.369 rating of a transformer: The rating of a transformer consists of a volt-ampere output together with
any other characteristics, such as voltage, current, frequency, power factor, and temperature rise, assigned to
it by the manufacturer. It is regarded as a rating associated with an output that can be taken from the
transformer under prescribed conditions and limitations of established standards.

3.370 rating of interphase transformer: The root-mean-square current, root-mean-square voltage, and
frequency at the terminals of each winding, when the rectifier unit is operating at rated load and with a
designated amount of phase control.

3.371 rating of rectifier transformer: The kilovolt-ampere output, voltage, current, frequency, and number
of phases at the terminals of the alternating-current winding; the voltage (based on turn ratio of the
transformer), root-mean-square current, and number of phases at the terminals of the direct-current winding,
to correspond to the rated load of the rectifier unit.

NOTES:
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1—Because of the current wave shapes in the alternating- and direct-current windings of the rectifier transformer, these
windings may have individual ratings different from each other and from those of power transformers in other types of
service. The ratings are regarded as test ratings that define the output that can be taken from the transformer under
prescribed conditions of test without exceeding any of the limitations of the standards.

2—For rectifier transformers covered by established standards, the root-mean-square current ratings and kilovolt-ampere
ratings of the windings are based on values derived from rectangular rectifier circuit element currents without overlap.

3.372 ratio correction factor (RCF): For instrument transformers, the ratio of the true ratio to the marked
ratio. The primary current or voltage is equal to the secondary current or voltage multiplied by the marked
ratio times the ratio correction factor.

3.373 reactance drop: The component of the impedance voltage drop in quadrature with the current.

3.374 reactance grounded: Grounded through impedance, the principal element of which is reactance.

NOTE—The reactance may be inserted either directly, in the connection to ground, or indirectly, by increasing the
reactance of the ground return circuit. The latter may be done by intentionally increasing the zero-sequence reactance of
apparatus connected to ground, or by omitting some of the possible connections from apparatus neutrals to ground.

3.375 reactor: An electromagnetic device, the primary purpose of which is to introduce inductive reactance
into a circuit.

3.376 readily accessible: Capable of being reached quickly, for operation, renewal, or inspection, without
requiring those to whom ready access is requisite to climb over or remove obstacles or to resort to portable
ladders, chairs, etc.

3.377 reclamation: The restoration to usefulness by the removal of contaminants and products of
degradation such as polar, acidic, or colloidal materials from used electrical insulating liquids by chemical or
adsorbent means. Reclaiming typically includes treatment with clay or other adsorbents. See also:
reconditioning.

NOTE—The methods listed under reconditioning are usually performed in conjunction with reclaiming.

3.378 reconditioning: The removal of insoluble contaminants, moisture, and dissolved gases from used
electrical insulating liquids by mechanical means.

NOTE—The typical means employed are settling, filtering centrifuging, and vacuum drying or degassing.

3.379 rectifier transformer: A transformer that operates at the fundamental frequency of an alternating-
current system and designated to have one or more output windings conductively connected to the main
electrodes of a rectifier. See also: direct-current winding of rectifier transformer, interphase
transformer, power rectifier transformer, interphase transformer, rating of interphase transformer,
rating of rectifier transformer. 

3.380 reduced full-wave test: A wave similar in shape and duration to that involved in a “full-wave
lightning impulse test,” but reduced in magnitude.

NOTE—The reduced full wave normally has a crest value between 50 and 70 percent of the full-wave value involved,
and is used for comparison of oscillograms in failure detection.

3.381 reduced kVA tap (in a transformer): A tap through which the transformer can deliver only an output
less than rated kVA without exceeding the specified temperature rise. The current is usually that of the rated
kVA tap.
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3.382 regulated circuit of a regulating transformer: The circuit on the output side of the regulator, and in
which it is desired to control the voltage, or the phase relation, or both.

NOTE—The voltage may be held constant at any selected point on the regulated circuit.

3.383 regulating transformer: A transformer used to vary the voltage, or the phase angle, or both, of an
output circuit (referred to as the “regulated circuit”) controlling the output within specified limits, and
compensating for fluctuations of load and input voltage (and phase angle, when involved) within specified
limits.

3.384 regulating winding: The winding or portion of a winding in which taps are changed to control the
voltage or phase angle of a winding which is regulated.

3.385 regulating winding of a two-core regulating transformer: The winding of the main unit in which
taps are changed to control the voltage or phase angle of the regulated circuit through the series unit.

3.386 re-refining: The use of primary refining processes on used electrical insulating liquids to produce
liquids that are suitable for further use as electrical insulating liquids. 

NOTE—Techniques may include a combination of distillation and acid, caustic solvent, clay or hydrogen treating, and
other physical and chemical means. 

3.387 resin-encapsulated winding: A dry-type transformer winding that has been dipped in a thermosetting
insulating varnish and cured to provide adhesion of the insulation and conductors and protection from
moisture and contaminants. The thermosetting resin may not necessarily penetrate and fill all voids in the
winding.

3.388 resistance drop: The component of the impedance voltage drop in phase with the current.

3.389 resistance grounded: Grounded through impedance, the principal element of which is resistance.

NOTE—The resistance may be inserted either directly, in the connection to the ground, or indirectly, as for example, in
the secondary of a transformer the primary of which is connected between neutral and ground, or in series with the delta-
connected secondary of a wye-delta grounding transformer.

3.390 resistance method of temperature determination: The determination of the temperature by
comparison of the resistance of a winding at the temperature to be determined, with the resistance at a
known temperature.

3.391 resistant (used as a suffix): So constructed, protected, or treated that the apparatus will not be
damaged when subjected to the specified material or conditions for a specified time.

3.392 reversing switch: See: change-over selector (in an LTC). 

3.393 routine tests: Tests made for quality control by the manufacturer on every device or representative
samples, or on parts or materials as required, to verify during production that the product meets the design
specifications.

3.394 saturable reactor (saturable-core reactor): (A) A magnetic-core reactor whose reactance is
controlled by changing the saturation of the core through variation of a superimposed unidirectional flux. (B)
A magnetic-core reactor operating in the region of saturation without independent control means.

NOTE—Thus a reactor whose impedance varies cyclically with the alternating current (or voltage).
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3.395 Scott or T-connected transformer: An assembly used to transfer energy from a three-phase circuit to
a two-phase circuit, or vice versa; or from a three-phase circuit to another three-phase circuit. The assembly
consists of a main transformer with a tap at its midpoint connected directly between two of the phase wires
of a three-phase circuit, and of a teaser transformer connected between the mid-tap of the main transformer
and a third phase wire of the three-phase circuit. The other windings of the transformers may be connected
to provide either a two-phase or a three-phase output. Alternatively, this may be accomplished with an
assembly utilizing a three-legged core with main and teaser coil assemblies located on the two outer legs,
and with a center leg that has no coil assembly and provides a common magnetic circuit for the two outer
legs. See also: interlacing impedance voltage of a Scott-connected transformer, main transformer of a
Scott-connected transformer, teaser transformer of a Scott-connected transformer.

3.396 sealed: So constructed that the enclosure will remain hermetically sealed within specified limits of
temperature and pressure. 

3.397 sealed conservator: A system in which the completely filled main tank is connected to an auxiliary
(conservator) tank mounted on top of the transformer, with the oil in the conservator completely sealed from
the atmosphere by means of a diaphragm or air cell. As oil expands and contracts within a specified
temperature range the system remains completely sealed with an approximately constant pressure.

3.398 sealed dry-type transformer, self-cooled: See: GA.

3.399 sealed-tank system: A method of oil preservation in which the interior of the tank is sealed from the
atmosphere and in which the gas plus the oil volume remains constant over the temperature range.

3.400 sealed transformer: A dry-type transformer with a hermetically sealed tank.

3.401 secondary-selective type unit substation (low-voltage-selective type): A unit substation that has
two step-down transformers each connected to an incoming high-voltage circuit. The outgoing side of each
transformer is connected to a separate bus through a suitable switching and protective device. The two
sections of bus are connected by a normally open switching and protective device. Each bus has one or more
outgoing radial (stub-end) feeders.

3.402 secondary short-circuit current rating of a high-reactance transformer: One that designates the
current in the secondary winding when the primary winding is connected to a circuit of rated primary
voltage and frequency and when the secondary terminals are short-circuited.

3.403 secondary unit substation: A substation in which the low-voltage section is rated 1000 V and below.

3.404 secondary voltage rating: The load circuit voltage for which the secondary winding is designed.

3.405 secondary winding: The winding on the energy output side.

3.406 secondary winding of an instrument transformer: The winding that is intended to be connected to
the measuring or control devices.

3.407 sectionalizing switch: A load-break switch that may provide any of a number of switching functions
connecting or disconnecting a transformer to one or more primary circuits.

3.408 self-restoring insulation: Insulation that completely recovers its insulating properties after a
disruptive discharge caused by the application of a test voltage; insulation of this kind is generally, but not
necessarily, external insulation.

3.409 separable insulated connector: A system for terminating and electrically connecting an insulated
power cable to electrical apparatus, other power cables, or both, so designed that the electrical connection
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can be readily established or broken by engaging or separating mating parts of the connector at the operating
interface.

3.410 series circuit lighting transformer: Dry-type individual lamp insulating transformer,
autotransformer, and group series loop transformers for operation of incandescent or mercury lamps on
series lighting circuits such as for street and airport lighting.

3.411 series street-lighting transformer: A series transformer that receives energy from a current-
regulating series circuit and that transforms the energy to another winding at the same or different current
from that in the primary.

3.412 series transformer: A transformer with a “series” winding and an “exciting” winding, in which the
“series” winding is placed in a series relationship in a circuit to change voltage or phase, or both, in that
circuit as a result of input received from the “exciting” winding. Syn: booster transformer (IEC). 

NOTE—Applications of series transformers include: a) Use in a transformer such as a load-tap-changing or regulating
transformer to change the voltage or current duty of the load-tap-changing mechanism; b) Inclusion in a circuit for
power factor correction to indirectly insert series capacitance in a circuit by connecting capacitors to the exciting
winding.

3.413 series unit of a two-core regulating transformer: The core and coil unit that has one winding
connected in series in the line circuit.

3.414 series winding of an autotransformer: That portion of the autotransformer winding, which is not
common to both the primary and the secondary circuits, but is connected in series between the input and
output circuits.

3.415 series winding of a two-core regulating transformer: The winding of the series unit that is
connected in series in the line circuit.

NOTE—If the main unit of a two-core transformer is an autotransformer, both units will have a series winding. In such
cases, one is referred to as the series winding of the autotransformer and the other, the series winding of the series unit.

3.416 shell form transformer: A transformer in which the laminations constituting the iron core surround
the windings and usually enclose the greater part of them. See also: core form transformer.

3.417 shield: A conductive protective member placed in relationship to apparatus or test components to
control the shape or magnitude, or both, of electric or magnetic fields, thereby improving performance of
apparatus or test equipment by reducing losses, voltage gradients, or interference.

3.418 short-time duty: A duty that demands operation at a substantially constant load for a short and
definitely specified time.

3.419 short-time rating: Defines the maximum constant load that can be carried for a specified short time
without exceeding established temperature-rise limitations, under prescribed conditions.

3.420 shunt reactor: A reactor intended for connection in shunt to an electric system for the purpose of
drawing inductive current.

NOTE—The normal use for shunt reactors is to compensate for capacitive currents from transmission lines, cable, or
shunt capacitors. The need for shunt reactors is most apparent at light load.

3.421 signaling and doorbell transformers: Step-down transformers (having a secondary of 30 V or less),
generally used for the operation of signals, chimes, and doorbell.
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3.422 silicone fluid: A specially formulated polydimethyl siloxane less-flammable insulating liquid and
coolant for use in fire-resistant indoor and outdoor transformers. 

NOTE—Such insulating fluids, when new, generally conform to the requirements of ASTM D4652, “Specification for
Silicone Fluid Used for Electrical Insulation.” 

3.423 single-phase circuit: An alternating-current circuit consisting of two or three intentionally
interrelated conductors that enter (or leave) a delimited region at two or three terminals of entry. If the circuit
consists of two conductors, it is intended to be so energized that, in the steady state, the voltage between the
two terminals of entry is an alternating voltage. If the circuit consists of three conductors, it is intended to be
so energized that, in steady state, the alternating voltages between any two terminals of entry have the same
period and are in phase or in phase opposition.

3.424 six-phase circuit: A combination of circuits energized by alternating electromotive forces that differ
in phase by one-sixth of a cycle, that is, 60 degrees.

NOTE—In practice, the phases may vary several degrees from the specified angle.

3.425 sleetproof: So constructed or protected that the accumulation of sleet (ice) under specified test
conditions will not interfere with the successful operation of the apparatus.

3.426 sodium vapor lamp transformers (multiple-supply type): Transformers, autotransformers, or
reactors for operating sodium vapor lamps for all types of lighting applications, including indoor, outdoor
area, roadway, and other process and specialized lighting.

3.427 solid cast winding: A dry-type transformer winding that is cast (encapsulated) into a thermosetting
resin, which solidifies to become a solid, rigid, insulating system, protecting the coils from contact with
water, some contaminants, and damage due to casual physical contact. See: cast coil transformer.

3.428 solidly grounded: Grounded through an adequate ground connection in which no impedance has
been inserted intentionally.

NOTE—Adequate as used herein means suitable for the purpose intended.

3.429 specialty transformer: A transformer generally intended to supply electric power for control,
machine tool, Class 2, signaling, ignition, luminous-tube, cold-cathode lighting, series street-lighting, low-
voltage general purpose, and similar applications. See also: control transformers, electronic transformer,
energy limiting transformer, general purpose transformers, group-series loop insulating transformer,
high power factor transformer, high-reactance transformer, ignition transformer, individual-lamp
autotransformer, individual-lamp insulating transformer, insulating transformer, low power factor
transformer, luminous tube transformers, machine-tool control transformers, mercury vapor lamp
transformers (multiple-supply type), non-energy-limiting transformer, saturable reactor (saturable-
core reactor), series circuit lighting transformer, series street-lighting transformer, signaling and
doorbell transformers, sodium vapor lamp transformers (multiple-supply type).

3.430 spot-network type unit substation: A unit substation that has two step-down transformers, each
connected to an incoming high-voltage circuit. The outgoing side of each transformer is connected to a
common bus through circuit breakers equipped with relays that are arranged to trip the circuit breaker on
reverse power flow to the transformer and to reclose the circuit breaker upon the restoration of the correct
voltage, phase angle, and phase sequence at the transformer secondary. The bus has one or more outgoing
radial (stub-end) feeders.

3.431 stabilizing winding: A delta-connected auxiliary winding used particularly in wye-connected three-
phase transformers for such purposes as the following:
Copyright © 2002 IEEE. All rights reserved. 35



IEEE
Std C57.12.80-2002 IEEE STANDARD TERMINOLOGY FOR POWER AND DISTRIBUTION TRANSFORMERS
a) To stabilize the neutral point of the fundamental frequency voltages
b) To minimize third-harmonic voltage and the resultant effects on the system
c) To mitigate telephone influence due to third-harmonic currents and voltages
d) To minimize the residual direct-current magnetomotive force on the core
e) To decrease the zero-sequence impedance of transformers with Y-connected windings. See also: ter-

tiary winding.

NOTE—A winding is regarded as a stabilizing winding if its terminals are not brought out for connection to an external
circuit. However, one or two points of the winding that are intended to form the same corner point of the delta may be
brought out for grounding or grounded internally to the tank. For a three-phase transformer, if other points of the
winding are brought out, the winding should be regarded as a normal winding as otherwise defined.

3.432 standard lightning impulse: An impulse that rises to crest value of voltage in 1.2 µs (virtual time)
and drops to 0.5 crest value of voltage in 50 µs (virtual time), both times being measured from the same
origin and in accordance with established standards of impulse testing techniques. It is described as a 1.2/50
µs impulse. [See ANSI C68.1-1992 (IEEE Std 4-1995)] See also: lightning impulse (IEC).

NOTE—The virtual value for the duration of the wavefront is 1.67 times the time taken by the voltage to increase from
30 percent to 90 percent of its crest value. The origin from which time is measured is the intersection with the zero axis
of a straight line drawn through points on the front of the voltage wave at 30 percent and 90 percent crest value.

3.433 standard switching impulse: A full impulse having a front time of 250 µs and a time to half value of
2500 µs. It is described as a 250/2500 impulse. See also: switching impulse (IEC). 

NOTE—It is recognized that some apparatus standards may have to use a modified wave shape where practical test
considerations or particular dielectric strength characteristics make some modification imperative. Transformers, for
example, use a modified switching impulse wave with the following characteristics:

a) Time to crest greater than 100 µs.
b) Exceeds 90 percent of crest value for at least 200 µs.
c) Time to first voltage zero on tail not less than 1000 µs, except where core saturation causes the tail to become

shorter. (See IEEE C57.12.90.)

3.434 star connection: See: wye connection.

3.435 starting reactor: A current-limiting reactor for decreasing the starting current of a machine or device.

3.436 station-type transformer: A transformer designed for installation in a station or substation.

3.437 step-down transformer: A transformer in which the power transfer is from a higher voltage source
circuit to a lower voltage circuit.

3.438 step-up transformer: A transformer in which the power transfer is from a lower voltage source
circuit to a higher voltage circuit.

3.439 step voltage regulator: A regulating transformer in which the voltage of the regulated circuit is
controlled in steps by means of taps and without interrupting the load. 

NOTE—Such units are generally 833 kVA (output) and below, single-phase; or 2500 kVA (output) and below, three-
phase.

3.440 stray loss: The loss that is due to the stray leakage flux, which introduces losses in the core, clamps,
tank, and other structural parts. There is no test method to determine individual winding eddy loss or to
separate transformer stray loss from eddy loss. The total stray and eddy loss is determined by measuring the
total load loss during the impedance test. The total stray and eddy loss is determined by subtracting the I2R
loss from the load loss as follows: 
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(2)

where

PEC is the eddy current loss (W)
PSL is the stray loss (W)
PLL is the load loss (W)

I2R is the loss due to current and resistance (W).

3.441 striking distance: The shortest unobstructed distance measured through a dielectric medium such as
liquid, gas, or vacuum; between parts of different electric potential.

3.442 submersible: So constructed as to be successfully operable when submerged in water under specified
conditions of pressure and time.

3.443 submersible transformer: A transformer so constructed as to be successfully operable when
submerged in water under predetermined conditions of pressure and time.

3.444 subsurface transformer: A transformer utilized as part of an underground distribution system,
connected below ground to high-voltage and low-voltage cables, and located below the surface of the
ground.

3.445 subway transformer: A submersible-type distribution transformer suitable for installation in an
underground vault.

3.446 switching impulse insulation level: An insulation level expressed in kilovolts of the crest value of a
switching impulse withstand voltage.

3.447 switching impulse protection level (of a protective device): The maximum switching impulse
expected at the terminals of a surge protective device under specified conditions of operation.

3.448 switching impulse test: Application of the “standard switching impulse,” a full wave having a front
time of 250 µs and a time to half value of 2500 µs, described as a 250/2500 impulse.

NOTE—It is recognized that some apparatus standards may have to use a modified wave shape where practical test
considerations or particular dielectric strength characteristics make some modification imperative. Transformers, for
example, use a modified switching impulse wave with the following characteristics:

a) Time to crest greater than 100 µs.
b) Exceeds 90 percent of crest value for at least 200 µs.
c) Time to first voltage zero on tail not less than 1000 µs, except where core saturation causes the tail to become

shorter.

3.449 synchronizing reactor: A current-limiting reactor for connecting momentarily across the open
contacts of a circuit-interrupting device for synchronizing purposes.

3.450 synthetic ester insulating fluid: A specially formulated polyol ester based less-flammable insulating
liquid and coolant for use in fire-resistant indoor and outdoor transformers, which generally conforms to IEC
1099 when new.

3.451 system voltage: A root-mean-square (rms) phase-to-phase power frequency voltage on a three-phase
alternating-current electrical system.

PEC PSL PLL I2–= R+
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3.452 t-connected (or tee-connected) transformer: A three-phase to three-phase transformer, similar to a
Scott-connected transformer. 

3.453 tap: A connection brought out of a winding at some point between its extremities, to permit changing
the voltage, or current, ratio.

3.454 tap changer for de-energized operation: A selector switch device used to change transformer taps
with the transformer de-energized.

3.455 tap selector (in an LTC): A device designed to carry, but not to make or break current, used in
conjunction with an arcing switch to select tap connections. See also: tap selector (IEC).

3.456 teaser transformer of a Scott-connected transformer: The term “teaser transformer,” as applied to
two single-phase Scott-connected units for three-phase to two-phase or two-phase to three-phase operation,
designates the transformer that is connected between the midpoint of the main transformer and the third-
phase wire of the three-phase system. See also: main transformer of a Scott-connected transformer.

3.457 telephone influence factor (TIF): Of a voltage or current wave in an electric supply circuit, the ratio
of the square root of the sum of the squares of the weighted root-mean-square values of all the sine-wave
components (including in alternating-current waves both fundamental and harmonics) to the root-mean-
square value (unweighted) of the entire wave. 

NOTE—This factor was formerly known as telephone interference factor, a term still used occasionally when referring
to values based on the original (1919) weighting curve.

3.458 temperature rise: The difference between the temperature of the part under consideration (commonly
the “average winding rise” or the “hottest-spot winding rise”) and the ambient temperature.

3.459 temperature index: An index that allows relative comparisons of the temperature capability of
insulating materials or insulation systems based on specified controlled test conditions. Preferred values of
temperature index numbers are:

NOTE—See IEEE Std 1.

3.460 temporary overvoltage: An oscillatory phase-to-ground or phase-to-phase overvoltage at a given
location of relatively long duration and which is undamped or only weakly damped. Temporary overvoltages
usually originate from switching operations or faults (for example, load rejection, single-phase faults) or
from non-linearities (ferroresonance effects, harmonics), or both. They may be characterized by their
amplitude, their oscillation frequencies, their total duration, or their decrement.

Number range Preferred temperature index

90–104 90

105–129 105

130–154 130

155–179 155

180–199 180

200–219 200

220 and above No preferred indices established
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3.461 terminal: (A) A conducting element of an equipment or a circuit intended for connection to an
external conductor. (B) A device attached to a conductor to facilitate connection with another conductor.

3.462 terminal board: A plate of insulating material that is used to support terminations of winding leads.

NOTES:

1—The terminations, which may be mounted studs or blade connectors, are used for making connections to the supply
line, the load, other external circuits, or among the windings of the machine.

2—Small terminal boards may also be termed terminal blocks or terminal strips.

3.463 terminal connector: A connector for attaching a conductor to a lead, terminal block, or stud of
electric apparatus.

3.464 tertiary winding: An additional winding in a transformer that can be connected to a synchronous
condenser, a reactor, an auxiliary circuit, etc. For transformers with wye-connected primary and secondary
windings, it may also help

a) To stabilize voltages to the neutral, when delta connected.
b) To reduce the magnitude of third harmonics when delta connected.
c) To control the value of the zero-sequence impedance.
d) To serve load.

See also: stabilizing winding.

3.465 thermal burden rating of a voltage transformer: The volt-ampere output that the transformer will
supply continuously at rated secondary voltage without causing the specified temperature limitations to be
exceeded.

3.466 thermal duplicate: A transformer whose thermal design characteristics are identical to a design
previously tested, or whose differences in thermal characteristics are within agreed upon variations, such
that the thermal performance of the thermal duplicate transformer shall comply with performance guarantees
established by standards or specifications.

3.467 thermometer method of temperature determination: The determination of the temperature by
mercury, alcohol, resistance, or thermocouple thermometer, any of these instruments being applied to the
hottest accessible part of the device.

3.468 three-phase circuit: A three-phase circuit is a combination of circuits energized by alternating
electromotive forces that differ in phase by one third of a cycle, that is, 120 degrees.

NOTE—In practice, the phases may vary several degrees from the specified angle.

3.469 three-wire type current transformer: One that has two insulated primary windings and one
secondary winding and is for use on a three-wire, single-phase service. 

NOTE—The primary windings and the secondary winding are permanently assembled on the core as an integral
structure. The secondary current is proportional to the phasor sum of the primary currents.

3.470 tight (suffix): Apparatus is designed as watertight, dusttight, etc., when so constructed that the
enclosing case will exclude the specified material under specified conditions.

3.471 top-oil temperature: The temperature of the top layer of the insulating liquid in a transformer,
representative of the temperature of the top liquid in the cooling flow stream. Generally measured 50 mm
below the surface of the liquid.
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3.472 top-oil temperature rise: The arithmetic difference between the top-oil temperature and the ambient
temperature. Syn: top-oil rise.

3.473 total losses (transformer or regulator): The sum of the no-load and load losses, excluding losses due
to accessories.

3.474 transformer: A static electric device consisting of a winding, or two or more coupled windings, with
or without a magnetic core, for introducing mutual coupling between electric circuits. Transformers are
extensively used in electric power systems to transfer power by electromagnetic induction between circuits
at the same frequency, usually with changed values of voltage and current.

3.475 transformer correction factor (TCF): The ratio of the true watts or watthours to the measured
secondary watts or watthours, divided by the marked ratio.

NOTE: The transformer correction factor for a current or voltage transformer is the ratio correction factor multiplied by
the phase-angle correction factor for a specified primary circuit power factor. 

The true primary watts or watthours are equal to the watts or watthours measured, multiplied by the transformer
correction factor and the marked ratio. 

The true primary watts or watthours, when measured using both current and voltage transformers, are equal to the
current transformer ratio correction factor multiplied by the voltage transformer ratio correction factor multiplied by the
marked ratios of the current and voltage transformers multiplied by the observed watts or watthours. It is usually
sufficiently accurate to calculate true watts or watthours as equal to the product of the two transformer correction factors
multiplied by the marked ratios multiplied by the observed watts or watthours.

3.476 transient insulation level (TIL): An insulation level expressed in kilovolts of the crest value of the
withstand voltage for a specified transient wave shape; that is, lightning or switching impulse.

3.477 transient impedance (in an LTC): A resistor or reactor consisting of one or more units that bridge
adjacent taps for the purpose of transferring load from one tap to the other without interruption or
appreciable change in the load current, at the same time limiting the circulating current for the period that
both taps are used. Normally, reactance type LTCs use the bridging position as a service position, and
therefore, the reactor is designed for continuous loading. See also: transition impedance (IEC).

3.478 triplex transformer: A transformer constructed of three coils, each having its own core, magnetically
independent from each other, and contained in one enclosure to function as a three phase transformer. 

3.479 true ratio: The ratio of the root-mean-square (rms) primary voltage or current to the rms secondary
voltage or current under specified conditions.

3.480 turn ratio of a current transformer: The ratio of the secondary winding turns to the primary
winding turns.

3.481 turn ratio of a transformer: The ratio of the number of turns in a higher voltage winding to that in a
lower voltage winding. 

NOTE—In the case of a constant-voltage transformer having taps for changing its voltage ratio, the nominal turn ratio is
based on the number of turns corresponding to the normal rated voltage of the respective windings, to which operating
and performance characteristics are referred.

3.482 turn ratio of a voltage transformer: The ratio of the primary winding turns to the secondary winding
turns.

3.483 two-core regulating transformer: A phase-shifting and/or regulating transformer consisting of a
series unit, which is connected in series in the line circuit and a main or exciting unit that excites the
secondary of the series unit to produce the phase-angle shift or voltage change. 
40 Copyright © 2002 IEEE. All rights reserved.



IEEE
IEEE STANDARD TERMINOLOGY FOR POWER AND DISTRIBUTION TRANSFORMERS Std C57.12.80-2002
3.484 two-phase circuit: A polyphase circuit of three, four, or five distinct conductors intended to be so
energized that in the steady state the alternating voltages between two selected pairs of terminals of entry,
other than the neutral terminal when one exists, have the same periods, are equal in amplitude, and have a
phase difference of 90 degrees. When the circuit consists of five conductors, but not otherwise, one of them
is a neutral conductor.

NOTE—A two-phase circuit as defined here does not conform to the general pattern of polyphase circuits. Actually, a
two-phase, four-wire or five-wire circuit could more properly be called a four-phase circuit, but the term two-phase is in
common usage. A two-phase three-wire circuit is essentially a special case, as it does not conform to the general pattern
of other polyphase circuits.

3.485 ungrounded: A system, circuit, or apparatus without an intentional connection to ground except
through potential-indicating or measuring devices or other very high impedance devices.

3.486 unit substation: A substation consisting primarily of one or more transformers that are mechanically
and electrically connected to and coordinated in design with one or more switchgear or motor control
assemblies, or combinations thereof.

3.487 unit substation transformer: A transformer that is mechanically and electrically connected to, and
coordinated in design with, one or more switchgear or motor-control assemblies, or combinations thereof.
See also: articulated unit substation, integral unit substation, primary unit substation, secondary unit
substation. 

3.488 variable voltage transformer: An autotransformer in which the output voltage can be changed
(essentially from turn to turn) by means of a movable contact device sliding on the shunt winding turns.

3.489 varying duty: A requirement of service that demands operation at loads, and for periods of time, both
of which may be subject to wide variation.

3.490 vault-type transformer: A transformer that is so constructed as to be suitable for occasional
submerged operation in water under specified conditions of time and external pressure.

3.491 ventilated: Provided with a means to permit circulation of the air sufficiently to remove an excess of
heat, fumes, or vapors.

3.492 ventilated dry-type transformer: A dry-type transformer that is so constructed that the ambient air
may circulate through its enclosure to cool the transformer core and windings.

3.493 voltage rating of a grounding transformer: The maximum “line-to-line” voltage at which it is
designed to operate continuously from line to ground without damage to the grounding transformer.

3.494 voltage ratio of a transformer: The ratio of the rms terminal voltage of a higher voltage winding to
the rms terminal voltage of a lower voltage winding, under specified conditions of the load.

3.495 voltage regulation of a constant-voltage transformer: The change in output (secondary) voltage
that occurs when the load (at a specified power factor) is reduced from rated value to zero, with the primary
impressed terminal voltage maintained constant.

NOTE—In case of multiwinding transformers, the loads on all windings, at specified power factors, are to be reduced
from rated kVA to zero simultaneously. The regulation may be expressed in per unit, or percent, on the base of the rated
output (secondary) voltage at full load.

3.496 voltage regulating relay: A voltage-sensitive device that is used on an automatically operated voltage
regulator to control the voltage of the regulated circuit.
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3.497 voltage regulator (transformer type): An induction device having one or more windings in shunt
with and excited from the primary circuits, and having one or more windings in series between the primary
circuits and the regulated circuit, all suitably adapted and arranged for the control of the voltage, or of the
phase angle, or of both, of the regulated circuit. 

3.498 voltage to ground: The voltage between any live conductor of a circuit and the earth.

NOTE—Where safety considerations are involved, the voltage to ground that may occur in an ungrounded circuit is
usually the highest voltage normally existing between the conductors of the circuit, but in special circumstances, higher
voltages may occur.

3.499 voltage transformer: An instrument transformer intended to have its primary winding connected in
shunt with a power supply circuit, the voltage of which is to be measured or controlled.

3.500 voltage winding (or transformer) for regulating equipment: The winding (or transformer) that
supplies voltage within close limits of accuracy to instruments, such as contact-making voltmeters.

3.501 uninhibited oil: Mineral transformer oil to which no synthetic oxidation inhibitor has been added.

3.502 watertight: So constructed that water will not enter the enclosing case under specified conditions.5

3.503 water cooled transformer: A liquid-immersed transformer that is cooled by the interchange of heat
to cooling water flowing through a liquid-water heat exchanger. See also: ONWF.

3.504 winding (of a transformer): The assembly of turns forming an electric circuit associated with one of
the voltages assigned to the transformer or to the reactor. See also: coil (of a transformer), high-voltage
and low-voltage windings, primary winding, secondary winding, tertiary winding, winding (IEC).

3.505 winding hottest-spot temperature: The highest temperature inside the transformer winding. It is
greater than the measured average temperature (using the resistance change method) of the coil conductors.

3.506 window-type current transformer: One that has a secondary winding insulated from and
permanently assembled on the core, but has no primary winding as an integral part of the structure.
Complete insulation is provided for a primary winding in the window through which one turn of the line
conductor can be passed to provide the primary winding. Syn: bus type current transformer (IEC).

3.507 withstand voltage: The voltage that electric equipment is capable of withstanding without failure or
disruptive discharge when tested under specified conditions.

3.508 wound type current transformer: One that has a primary winding consisting of one or more turns
mechanically encircling the core or cores. The primary and secondary windings are insulated from each
other and from the core(s) and are assembled as an integral structure.

3.509 wye connection: So connected that one end of each of the windings of a polyphase transformer (or of
each of the windings for the same rated voltage of single-phase transformers associated in a polyphase bank)
is connected to a common point (the neutral point) and the other end to its appropriate line terminal.

3.510 yoke: An element of ferromagnetic material, not surrounded by windings, used to connect the
ferromagnetic legs (limbs) that the windings encircle.

5A common form of specification for water-tight is: So constructed that there shall be no leakage of water into the enclo-
sure when subjected to a stream from a hose with a 1 in nozzle and delivering at least 65 gal/min, with the water directed
at the enclosure from a distance of not less than 10 ft for a period of 5 min, during which period the water may be
directed in one or more directions as desired.
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3.511 zero-sequence impedance: An impedance voltage measured between a set of primary terminals and
one or more sets of secondary terminals when a single-phase voltage source is applied between the three
primary terminals connected together and the primary neutral, with the secondary line terminals shorted
together and connected to their neutral (if one exists). 

NOTES:

1—For two-winding transformers, the other winding is short-circuited. For multiwinding transformers, several tests are
required, and the zero-sequence impedance characteristics are represented by an impedance network.

2—In some transformers, the test must be made at a voltage lower than that required to circulate rated current in order to
avoid magnetic core saturation or to avoid excessive current in other windings.

3—Zero-sequence impedances are usually expressed in per unit or percent on a suitable voltage and kVA base.

3.512 zigzag connection: A polyphase transformer with wye connected windings, each one of which is
made up of parts in which phase-displaced voltages are induced.
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Introduction

 

(This introduction is not a part of IEEE Std C57.12.90-1999, IEEE Standard Test Code for Liquid-Immersed
Distribution, Power, and Regulating Transformers.)

 

This document is a voluntary consensus standard. Its use may become mandatory only when required by a
duly constituted legal authority or when specified in a contractual relationship. To meet specialized needs
and to allow innovation, specific changes are permissible when mutually determined by the user and pro-
ducer, provided that such changes do not violate existing laws and are considered technically adequate for
the function intended.

When this standard is used on a mandatory basis, the word 

 

shall 

 

indicates mandatory requirements, and the
words 

 

should

 

 and 

 

may

 

 refer to matters that are recommended or permissive, but not mandatory. The word

 

must

 

 has been removed from this revision and replaced with 

 

shall

 

 to conform with the 

 

IEEE Standards Style
Manual

 

.

This revision of IEEE Std C57.12.90 separates the Test Code, Part I of Std C57.12.90-1993, from Part II of
IEEE Std C57.12.90-1993, IEEE Guide for Short-Circuit Testing of Distribution and Power Transformers.
Part II of C57.12.90-1993 will become a new IEEE Transformers Committee (C57) document separate from
the Test Code.

Many of the changes incorporated into this revision either are editorial, or have been made to make the doc-
uments more closely conform the 

 

IEEE Standards Style Manual

 

. Some changes have been made to correct
errors in previous revisions.

Periods have been deleted from the endings of some subheadings, and the words 

 

delta

 

 and 

 

wye,

 

 where possi-
ble, are now spelled out to replace symbols in text. The text in Clauses 1–4 has been rearranged, though
much of the wording remains the same. Definitions listed in Clause 13 were removed since they duplicate
information in Clause 3. Table 11 through Table 14 have been relabeled as Figure 31 through Figure 34.

Some of the changes that are of major importance to the revision of this standard are as follows and listed by
clause numbers:

Clause 2: References—All revisions and reaffirmations are updated.
Clause 3: Definitions—Efficiency definition has been changed.
Clause 8: No-load Losses and Excitation Test—Figure 14 has been corrected for accuracy.
Clause 9: Load Losses and Impedance Voltage—Figure 17, Equation (10), Equation (12), and Table 1

have been corrected for accuracy. In 9.5.3, former Test 3 is now sequenced as Test 2, and former
Test 2 is marked as Test 3.

Clause 10: A term “cathode-ray oscillograph” is replaced by “oscilloscope.” In 10.4.2, the first paragraph
has been rewritten for clarity; and in 10.4.3, the last paragraph has been changed for clarity. In
10.10.3, Table 4 for two winding transformers with guard circuit, Method II has been corrected.

Clause 14: Several equations in 14.4.4.1 have been corrected.
Clause 15: A word “auxiliary” has been added to c) 3) in losses. Under c) 6), the statement “when specified

*” has been replaced with ** (two asterisks), and Note 6 is added for further clarification.

In this standard’s revision all primary measurements are now shown in metric units with their corresponding
English equivalent measurements in parenthesis.

A new Clause 15 has been added to replace a previous informative annex.

Technical revisions were prepared by various groups within the IEEE Transformers Committee and have
been balloted and approved by these groups through the subcommittee level.
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IEEE Standard Test Code for
Liquid-Immersed Distribution,
Power, and Regulating Transformers

 

1. Overview

 

1.1 Scope

 

This standard describes methods for performing tests specified in IEEE Std C57.12.00-1993

 

1

 

 and other stan-
dards applicable to liquid-immersed distribution, power, and regulating transformers. It is intended for use as
a basis for performance, safety, and the proper testing of such transformers.

This standard applies to all liquid-immersed transformers except instrument transformers, step-voltage and
induction voltage regulators, arc furnace transformers, rectifier transformers, specialty transformers, ground-
ing transformers, and mine transformers.

Transformer requirements and specific test criteria are not a part of this standard, but are contained in appro-
priate standards, such as IEEE Std C57.12.00-1993, ANSI C57.12.10-1988, IEEE Std C57.12.20-1996,
ANSI C57.12.40-1994, or in user specifications.

 

1.2 Purpose

 

The purpose of this standard is to provide test procedure information. 

 

1.3 Word usage

 

When this standard is used on a mandatory basis, the word 

 

shall

 

 indicates mandatory requirements; and the
words 

 

should

 

 or 

 

may

 

 refer to matters that are recommended or permitted, but not mandatory.

 

1

 

Information on references can be found in Clause 2.
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ANSI C57.12.10-1988, American National Standard for Transformers 230 kV and Below, 833/958 through
8333/10 417 kVA, Single-Phase, and 750/862 through 60 000/80 000/100 000 kVA, Three-Phase without
Load Tap Changing; and 3750/4687 through 60 000/80 000/100 000 kVA with Load Tap Changing—Safety
Requirements.

 

2

 

ANSI C57.12.20-1997, American National Standard for Overhead-Type Distribution Transformers 500 kVA
and Smaller: High Voltage, 34 500 Volts and Below; Low Voltage 7970/13 800Y and Below—Requirements.

ANSI C57.12.22-1989, American National Standard for Transformers—Pad-Mounted, Compartmental-
Type, Self-Cooled, Three-Phase Distribution Transformers with High-Voltage Bushings, 2500 kVA and
Smaller: High-Voltage, 34 500 GrdY/19 920 Volts and Below; Low Voltage, 480 Volts and Below—
Requirements.

ANSI C57.12.24-1994, American National Standard for Transformers—Underground-Type Three-Phase
Distribution Transformers, 2500 kVA and Smaller: High-Voltage, 34 500 GrdY/19 920 Volts and Below;
Low Voltage, 480 Volts and Below—Requirements.

ANSI C57.12.25-1990, American National Standard for Transformers—Pad-Mounted, Compartmental-
Type, Self-Cooled, Single-Phase Distribution Transformers with Separable Insulated High-Voltage Connec-
tors; High-Voltage, 34 500 GrdY/19 920 Volts and Below; Low-Voltage, 240/120 Volts; 167 kVA and
Smaller—Requirements.

ANSI C57.12.40-1994, American National Standard for Secondary Network Transformers—Subway and
Vault Types (Liquid Immersed)—Requirements.

ANSI C57.12.70-1978 (Reaff 1993), American National Standard Terminal Markings and Connections for
Distribution and Power Transformers.

ANSI C57.92-1981 (Reaff 1992), American National Standard Guide for Loading Mineral-Oil-Immersed
Power Transformers.

 

3

 

ANSI C63.2-1996, American National Standard for Electromagnetic Noise and Field Strength Instrumenta-
tion, 10 kHz to 40 GHz—Specifications.

ANSI C84.1-1995, American National Standard for Electric Power Systems and Equipment—Voltage
Ratings (60 Hertz).

 

4

 

ANSI Sl.4-1983 (Reaff 1997), American National Standard for Sound Level Meters.

ANSI S1.11-1986 (Reaff 1998), American National Standard for Octave Band and Fractional-Octave-Band
Analog and Digital Filters.

 

2

 

This publication is available from both the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscat-
away, NJ 08855-1331, USA (http://standards.ieee.org/), and the Sales Department, American National Standards Institute, 11 West
42nd Street, 13th Floor, New York, NY 10036, USA (http://www.ansi.org/).

 

3

 

This document was folded into IEEE Std C57.91-1995, which is available from the IEEE. ANSI C57.92-1981 is available from Global
Engineering Documents, 15 Inverness Way East, Englewood, Colorado 80112, USA (http://www.global.ihs.com/).

 

4

 

This publication is available from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor, New
York, NY 10036, USA (http://www.ansi.org/).



 

IEEE
DISTRIBUTION, POWER, AND REGULATING TRANSFORMERS Std C57.12.90-1999

Copyright © 1999 IEEE. All rights reserved.

 

3

IEEE Std 4-1995, IEEE Standard Techniques for High Voltage Testing.
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3. Definitions

 

Standard transformer terminology available in IEEE Std C57.12.80-1978 shall apply. Other electrical terms
are defined in IEEE Std 100-1996, The IEEE Standard Dictionary of Electrical and Electronics Terms, Sixth
Edition. Terms unique to this document are defined below.

 

3.1 actual time to crest:

 

 The time interval from the start of the transient to the time when the maximum
amplitude is reached.

 

3.2 ambient sound pressure level:

 

 The sound pressure level measured at the test facility or at the substation
without the transformer energized.

 

3.3 A-weighted sound level:

 

 Loudness that is measured with a sound level meter using the A-weighted
response filter that is built into the meter circuitry. The A-weighting filter is commonly used to measure com-
munity noise, and it simulates the frequency response of the human ear.

 

5
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3.4 C-weighted sound level:

 

 Loudness that is measured with a sound level meter using the C-weighted filter
that is built into the sound level meter. The C-weighting has only little dependence on frequency over the
greater part of the audible frequency range.

 

3.5 efficiency (of a transformer):

 

 The ratio of the useful power output of a transformer to the total power
input.

 

3.6 guard:

 

 One or more conducting elements arranged and connected on an electrical instrument or measur-
ing circuit so as to divert unwanted currents from the measuring means.

 

3.7 semi-reverberant facility:

 

 A room with a solid floor and an undetermined amount of sound-absorbing
materials on the walls and ceiling.

 

3.8 

 

sound pressure level 

 

L

 

p

 

 in decibels:

 

 Twenty times the logarithm to the base ten of the ratio of the mea-
sured sound pressure (

 

p

 

) to a reference pressure (

 

p

 

o

 

) of 20 

 

µ

 

Pa, or

 

3.9 sound power level 

 

L

 

w

 

 in decibels:

 

 Ten times the logarithm to the base ten of the emitted sound power
(

 

w

 

) to a reference power of 10

 

–12

 

 W (

 

w

 

o

 

), or

 

3.10 time to first voltage zero on the tail of the wave:

 

 The time interval from the start of the transient to the
time when the first voltage zero occurs on the tail of the wave.

 

3.11 total losses:

 

 The sum of the no-load losses and the load losses.

 

4. General

 

4.1 Types of tests

 

Various types of tests (routine, design, conformance, and other) are defined in IEEE Std C57.12.80-1978.

 

4.2 Test requirements

 

A general summary of test requirements is included in Table 17 of IEEE Std C57.12.00-1993, and indicates
by size which tests are normally considered routine, design, or other.

 

4.3 Test sequence

 

See 10.1.5.1 for the sequence of dielectric tests when lightning impulse or switching impulse tests are
specified.

 

NOTE—To minimize potential damage to the transformer during testing, the resistance, polarity, phase relation, ratio,
no-load loss and excitation current, impedance, and load loss tests (and temperature-rise tests, when applicable) should
precede dielectric tests. Using this sequence, the beginning tests involve voltages and currents, which are usually
reduced as compared to rated values, thus tending to minimize damaging effects to the transformer.

Lp 20 log10×
p
po
----- 
 =

Lw 10 log10×
w
wo
------ 
 =
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4.4 Instrumentation

 

Although the figures in this standard show conventional meters, adequate digital readout measuring devices
and digital sampling techniques with computer calculations are considered to be satisfactory alternatives.

 

5. Resistance measurements

 

Resistance measurements are of fundamental importance for the following purposes:

a) Calculation of the 

 

I

 

2

 

R

 

 component of conductor losses

b) Calculation of winding temperatures at the end of a temperature test

c) As a base for assessing possible damage in the field

 

5.1 Determination of cold temperature

 

The cold temperature of the winding shall be determined as accurately as possible when measuring the cold
resistance. The precautions in 5.1.1 through 5.1.3 shall be observed.

 

5.1.1 General

 

Cold resistance measurements shall not be made on a transformer when it is located in drafts or when it is
located in a room in which the temperature is fluctuating rapidly.

 

5.1.2 Transformer windings immersed in insulating liquid

 

The temperature of the windings shall be assumed to be the same as the average temperature of the insulat-
ing liquid, provided

a) The windings have been under insulating liquid with no excitation and with no current in the wind-
ings from 3 h to 8 h (depending upon the size of the transformer) before the cold resistance is
measured.

b) The temperature of the insulating liquid has stabilized, and the difference between top and bottom
temperature does not exceed 5 

 

°

 

C.

 

5.1.3 Transformer windings out of insulating liquid

 

The temperature of the windings shall be recorded as the average of several thermometers or thermocouples
inserted between the coils, with care used to see that their measuring points are as nearly as possible in
actual contact with the winding conductors. It should not be assumed that the windings are at the same
temperature as the surrounding air.

 

5.2 Conversion of resistance measurements

 

Cold winding resistance measurements are normally converted to a standard reference temperature equal to
the rated average winding temperature rise plus 20 

 

°

 

C. In addition, it may be necessary to convert the
resistance measurements to the temperature at which the impedance loss measurements were made. The
conversions are accomplished by Equation (1).

 

(1)Rs Rm 
T s T k+
T m T k+
-------------------=
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where

 

R

 

s 

 

is resistance at desired temperature 

 

T

 

s

 

 ,

 

R

 

m

 

 is measured resistance,

 

T

 

s

 

 is desired reference temperature (

 

°

 

C),

 

T

 

m

 

 is the temperature at which resistance was measured (

 

°

 

C),

 

T

 

k

 

 is 234.5 

 

°

 

C (copper) or 225 

 

°

 

C (aluminum).

 

NOTE—

 

Τ

 

he value of 

 

T

 

k

 

 may be as high as 230 

 

°

 

C for alloyed aluminum.

 

5.3 Resistance measurement methods

 

5.3.1 Bridge method

 

Bridge methods or high-accuracy digital instrumentation is generally preferred because of its accuracy and
convenience, since it may be employed for the measurement of resistances up to 10 000 

 

Ω

 

. It should be used
in cases where the rated current of the transformer winding to be measured is less than 1 A.

 

NOTE—For resistance values of 1 

 

Ω

 

 or more, a Wheatstone Bridge (or equivalent) is commonly used; for values less
than 1 

 

Ω

 

, a Kelvin Bridge (or equivalent) is commonly used. Some modern resistance bridges have capability in both
ranges.

 

5.3.2 Voltmeter-ammeter method

 

The voltmeter-ammeter method is sometimes more convenient than the bridge method. It should be
employed only if the rated current of the transformer winding is 1 A or more. Digital voltmeters and digital
ammeters of appropriate accuracy are commonly used in connection with temperature-rise determinations.
To use this method, the following steps should be taken:

a) Measurement is made with direct current, and simultaneous readings of current and voltage are
taken using the connections of Figure 1. The required resistance is calculated from the readings in
accordance with Ohm’s Law. A battery or filtered rectifier will generally be found to be more satis-
factory as a dc source than will a commutating machine. The latter may cause the voltmeter pointer
to vibrate because of voltage ripple.

 

Figure 1—Connections for voltmeter-ammeter method 
of resistance measurement

 

b) To minimize errors of observation,

1) The measuring instruments shall have ranges that will give reasonably large deflection.

2) The polarity of the core magnetization shall be kept constant during all resistance readings.

 

NOTE—A reversal in magnetization of the core can change the time constant and result in erroneous readings.
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c) The voltmeter leads shall be independent of the current leads and shall be connected as closely as
possible to the terminals of the winding to be measured. This is to avoid including in the reading the
resistances of current-carrying leads and their contacts and of extra lengths of leads.

To protect the voltmeter from injury by off-scale deflections, the voltmeter should be disconnected
from the circuit before switching the current on or off. To protect test personnel from inductive kick,
the current should be switched off by a suitably insulated switch.

If the drop of voltage is less than 1 V, a potentiometer or millivoltmeter shall be used.

d) Readings shall not be taken until after the current and voltage have reached steady-state values.

When measuring the cold resistance, preparatory to making a heat run, note the time required for the
readings to become constant. That period of time should be allowed to elapse before taking the first
reading when final winding hot resistance measurements are being made.

In general, the winding will exhibit a long dc time constant. To reduce the time required for the cur-
rent to reach its steady-state value, a noninductive external resistor should be added in series with the
dc source. The resistance should be large compared to the inductance of the winding. It will then be
necessary to increase the source voltage to compensate for the voltage drop in the series resistor. The
time will also be reduced by operating all other transformer windings open-circuited during these
tests.

e) Readings shall be taken with not less than four values of current when deflecting instruments are
used. The average of the resistances calculated from these measurements shall be considered to be
the resistance of the circuit.

The current used shall not exceed 15% of the rated current of the winding whose resistance is to be
measured. Larger values may cause inaccuracy by heating the winding and thereby changing its tem-
perature and resistance.

When the current is too low to be read on a deflecting ammeter, a shunt and digital millivoltmeter or
potentiometer shall be used.

 

6. Polarity and phase-relation tests

 

Polarity and phase-relation tests are of interest primarily because of their bearing on paralleling or banking
two or more transformers. Phase-relation tests are made to determine angular displacement and relative
phase sequence.

 

6.1 Subtractive and additive polarity

 

Windings arranged for subtractive polarity and additive polarity are shown in Figure 2 and Figure 3.   

Figure 2—Windings: subtractive polarity
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Leads and polarity marks arranged for subtractive polarity and additive polarity are shown in Figure 4 and
Figure 5.   

Figure 3—Windings: additive polarity

Figure 4—Leads and polarity marks: subtractive polarity

Figure 5—Leads and polarity marks: additive polarity
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6.2 Polarity tests: single-phase transformers

 

Polarity tests on single-phase transformers shall be made in accordance with one of the following methods:

a) Inductive kick
b) Alternating voltage
c) Comparison
d) Ratio bridge

 

6.2.1 Polarity by inductive kick

 

The polarity of transformers with leads arranged as shown in Figure 2, Figure 3, Figure 4, and Figure 5 may
be determined when making resistance measurements as follows:

a) With direct current passing through the high-voltage winding, connect a high-voltage direct-current
voltmeter across the high-voltage winding terminals to obtain a small deflection of the pointer.

b) Transfer the two voltmeter leads directly across the transformer to the adjacent low-voltage leads,
respectively.

 

NOTE—For example, in Figure 5, the voltmeter lead connected to H

 

1

 

 will be transferred to X

 

2

 

 as the adjacent lead,
and that connected to H

 

2

 

 to X

 

1

 

.

c) Break direct-current excitation, thereby inducing a voltage in the low-voltage winding (inductive
kick), which will cause deflection in the voltmeter. The deflection is interpreted in d) and e) below.

d) When the pointer swings in the opposite direction (negative), the polarity is subtractive.

e) When the pointer swings in the same direction as before (positive), the polarity is additive.

6.2.2 Polarity by alternating-voltage test

For transformers having a ratio of transformation of 30 to 1 or less, the H1 lead shall be connected to the
adjacent low-voltage lead (X1 in Figure 6).

Figure 6—Polarity by alternating-voltage test

Any convenient value of alternating voltage shall be applied to the full high-voltage winding and readings
taken of the applied voltage and the voltage between the right-hand adjacent high-voltage and low-voltage
leads.

When the latter reading is greater than the former, the polarity is additive.

When the latter voltage reading is less than the former (indicating the approximate difference in voltage
between the high-voltage and low-voltage windings), the polarity is subtractive.
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6.2.3 Polarity by comparison

When a transformer of known polarity and of the same ratio as the unit under test is available, the polarity
can be checked by comparison, as follows, similar to the comparison method used for the ratio test (see
Figure 9 and Figure 10):

a) Connect the high-voltage windings of both transformers in parallel by connecting similarly marked
leads together.

b) Connect the low-voltage leads, X2, of both transformers together, leaving the X1 leads free.

c) With these connections, apply a reduced value of voltage to the high-voltage windings and measure
the voltage between the two free leads.

A zero or negligible reading of the voltmeter will indicate that the relative polarities of both transformers are
identical.

An alternative method of checking the polarity is to substitute a low-rated fuse or suitable lamps for the volt-
meter. This procedure is recommended as a precautionary measure before connecting the voltmeter.

6.2.4 Polarity by ratio bridge

The ratio bridge described in Clause 7 can also be used to test polarity.

6.3 Polarity and phase-relation tests: polyphase transformers

6.3.1 Polarity of polyphase transformers

Each phase of a polyphase transformer shall have the same relative polarity when tested in accordance with
one of the methods described for single-phase transformers.

6.3.2 Phase-relation tests

6.3.2.1 Test for phasor diagram for transformers with a ratio of transformation of 30 to 1 or 
less

The phasor diagram of any three-phase transformer that defines the angular displacement and phase
sequence can be verified as follows:

— Connect the H1 and X1 leads together to excite the unit at a suitably low three-phase voltage.

— Take voltage measurements between the various pairs of leads.

— Either plot these values or compare them for their relative order of magnitude with the help of the
corresponding diagram in Figure 7 or Figure 8.  

Typical check measurements are to be taken and their relative magnitudes also indicated.

6.3.2.2 Zigzag windings

Equal zig and zag windings are usually necessary for zigzag transformers, although unequal windings may
be used for special applications.

No required test is proposed to determine the phase relationships between the line end and neutral end
sections of a zigzag winding. However, it is recommended that a test connection be made to the junction of
the two winding sections and tests be made during manufacture to prove the desired phase relationships. For
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Figure 7—Transformer lead markings and voltage-phasor diagrams
for three-phase transformer connections
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the purpose of designation in Figure 7, zigzag windings are arbitrarily defined as windings whose line end
section is rotated 60° counterclockwise with respect to the neutral end section.

6.3.2.3 Six-phase windings

Six-phase windings with no neutral connection shall be temporarily connected in delta (∆) or wye (Y) for
the test for phasor diagram.

6.3.2.4 Test of phase relation with ratio bridge

The ratio bridge described in Clause 7 can also be used to test phase relationships.

6.3.3 Phase-sequence test

The phase-sequence indicator may incorporate either a three-phase induction motor or a split-phase circuit.

Figure 8—Transformer lead markings and voltage-phasor
for six-phase transformer connections
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It should be connected first to the higher voltage leads, the transformer excited three-phase at a low voltage
suitable for the indicator, and the direction of rotation or the indication of the instrument noted.

The indicator is then transferred to the low-voltage side of the transformer by connecting the lead that was
connected to H1 to X1, connecting the lead that was connected to H2 to X2, and connecting the lead that was
connected to H3 to X3.

The transformer is again excited at a suitable voltage (without changing the excitation connections) and the
indication again noted.

The phase sequence of the transformer is correct when the indication is the same in both cases.

Six-phase secondaries with no neutral connection also have to be connected temporarily in delta or wye for
this test. When a six-phase neutral is available, the phase-sequence indicator leads should be transferred
from H1 to X1, from H2 to X3, from H3 to X5, respectively; and the direction of rotation should be noted.
The test should then be repeated by transferring the leads from H1 to X2, from H2 to X4, and from H3 to X6,
respectively, and noting the indication, which should be the same as before.

6.3.3.1 Limitation of the phase-sequence test

The preceding method (phase-sequence test) does not disclose the angular displacement of the transformer.

6.3.3.2 Test of phase sequence with ratio bridge

The ratio bridge described in Clause 7 can also be used to test phase sequence.

7. Ratio tests

7.1 General

The turn ratio of a transformer is the ratio of the number of turns in the high-voltage winding to that in the
low-voltage winding.

7.1.1 Taps

When a transformer has taps for changing its voltage ratio, the turn ratio is based on the number of turns
corresponding to the normal rated voltage of the respective windings to which operating and performance
characteristics are referred.

When the transformer has taps, the turn ratio shall be determined for all taps and for the full winding.

7.1.2 Voltage and frequency

The ratio test shall be made at rated or lower voltage and rated or higher frequency.

7.1.3 Three-phase transformers

In the case of three-phase transformers, when each phase is independent and accessible, single-phase power
should be used; although, when convenient, three-phase power may be used.
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7.1.4 Three-phase transformers with inaccessible neutrals

Transformers that have wye connections but do not have the neutral of the wye brought out shall be tested
for ratio with three-phase power. Any inequality in the magnetizing characteristics of the three phases will
then result in a shift of the neutral and thereby cause unequal phase voltages. When such inequality is found,
the connection should be changed, either to a delta or to a wye connection, and the line voltages measured.
When these are found to be equal to each other and of proper value (1.73 times the phase voltages when con-
nected in wye), the ratio is correct.

7.2 Tolerances for ratio

See Clause 9 of IEEE Std C57.12.00-1993.

7.3 Ratio test methods

7.3.1 Voltmeter method

Two voltmeters shall be used (with voltage transformers when necessary), one to read the voltage of the
high-voltage winding and the other, the low-voltage winding.

The two voltmeters shall be read simultaneously.

A second set of readings shall be taken with the instruments interchanged, and the average of the two sets of
readings taken to compensate for instrument errors.

Voltage transformer ratios should yield approximately the same readings on the two voltmeters. Compensa-
tion for instrument errors by an interchange of instruments will otherwise not be satisfactory, and it will be
necessary to apply appropriate corrections to the voltmeter readings.

Tests shall be made at not less than four voltages in approximately 10% steps, and the average result shall be
taken as the true value. These several values should check within 1%. Otherwise, the tests shall be repeated
with other voltmeters.

When appropriate corrections are applied to the voltmeter readings, tests may be made at only one voltage.

When several transformers of duplicate rating are to be tested, work may be expedited by applying the fore-
going tests to only one unit, and then comparing the other units with this one as a standard, in accordance
with the comparison transformer method discussed in 7.3.2.

7.3.2 Comparison method

A convenient method of measuring the ratio of a transformer is by comparison with a transformer of known
ratio.

The transformer to be tested is excited in parallel with a transformer of the same nominal ratio, and the two
secondaries connected in parallel but with a voltmeter or detector in the connection between two terminals of
similar polarity (see Figure 9). This method is more accurate than the following alternative method because
the voltmeter or detector indicates the difference in voltage.

For an alternate method, the transformer to be tested is excited in parallel with a transformer of known ratio,
and the voltmeters are arranged to measure the two secondary voltages (see Figure 10). The voltmeters shall
be interchanged and the test repeated. The averages of the results are the correct voltages.
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7.3.3 Ratio bridge

A bridge using the basic circuit of Figure 11 may be used to measure ratio.

Figure 9—Voltmeter arranged to read the difference between
the two secondary voltages

NOTE−Readings are repeated after interchanging voltmeters.

Figure 10—Voltmeters arranged to read the two secondary voltages

Figure 11—Basic circuit of ratio bridge



IEEE
Std C57.12.90-1999 IEEE STANDARD TEST CODE FOR LIQUID-IMMERSED

16 Copyright © 1999 IEEE. All rights reserved.

When detector DET is in balance, the transformer ratio is equal to R/R1.

NOTE 1—Measurement of ratio using circuits of this type has in the past also been described as ratio by resistance
potentiometer.

NOTE 2—More accurate results can be obtained using a ratio bridge that provides phase-angle correction.

NOTE 3—The ratio bridge can also be used to test polarity, phase relation, and phase sequence.

8. No-load losses and excitation current

8.1 General

No-load (excitation) losses are losses that are incident to the excitation of the transformer. No-load losses
include core loss, dielectric loss, conductor loss in the winding due to excitation current, and conductor loss
due to circulating current in parallel windings. These losses change with the excitation voltage.

Excitation current (no-load current) is the current that flows in any winding used to excite the transformer
when all other windings are open-circuited. It is generally expressed in percent of the rated current of the
winding in which it is measured.

The no-load losses consist primarily of the core loss in the transformer core, which is a function of the mag-
nitude, frequency, and waveform of the impressed voltage. No-load losses also vary with temperature and
are particularly sensitive to differences in waveform; therefore, no-load loss measurements will vary mark-
edly with the waveform of the test voltage.

In addition, several other factors affect the no-load losses and current of a transformer. The design-related
factors include the type and thickness of core steel, the core configuration, the geometry of core joints, and
the core flux density.

Factors that cause differences in the no-load losses of transformers of the same design include variability in
characteristics of the core steel, mechanical stresses induced in manufacturing, variation in gap structure,
and core joints.

8.2 No-load loss test

The purpose of the no-load loss test is to measure no-load losses at a specified excitation voltage and a spec-
ified frequency. The no-load loss determination shall be based on a sine-wave voltage, unless a different
waveform is inherent in the operation of the transformer. The average-voltage voltmeter method is the most
accurate method for correcting the measured no-load losses to a sine-wave basis and is recommended. This
method employs two parallel-connected voltmeters; one is an average-responding [but root mean square
(rms) calibrated] voltmeter; the other is a true rms-responding voltmeter. The test voltage is adjusted to the
specified value as read by the average-responding voltmeter. The readings of both voltmeters are employed
to correct the no-load losses to a sine-wave basis, using Equation (2) in accordance with 8.3.

8.2.1 Connection diagrams

Tests for the no-load loss determination of a single-phase transformer are carried out using the schemes
depicted in Figure 12 and Figure 13. Figure 12 shows the necessary equipment and connections when instru-
ment transformers are not required. When instrument transformers are required, which is the general case,
the equipment and connections shown in Figure 13 apply. If necessary, correction for losses in connected
measurement instruments may be made by disconnecting the transformer under test and noting the
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wattmeter reading at the specified test circuit voltage. These losses represent the losses of the connected
instruments (and voltage transformer, if used). They may be subtracted from the earlier wattmeter reading to
obtain the no-load loss of the transformer under test.

Tests for the no-load loss determination of a three-phase transformer shall be carried out by using the three
wattmeter method. Figure 14 is a schematic representation of the equipment and connections necessary for
conducting no-load loss measurements of a three-phase transformer when instrument transformers are
necessary.     

Figure 12—Connections for no-load loss test of a single-phase transformer
without instrument transformers

Figure 13—Connections for no-load loss test of a single-phase transformer
with instrument transformers

Figure 14—Three-phase transformer connections for no-load loss and
excitation current tests using three-wattmeter method
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8.2.2 Voltmeter connections

When correcting to a sine-wave basis using the average-voltage voltmeter method, attention shall be paid to
the voltmeter connections because the line-to-line voltage waveform may differ from line-to-neutral voltage
waveform. Therefore, depending upon whether the transformer windings energized during the test are con-
nected delta or wye, the voltmeter connections shall be such that the waveform applied to the voltmeters is
the same as the waveform across the energized windings.

8.2.3 Energized windings

Either the high- or the low-voltage winding of the transformer under test may be energized, but it is gener-
ally more convenient to make this test using the low-voltage winding. In any case, the full winding (not
merely a portion of the winding) should be used whenever possible. If, for some unusual reason, only a por-
tion of a winding is excited, this portion shall not be less than 25% of the winding.

8.2.4 Voltage and frequency

The operating and performance characteristics of a transformer are based upon rated voltage and rated fre-
quency, unless otherwise specified. Therefore, the no-load loss test is conducted with rated voltage
impressed across the transformer terminals, using a voltage source at a frequency equal to the rated fre-
quency of the transformer under test, unless otherwise specified.

For the determination of the no-load losses of a single-phase transformer or a three-phase transformer, the
frequency of the test source should be within ± 0.5% of the rated frequency of the transformer under test.
The voltage shall be adjusted to the specified value as indicated by the average-voltage voltmeter. Simulta-
neous values of rms voltage, rms current, electrical power, and the average-voltage voltmeter readings shall
be recorded. For a three-phase transformer the average of the three voltmeter readings shall be the desired
nominal value.

8.3 Waveform correction of no-load losses

The eddy-current component of the no-load loss varies with the square of the rms value of excitation voltage
and is substantially independent of the voltage waveform. When the test voltage is held at the specified value
as read on the average-voltage voltmeter, the actual rms value of the test voltage may not be equal to the
specified value. The no-load losses of the transformer corrected to a sine-wave basis shall be determined
from the measured value by means of Equation (2):

(2)

where

Tm is the average oil temperature at the time of test (°C),
Pc(Tm) is the no-load losses, corrected for waveform, at temperature Tm,
Pm is measured no-load losses at temperature Tm,
P1 is per unit hysteresis loss,
P2 is per unit eddy-current loss,

k is ,

Er is the test voltage measured by rms voltmeter,
Ea is the test voltage measured by average-voltage voltmeter.

Pc T m( )
Pm

P1 kP2+
---------------------=

Er

Ea
----- 
 

2
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The actual per unit values of hysteresis and eddy-current losses should be used if available. If actual values
are not available, it is suggested that the two loss components be assumed equal in value, assigning each a
value of 0.5 per unit.

Equation (2) is valid only for test voltages with moderate waveform distortion. If waveform distortion in the
test voltage causes the magnitude of the correction to be greater than 5%, then the test voltage waveform
shall be improved for an adequate determination of the no-load losses and currents.

8.4 Temperature correction of no-load losses

A reference temperature is required when stating no-load losses because the no-load losses vary with core
temperature. The standard reference temperature Tr for transformer no-load losses is specified in 5.9 of
IEEE Std C57.12.00-1993.

The observed decrease in no-load losses for an increase in temperature results from several mechanisms act-
ing together. Changes in the core steel resistivity, changes in mechanical stress in the core structure, and
variations in the temperature gradients in the core cause the no-load loss to change with temperature.
Because these factors vary from design to design and also between transformers of the same design, it is not
practical to specify an exact formula to account for temperature variation throughout the operating tempera-
ture range of transformers.

However, ordinary variations of temperature encountered when performing the no-load loss test will not
affect no-load losses materially, and no correction for temperature need be made, so long as the following
conditions are met:

a) The average oil temperature is within ±10 °C of the reference temperature Tr .
b) The difference between the top and bottom oil temperatures does not exceed 5 °C. 

If conducting the test with temperatures outside the specified ranges is necessary, the empirical formula in
Equation (3) may be used to correct the measured no-load losses to the reference temperature:

(3)

where

Pc(Tr) is the no-load losses, corrected to the standard reference temperature Tr ,
Pc(Tm) is the no-load losses, corrected for waveform, at temperature Tm ,
Tr is the standard reference temperature (°C),
KT is an empirically derived per-unit change in no-load loss per °C.

If the actual value of KT is not available, a value of 0.000 65 per unit change per °C should be used. This
value is typical for cores constructed of grain-oriented silicon steel and is satisfactory as a correction for no-
load losses when the transformer shall be tested outside the specified temperature range.

8.5 Determination of excitation (no-load) current

The excitation (no-load) current of a transformer is the current that maintains the rated magnetic flux excita-
tion in the core of the transformer. The excitation current is usually expressed in per unit or in percent of the
rated line current of the winding in which it is measured. (Where the cooling class of the transformer
involves more than one kVA rating, the lowest kVA rating is used to determine the base current.) Measure-
ment of excitation current is usually carried out in conjunction with the tests for no-load losses. Rms current

Pc T r( ) Pc T m( ) 1 T m T r–( )KT+{ }=
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is recorded simultaneously during the test for no-load losses using the average-voltage voltmeter method.
This value is used in calculating the per unit or percent excitation current. For a three-phase transformer, the
excitation current is calculated by taking the average of the magnitudes of the three line currents.

9. Load losses and impedance voltage

9.1 General

The load losses of a transformer are losses incident to a specified load carried by the transformer. Load
losses include I2R loss in the windings due to load current and stray losses due to eddy currents induced by
leakage flux in the windings, core clamps, magnetic shields, tank walls, and other conducting parts. Stray
losses may also be caused by circulating currents in parallel windings or strands. Load losses are measured
by applying a short circuit across either the high-voltage winding or the low-voltage winding and applying
sufficient voltage across the other winding to cause a specified current to flow in the windings. The power
loss within the transformer under these conditions equals the load losses of the transformer at the
temperature of test for the specified load current.

The impedance voltage of a transformer is the voltage required to circulate rated current through one of two
specified windings when the other winding is short-circuited, with the windings connected as for rated volt-
age operation. Impedance voltage is usually expressed in per unit or in percent of the rated voltage of the
winding across which the voltage is applied and measured. The impedance voltage comprises a resistive
component and a reactive component. The resistive component of the impedance voltage, called the resis-
tance drop, is in phase with the current and corresponds to the load losses. The reactive component of the
impedance voltage, called the reactance drop, is in quadrature with the current and corresponds to the
leakage-flux linkages of the windings. The impedance voltage is the phasor sum of the two components. The
impedance voltage is measured during the load loss test by measuring the voltage required to circulate rated
current in the windings. The measured voltage is the impedance voltage at the temperature of test, and the
power loss dissipated within the transformer is equal to the load losses at the temperature of test and at rated
load. The impedance voltage and the load losses are corrected to a reference temperature using the formulas
specified in this standard.

The impedance kVA is the product of the impedance voltage across the energized winding in kilovolts times
the winding current in amperes. The ratio of the load losses in kilowatts at the temperature of test to the
impedance kVA at the temperature of test is the load loss power factor of the transformer during the test and
is used in correction for phase-angle error as specified in this standard.

9.2 Factors affecting the values of load losses and impedance voltage

The magnitudes of the load losses and the impedance voltage will vary depending on the positions of tap
changers, if any, in various windings. These changes are due to the changes in the magnitudes of load cur-
rents and associated leakage-flux linkages, as well as changes in stray flux and accompanying stray losses. In
addition, several other factors affect the values of load losses and impedance voltage of a transformer. Con-
siderations of these factors, in part, explain variations in values of load losses and impedance voltage for the
same transformer under different test conditions, as well as variations between the values of load losses and
impedance voltage of different transformers of the same design. These factors are discussed in 9.2.1 through
9.2.4.

9.2.1 Design

The design-related factors include conductor material, conductor dimensions, winding design, winding
arrangement, shielding design, and selection of structural materials.
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9.2.2 Process

The process-related factors that impact the values of load losses and impedance voltage are the dimensional
tolerances of conductor materials, the final dimensions of completed windings, phase assemblies, metallic
parts exposed to stray flux, and variations in properties of conductor material and other metallic parts.

9.2.3 Temperature

Load losses are also a function of temperature. The I2R component of the load losses increases with temper-
ature, while the stray loss component decreases with temperature. Procedures for correcting the load losses
and impedance voltage to the standard reference temperature are described in 9.4.2.

9.2.4 Measurements

At low power factors, such as those encountered while measuring the load losses and impedance voltage of
power transformers, judicious selection of measurement method and test system components is essential for
accurate and repeatable test results. The phase-angle errors in the instrument transformers, measuring instru-
ments, bridge networks, and accessories affect the load loss test results. Procedures for correcting the load
losses for metering phase-angle errors are described in 9.4.1.

9.3 Tests for measuring load losses and impedance voltage

Regardless of the test method selected, the following preparatory requirements shall be satisfied for accurate
test results:

a) To determine the temperature of the windings with sufficient accuracy, the following conditions
shall be met, except as stated in the note below:

1) The temperature of the insulating liquid has stabilized, and the difference between top and bot-
tom oil temperatures does not exceed 5 °C.

2) The temperature of the windings shall be taken immediately before and after the load losses
and impedance voltage test in a manner similar to that described in 5.1. The average shall be
taken as the true temperature.

3) The difference in winding temperature before and after the test shall not exceed 5 °C.

NOTE—For distribution and pad-mounted transformers up to 2500 kVA, where it may not be practical to wait for
thermal equilibrium, the method used to determine the winding temperature shall take into consideration the lack of
thermal equilibrium and the effect of ohmic heating of the winding conductors by load current during the test. The
method used can be verified by staging a repeated measurement of the load losses and impedance voltage at a later
time when conditions 1), 2), and 3) above are met.

b) The conductors used to short-circuit the low-voltage high-current winding of a transformer shall
have a cross-sectional area equal to or greater than the corresponding transformer leads.

c) The frequency of the test source used for measuring load losses and impedance voltage shall be
within ± 0.5% of the nominal value.

d) The maximum value of correction to the measured load losses due to the test system phase-angle
error is limited to ± 5% of measured losses. If more than 5% correction is required, test methods
and/or test apparatus should be improved for an adequate determination of load losses.

9.3.1 Wattmeter-voltmeter-ammeter method

The connections and apparatus needed for the determination of the load losses and impedance voltage of a
single-phase transformer are shown in Figure 15 and Figure 16. Figure 15 applies when instrument trans-
formers are not required. If instrument transformers are required, which is the general case, then Figure 16
applies.
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For three-phase transformers, three-phase power measurement utilizing two wattmeters is possible, but can
result in very large errors at low power factors encountered in load loss tests of transformers. The two-watt-
meter method should not be used for loss tests on three-phase transformers.

For three-phase transformers, Figure 17 shows the apparatus and connections using the three-wattmeter
method.

The selection of test method and test system components should be such that the accuracy requirements as
specified in 9.4 of IEEE Std C57.12.00-1993 are satisfied.

9.3.2 Impedance bridge methods

Impedance bridge methods may be used as an alternate to the wattmeter-voltmeter-ammeter method for
measurement of load losses and impedance voltage.

While many configurations of impedance bridge networks are possible, the choice of a particular network is
determined by considerations of the measurement environment and available test facility. The general form
of the impedance bridge as shown in Figure 18 is an electrical network arranged so that a voltage propor-
tional to the current through the transformer under test is compared with a reference voltage that is a func-
tion of the applied voltage ET. The voltage comparison is made by adjusting one or more of the bridge arms
(Z1, Z2, and Z3) until the voltage across Z2 and Z3 are exactly equal in magnitude and phase. Voltage balance
is indicated by a null reading of the detector DET. The impedance characteristics of the transformer under
test can then be calculated from the values of Z1, Z2, and Z3.

NOTE−Instrument transformers to be added when necessary.

Figure 15—Single-phase transformer connections for load loss and impedance voltage 
tests without instrument transformers

Figure 16—Single-phase transformer connections for load loss and impedance voltage 
tests with instrument transformers
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Two of the most commonly used bridge networks for transformer testing are shown in Figure 19 and Figure
20. In Figure 19, a bridge technique is illustrated that employs a precision, low-loss high-voltage capacitor
and precision current transformer. It has some similarities to the classical Schering and Maxwell bridges. In
Figure 20, another bridge technique employing an HV capacitor, precision current transformer, and trans-
former ratio arm bridge is shown.

In general, the bridge network adjustments for voltage balance are frequency-dependent; therefore, excita-
tion of the bridge shall be made with a power source that has low harmonic distortion and excellent fre-
quency stability.

The factors that impact overall accuracy of test results by the wattmeter-voltmeter-ammeter method also
impact the accuracy of test results by impedance bridge methods.

Figure 17—Three-phase transformer connections for load loss and impedance voltage 
tests using three-wattmeter method

Figure 18—General impedance bridge network



IEEE
Std C57.12.90-1999 IEEE STANDARD TEST CODE FOR LIQUID-IMMERSED

24 Copyright © 1999 IEEE. All rights reserved.

   

Loss measurements on three-phase transformers using a three-phase source are made by connecting the
bridge network to each phase in turn and calculating the total losses from the three single-phase measure-
ments. This is analogous to the three-wattmeter method of measuring losses by switching a single wattmeter
from phase to phase. To verify that switching the bridge from phase to phase does not affect the result on the
remaining phases, and to demonstrate that the time involved in switching the bridge does not result in undue
heating of the transformer windings during the test, the losses can be monitored for stable readings by watt-
meters in all phases.

9.3.3 Transformer test procedures

9.3.3.1 Two-winding transformers and autotransformers

Load loss and impedance voltage tests are carried out using the connections and apparatus shown in Figure
16 for single-phase transformers and Figure 17 for three-phase transformers.

With one winding short-circuited, a voltage of sufficient magnitude at rated frequency is applied to the other
winding and adjusted to circulate rated current in the excited winding. Simultaneous readings of wattmeter,
voltmeter, and ammeter are taken. If necessary, the corrections for the losses in external connections and
connected measuring instruments should be made.

The procedure for testing three-phase transformers is very similar, except that all connections and measure-
ments are three-phase instead of single-phase, and a balanced three-phase source of power is used for the
tests. If the three line currents cannot be balanced, their average rms value should correspond to the desired
value. Simultaneous readings of wattmeters, voltmeters, and ammeter should be recorded.

Figure 19—RC-type impedance bridge

Figure 20—Transformer-ratio-arm bridge
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Single-phase and three-phase autotransformers may be tested with internal connections unchanged. The test
is made using the autotransformer connection. The input (or output) terminals are shorted, and voltage (at
rated frequency) is applied to the other terminals. The voltage is adjusted to cause rated line current to flow
in the test circuit as shown in Figure 21. Simultaneous readings of wattmeters, voltmeters, and ammeter are
recorded for determinations of load losses and impedance voltage.

For the purpose of measuring load losses and impedance voltage, the series and common windings of
autotransformers may be treated as separate windings, one short-circuited and the other excited. When the
transformer is connected in the two-winding connection for the test, the current held shall be the rated cur-
rent of the excited winding, which may or may not be the same as rated line current. The load loss watts and
applied voltamperes will be the same, whether series and common windings are treated as separate windings
in the two-winding connection or are connected in the autotransformer connection, so long as rated winding
current is held in the first case and rated line current in the second case.

9.3.3.2 Three-winding transformer

For a three-winding transformer, which may be either single-phase or three-phase, three sets of impedance
measurements are made between pairs of windings, following the same procedure as for two-winding trans-
formers. Measurements of the impedances Z12, Z23, and Z31 are obtained between windings 1, 2, and 3.

If the kVA capacities of the different windings are not alike, the current held for the impedance test should
correspond to the capacity of the lower-rated winding of the pair of windings under test. However, all of
these data, when converted into percentage form, should be based on the same output kVA, preferably that of
the primary winding. An equivalent three-winding impedance network, as shown in Figure 22, can be
derived from Equation (4), Equation (5), and Equation (6):

(4)

(5)

(6)

where

Z12, Z23, and Z31 are the measured impedance values between pairs of windings, as indicated, all
expressed on the same kVA base.

These equations involve complex numbers, but they may be used for the resistance (in-phase) component or
the reactance (quadrature) component of the impedance voltage or of the impedance voltamperes.

Figure 21—Connections for impedance loss and impedance voltage tests 
of an autotransformer

Z1
Z12 Z23– Z31+

2
------------------------------------=

Z2
Z23 Z31– Z12+

2
------------------------------------ Z12 Z1–= =

Z3
Z31 Z12– Z23+

2
------------------------------------ Z31 Z1–= =



IEEE
Std C57.12.90-1999 IEEE STANDARD TEST CODE FOR LIQUID-IMMERSED

26 Copyright © 1999 IEEE. All rights reserved.

The treatment of the individual load losses and impedance voltages for temperature corrections, etc., is the
same as for two-winding single-phase transformers.

The total load losses of a three-winding transformer is the sum of the losses in the branches of the equivalent
circuit of Figure 22 for any specific terminal load conditions.

9.3.3.3 Interlacing impedance voltage of a Scott-connected transformer

The interlacing impedance voltage of Scott-connected transformers is the single-phase voltage applied from
the midtap of the main transformer winding to both ends, connected together. The voltage is sufficient to cir-
culate, in the supply lines, a current equal to the rated three-phase line current. The current in each half of the
winding is 50% of this value.

The percent interlacing impedance is the measured voltage expressed as a percent of the teaser voltage. The
percent resistance is the measured losses expressed as a percentage of the rated kVA of the teaser winding.

9.3.3.4 Test of three-phase transformer with single-phase voltage

To determine the load losses and impedance voltage of a three-phase transformer with single-phase voltage,
the setup as schematically shown in Figure 23 is recommended.

The three line leads of one winding are short-circuited, and single-phase voltage at rated frequency is
applied to two terminals of the other winding. The applied voltage is adjusted to circulate rated line current.

Three successive readings are taken on the three pairs of leads; for example, H1 and H2, H2 and H3, H3 and
H1. Then,

Figure 22—Equivalent three-winding impedance network

Figure 23—Test of three-phase transformer with single-phase voltage
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Measured load losses (W) = 1.5 (7)

Measured impedance voltage = 0.866 (8)

where

P is individual reading of measured load losses as indicated by subscripts,
E is individual reading of measured impedance voltage as indicated by subscripts.

The stray loss component shall be obtained by subtracting the I 2R losses from the measured load losses of
the transformer. Let R1 be the resistance measured between two high-voltage terminals and R2 the resistance
between two low-voltage terminals; let I1 and I2 be the respective rated line currents. Then, the total I 2R loss
of all three phases will be

(9)

This formula applies equally well to wye- or delta-connected windings.

Temperature correction shall be made as in 9.4.2.

9.4 Calculation of load losses and impedance voltage from test data

Load losses and impedance voltage measurements vary with temperature and, in general, shall be corrected
to a reference temperature. In addition, load loss measurement values shall be corrected for metering phase-
angle error.

9.4.1 Correction of load loss measurement due to metering phase-angle errors

In addition to consideration of magnitude-related errors such as instrument transformer ratio errors and
meter calibration, correction of load loss measurement due to phase-angle errors in the wattmeters, voltage-
measuring circuit, and current-measuring circuit shall be applied in accordance with Table 1 using the
correction formula in Equation (10).

(10)

where

Pc is the wattmeter reading, corrected for phase-angle error (W),
Pm is the actual wattmeter reading (W),
Vm is the voltmeter reading across wattmeter voltage element (V),
Am is the ammeter reading in wattmeter current element (A),
Wd is the phase-angle error of wattmeter where applicable (rad),
Vd is the phase-angle error of voltage transformer (rad),
Cd is the phase-angle error of current transformer (rad).

In general, instrument transformer phase-angle errors are a function of burden and excitation. Likewise,
wattmeter phase-angle errors are a function of the scale being used and the circuit power factor. Thus, the
instrumentation phase-angle errors used in the correction formula shall be specific for the test conditions

P12 P23 P31+ +
3

------------------------------------- 
 

E12 E23 E31+ +
3

------------------------------------- 
 

Total I2R (watts) 1.5 I1
2R1 I2

2R2+( )=

Pc Pm V m Am W d– V d– Cd+( )–=
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involved. Only instrument transformers meeting 0.3 metering accuracy class, or better, are acceptable for
measurements.

Use of Equation (10) is limited to conditions of apparent power factor less than 0.20 and the total system
phase-angle error less than 20 min. If corrections are required with apparent power factor or system phase
error outside this range, the following exact formulas apply:

(11)

(12)

For three-phase measurements, the corrections are applied to the reading of each wattmeter employed. The
transformer load loss at temperature Tm is then calculated as follows:

(13)

where

P(Tm) is transformer load losses, corrected for phase-angle error at temperature Tm,

Pci is the corrected wattmeter reading of the ith wattmeter,
Rv is the true voltage ratio of voltage measuring circuit,
Ra is the true current ratio of current measuring circuit.

9.4.2 Temperature correction of load losses

Both I 2R losses and stray losses of a transformer vary with temperature. The I 2R losses, Pr(Tm), of a trans-
former are calculated from the ohmic resistance measurements (corrected to the temperature Tm at which the
measurement of load losses and impedance voltage was done) and the current that were used in the imped-
ance measurement. These I 2R losses subtracted from the measured load loss watts, P(Tm), give the stray
losses, Ps(Tm), of the transformer at the temperature at which the load loss test was made.

(14)

where

Ps (Tm) is the calculated stray losses (W) at temperature Tm,
P (Tm) is the transformer load losses (W), corrected in accordance with 9.4.1, for phase-angle error at

temperature Tm,

Table 1—Requirements for phase-angle error correction

Apparent load loss
power factor
(PF = Pm/VA)

Comments

PF ≤ 0.03 Apply phase-angle error correction

0.03 < PF ≤ 0.10 Apply phase-angle error correction if  µrad (1 min)

PF > 0.10 Apply phase-angle error correction if  µrad (3 min)

W d– V d– Cd+ 290>

W d– V d– Cd+ 870>

φa cos 1– Pm

V m Am
--------------- 
 =

Pc V m Am φa W d– V d– Cd+( )cos=

P T m( ) RvRaPci
i 1=

3

∑=

Ps T m( ) P T m( ) Pr T m( )–=
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Pr (Tm) is the calculated I 2R loss (W) at temperature Tm.

The I 2R component of load losses increases with temperature. The stray loss component diminishes with
temperature. Therefore, when it is desirable to convert the load losses from the temperature at which it is
measured Tm to another temperature T, the two components of the load losses are corrected separately. 

Thus,

(15)

(16)

then

(17)

where

Pr(T) is I2R loss (W) at temperature T (°C),
Ps(T) is stray losses (W) at temperature T (°C), 
P(T) is transformer load losses (W) corrected to temperature T (°C), 
Tk is 234.5 °C (copper) or 225 °C (aluminum) (see note below).

NOTE—The temperature 225 °C applies for pure EC aluminum. Tk may be as high as 230 °C for alloyed aluminum.
Where copper and aluminum windings are employed in the same transformer, a value for Tk of 229 °C should be applied
for the correction of stray losses.

9.4.3 Impedance voltage

Impedance voltage and its resistive and reactive components are determined by the use of Equation (18),
Equation (19), Equation (20), and Equation (21).

(18)

(19)

(20)

(21)

where

Er(Tm) is the resistance voltage drop (v) of in-phase component at temperature Tm,
Er(T) is the resistance voltage drop (v) of in-phase component corrected to temperature T,
Ex is the reactance voltage drop (v) of quadrature component,
Ez(Tm) is the impedance voltage (v) at temperature Tm,
Ez(T) is the impedance voltage (v) at temperature T,
P(T) is the transformer load losses (W) corrected to temperature T,

Pr T( ) Pr T m( )
T k T+

T k T m+
------------------- 
 =

Ps T( ) Ps T m( )
T k T m+
T k T+

------------------- 
 =

P T( ) Pr T( ) Ps T( )+=

Er T m( )
P T m( )

I
----------------=

Ex Ez T m( )2 Er T m( )2–=

Er T( ) P T( )
I

------------=

Ez T( ) Er T( )2 Ex
2+=
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P(Tm) is transformer load losses (W) measured at temperature Tm,
I is the current (A) in excited winding.

Per-unit values of the resistance, reactance, and impedance voltage are obtained by dividing Er(T), Ex, and
Ez(T) by the rated voltage. Percentage values are obtained by multiplying per-unit values by 100.

9.5 Zero-phase-sequence impedance

9.5.1 Zero-phase-sequence impedance tests of three-phase transformers

The zero-phase-sequence impedance characteristics of three-phase transformers depend upon the winding
connections and, in some cases, upon the core construction. Zero-phase-sequence impedance tests described
in this standard apply only to transformers having one or more windings with a physical neutral brought out
for external connection. In all tests, one such winding shall be excited at rated frequency between the neutral
and the three line terminals connected together. External connection of other windings shall be as described
in 9.5 for various transformer connections. Transformers with connections other than as described in 9.5
shall be tested as determined by the individuals responsible for design and application.

The excitation voltage and current shall be established as follows:

— If no delta connection is present on the transformer, the applied voltage should not exceed 30% of the
rated line-to-neutral voltage of the winding being energized, nor should the phase current exceed its
rated value. 

— If a delta connection is present, the applied voltage should be such that the rated phase current of any
delta winding is not exceeded. The percent excitation voltage at which the tests are made shall be
shown on the test report. The time duration of the test shall be such that the thermal limits of any of
the transformer parts are not exceeded.

Single-phase measurements of excitation voltage, total current, and power shall be similar to those described
in 9.3. The zero-phase-sequence impedance in percent on kVA base of excited winding for the test connec-
tion is as follows:

(22)

where

E is measured excitation voltage,
Er is rated phase-to-neutral voltage of excited winding,
I is measured total input current flowing in the three parallel-connected phases,
Ir is rated current per phase of the excited windings.

9.5.2 Transformers with one neutral externally available, excluding transformers with inter-
connected windings

The zero-phase sequence network giving the external characteristics for transformers of this type is shown in
Figure 24. Winding 1 has the available neutral, while windings 2, 3, and so forth do not.
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A zero-sequence test shall be made on the winding with the available neutral. A single-phase voltage shall be
applied between the three shorted line terminals and neutral. The external terminals of all other windings
may be open-circuited or shorted and grounded.

The term “interconnected windings” shall be interpreted to mean windings in which one or more electrical
phases are linked by more than one magnetic phase.

9.5.3 Transformers with two neutrals externally available, excluding transformers with inter-
connected windings

The zero-phase sequence network giving the external characteristics for transformers of this type is shown in
Figure 25. Windings 1 and 2 have the externally available neutrals while windings 3, 4, and so forth do not.
The diagram is drawn for the case of 0° phase shift between windings 1 and 2.

Four tests may be made to determine the zero-phase-sequence equivalent network, one of which is
redundant.

a) Test 1. Apply a single-phase voltage to winding 1 between the shorted line terminals of winding 1 and
its neutral. All other windings are open-circuited. The measured zero-phase-sequence impedance is
represented by Z1No.

b) Test 2. Apply a single-phase voltage to winding 1 between the shorted line terminals of winding 1 and
its neutral. Short the line terminals and neutral of winding 2. All other windings may be open-circuited
or shorted. The measured zero-sequence impedance is represented by Z1Ns.

Figure 24—Equivalent zero-phase-sequence network for transformers
with one externally available neutral

NOTE—Applies also to autotransformers.

Figure 25—Equivalent zero-phase-sequence network for transformers with two
externally available neutrals and 0° phase shift between windings 1 and 2
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c) Test 3. Apply a single-phase voltage to winding 2 between the shorted line terminals of winding 2 and
its neutral. All other windings are open-circuited. The measured zero-phase-sequence impedance is
represented by Z2No.

d) Test 4. Apply a single-phase voltage to winding 2 between the shorted line terminals of winding 2 and
its neutral. Short the line terminals and neutral of winding 1. All other windings may be open-circuited
or shorted. The measured zero-phase-sequence impedance is represented by Z2Ns.

Test 4 is redundant to Test 2 and need not be performed. If performed, however, it may be used as a check.

All measured zero-phase-sequence impedances should be expressed in percent and placed on a common
kVA base. The constants in the equivalent circuit are as follows:

(23)

NOTE—These equations involve complex numbers. The plus sign before the radical in the first equation of
Equation (23) is appropriate for most common cases in which windings 1 and 2 are physically adjacent in the design,
and no delta winding (3, 4, etc.) is interleaved with them. A minus sign may be appropriate when a delta winding (3 or 4)
is physically located within or between windings 1 and 2. The correctness of the sign can be checked by comparison
with design calculations of zero-sequence impedance.

If  and  approach infinity, then Z3 approaches infinity, and the equivalent circuit is that shown in Figure 26.

In the case of wye-wye connected transformers, the zero-sequence impedance, in general, is a nonlinear
function of the applied voltage, which in turn may require more than one set of measurements to character-
ize the nonlinear behavior.

9.5.4 Autotransformers

The tests and equivalent circuits of 9.5.2 and 9.5.3 apply equally well for autotransformer connections,
except that the externally available neutral of a common winding shall be considered as two externally avail-
able neutrals, one for the common winding and one for the series-common combination.

Z3 + Z2No
Z1No

Z1N s
–( ) + Z1No

Z2No
Z2N s

–( )= =

Z2 Z2No
Z3–=

Z1 Z1No
Z3–=
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Figure 26—Equivalent zero-phase-sequence network for transformers with two
externally available neutrals and 0° phase shift if Z1No and Z2No approach infinity
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10. Dielectric tests

10.1 General

10.1.1 Factory dielectric tests

The purpose of dielectric tests in the factory is to demonstrate that the transformer has been designed and
constructed to withstand the specified insulation levels.

10.1.2 Test requirements

Test levels and other test parameters shall be as outlined in IEEE Std C57.12.00-1993, or as otherwise
specified.

10.1.3 Measurement of test voltages

Unless otherwise specified, the dielectric test voltages shall be measured or applied, or both, in accordance
with IEEE Std 4-1995, with the following exceptions:

a) A protective resistance may be used in series with sphere gaps, on either the live or the grounded
sphere. Where unnecessary to protect the spheres from arc damage, it may be omitted.

b) The bushing-type potential divider method shall be considered a standard method for transformer
tests.

c) The rectified capacitor-current method shall be considered a standard method for transformer tests.

d) In conducting low-frequency tests for transformers of 100 kVA and less to be tested at 50 kV or less,
it is permissible to depend on the ratio of the testing transformer to indicate the proper test voltage.

10.1.4 Type of power transformer

The terms Class I and Class II power transformers as used in this standard are defined in 5.10 of
IEEE Std C57.12.00-1993.

10.1.5 Factory dielectric tests and conditions

10.1.5.1 Test sequence

Lightning impulse voltage tests, when required, shall precede the low-frequency tests. Switching impulse
voltage tests, when required, shall also precede the low-frequency tests.

For Class II power transformers, the final dielectric test to be performed shall be the induced voltage test.

10.1.5.2 Temperature

Dielectric tests may be made at temperatures assumed under normal operation or at the temperatures
attained under conditions of routine test.

10.1.5.3 Assembly

Transformers, including bushings and terminal compartments when necessary to verify air clearances, shall
be assembled prior to making dielectric tests. However, assembly of items that do not affect dielectric tests,
such as radiators and cabinets, is not necessary. Bushings shall, unless otherwise authorized by the pur-
chaser, be those to be supplied with the transformer.
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10.1.5.4 Transformers for connection to gas-insulated equipment

During dielectric testing of transformers for direct connection to gas-insulated substations, testing with the
in-service bushings is preferred, but substitute air-oil bushings may be used unless otherwise specified by the
user. Live part clearances and locations of the substitute bushings inside the transformer shall be identical,
within normal manufacturing tolerances, to those of the in-service bushings. When the required internal
clearances, or external air clearances, or both, cannot be achieved, suitable arrangements are required as
determined by the manufacturer and user in advance of the design of the transformer.

10.1.6 Tests on bushings

When tests are required on outdoor apparatus (air-to-oil) bushings separately from the transformers, the tests
shall be made in accordance with IEEE Std C57.19.00-1991 and IEEE Std C57.19.01-1991.

Details of separate testing of bushings for use on transformers connected to gas-insulated equipment shall be
agreed upon by the manufacturer and user prior to the design of the transformer.

10.1.7 Dielectric tests in the field

Field dielectric tests may be warranted on the basis of detection of combustible gas or other circumstances.
However, periodic dielectric tests are not recommended because of the severe stress imposed on the
insulation.

Where field dielectric tests are required, low-frequency applied-voltage and induced-voltage tests shall be
used. For distribution transformers and Class I power transformers, the line-to-ground or line-to-line voltage
stress imposed shall not exceed 150% of normal operating stress or 85% of full test voltage, whichever is
lower. The duration of the tests shall be the same as that specified in 10.6 and 10.7 for applied and induced
voltage, respectively.

For Class II power transformers, the line-to-ground or line-to-line voltage stress imposed shall not exceed
150% of maximum system operating voltage. The duration of the test shall not exceed the limits given in
Table 2.

When inducing a transformer in excess of its rated voltage, the test frequency should be increased as neces-
sary to avoid core saturation. Guidance in this area is provided in 10.7.2.

10.2 Switching impulse test procedures

The switching impulse test, when specified, shall consist of applying or inducing a switching impulse wave
between each high-voltage line terminal and ground with a crest value equal to the specified test level.

Table 2—Maximum test duration

Test voltage as a percentage of 
maximum system operating voltages 

Allowable duration
(min) 

150 5 

140 12 

130 36 

120 120 
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10.2.1 Number of tests

The test series shall consist of one reduced voltage transient at 50–70% of specified test level followed by
two full voltage transients at the specified test level.

10.2.2 Switching impulse waves

10.2.2.1 Polarity

Either positive or negative polarity waves, or both, may be used.

10.2.2.2 Wave shape

The switching impulse voltage wave shall have a crest value in accordance with the assigned insulation
level, subject to a tolerance of ± 3%, and shall exceed 90% of the crest value for at least 200 µs. The actual
time to crest shall be greater than 100 µs, and the time to the first voltage zero on the tail of the wave shall be
at least 1000 µs.

Occasionally, core saturation will cause the time to the first voltage zero to be less than 1000 µs. Successive
transients of the same polarity may cause the time to the first voltage zero to become even shorter. To
increase the time to the first voltage zero, it may be necessary to magnetically bias the core in the direction
opposite to that caused by the switching impulse transient. This can be accomplished by passing a small
direct current through the winding between impulses, by reversing the switching impulse polarity on succes-
sive applications, or by appliying reduced impulses of opposite polarity before each full switching impulse
transient. If biasing cannot be accomplished so as to obtain 1000 µs to the first voltage zero, the shorter tail
may be used since the duration of a switching impulse in actual service will similarly be reduced because of
core saturation.

10.2.2.3 Time to crest

The actual time to crest shall be defined as the time interval from the start of the transient to the time when
the maximum amplitude is reached.

10.2.2.4 Time to first voltage zero

The time to the first voltage zero on the tail of the wave shall be defined as the time interval from the start of
the transient to the time when the first voltage zero occurs on the tail of the wave.

10.2.2.5 Ninety-percent time

A smooth wave sketched through any oscillations on the switching impulse voltage oscillogram may be used
to determine the time that the applied wave is in excess of 90% of the specified crest value.

10.2.3 Failure detection

A voltage oscillogram shall be taken of each applied or induced transient. The test is successful if there is no
sudden collapse of voltage indicated on the oscillograms. Successive oscillograms may differ, however,
because of the influence of magnetic saturation on impulse duration.

10.2.4 Tap connections

The choice of tap connections for all windings shall be made by the manufacturer.
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10.3 Lightning impulse test procedures

Lightning impulse tests, when required as a routine test or when otherwise specified, shall consist of and be
applied in the following order: one reduced full wave, two chopped waves, and one full wave. The time
interval between application of the last chopped wave and the final full wave should be minimized to avoid
recovery of dielectric strength if a failure were to occur prior to the final full wave.

When front-of-wave tests are also specified, impulse tests are generally applied in the following order: one
reduced full wave, two front-of-waves, two chopped waves, and one full wave.

The order of the chopped-wave and front-of-wave tests is not mandatory. However, a reduced full wave shall
be applied first, and the full wave shall be the last wave to be applied to the terminal under test. Other
reduced full-waves may be applied at any time during the intervening sequence.

For guide information on impulse testing techniques, interpretation of oscillograms, and failure detection
criteria see IEEE Std C57.98-1993.

10.3.1 General

Impulse tests shall be made without excitation.

10.3.1.1 Full-wave test

The test wave rises to crest in 1.2 µs and decays to half of crest value in 50 µs from the virtual time zero. The
crest value shall be in accordance with the assigned basic impulse insulation level (BIL), subject to a toler-
ance of ± 3%; and no flashover of the bushing or test gap shall occur. The tolerance on time to crest should
normally be ± 30%, and the tolerance on time to half of crest shall normally be ± 20%. However, as a practi-
cal matter, the following shall be considered:

a) The time to crest shall not exceed 2.5 µs except for windings of large impulse capacitance (low-
voltage, high-kilovoltampere and some high-voltage, high-kilovoltampere windings). To demon-
strate that the large capacitance of the winding causes the long front, the impulse generator series
resistance may be reduced. The reduction should cause superimposed oscillations. Only the inherent
generator and lead inductances should be in the circuit.

b) The impedance of some windings may be so low that the desired time to the 50% voltage point on
the tail of the wave cannot be obtained with available equipment. In such cases, shorter waves may
be used. To ensure that an adequate test is obtained, the capacitance of the generator with the con-
nection used should exceed 0.011 µF.

For convenience in measurement, the time to crest may be considered as 1.67 times the actual times
between points on the front of the wave at 30% and 90% of the crest value.

The virtual time zero can be determined by locating points on the front of the wave at which the volt-
age is, respectively, 30% and 90% of the crest value and then drawing a straight line through these
points. The intersection of this line with the time axis (zero-voltage line) is the virtual time zero.

When oscillations exist on the front of the waves, the 30% and 90% points shall be determined from
the average, smooth wave front sketched in through the oscillations. The magnitude of the oscilla-
tions preferably should not exceed 10% of the applied voltage.

When high-frequency oscillations exist on the crest of the wave, the crest value shall be determined
from a smooth wave sketched through the oscillations. When the period of these oscillations is 2 µs
or more, the actual crest value shall be used.
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10.3.1.2 Reduced full-wave test

A reduced full wave is the same as a full wave, except that the crest value shall be between 50% and 70% of
the full-wave value.

10.3.1.3 Chopped-wave test

A chopped wave is also the same as a full wave, except that the crest value shall be at the required higher
level and the voltage wave shall be chopped at or after the required minimum time to sparkover. In general,
the gap or other equivalent chopping device shall be located as close as possible to the terminals and the
impedance shall be limited to that of the necessary leads to the gap. However, the manufacturer shall be per-
mitted to add resistance to limit the amount of overswing to the opposite polarity to 30% of the amplitude of
the chopped wave.

10.3.1.4 Front-of-wave test

The wave to be used in a front-of-wave test is similar to a full wave, except that it is chopped on the front of
the wave at the assigned crest level and time to sparkover. The time to sparkover for front-of-wave impulse
tests shall be the time from virtual zero to the time of sparkover. As with the chopped-wave test, the manu-
facturer shall be permitted to add resistance in the circuit to limit the amount of overswing to the opposite
polarity to 30% of the amplitude of the front-of-wave.

10.3.1.5 Wave polarity

For mineral-oil-immersed transformers, the test waves are normally of negative polarity to reduce the risk of
erratic external flashover in the test circuit.

10.3.1.6 Impulse oscillograms

All impulses applied to a transformer shall be recorded by an oscilloscope or by suitable digital transient
recorder, unless their crest voltage is less than 40% of the full-wave level. These oscillograms shall include
voltage oscillograms for all impulses and ground-current oscillograms for all full-wave and reduced full-
wave impulses. Sweep times should be in the order of 2 µs to 5 µs for front-of-wave tests, 5 µs to 10 ms for
chopped-wave tests, 50 µs to 100 µs for full-wave tests, and 100 µs to 600 µs for ground-current
measurements.

When reports require oscillograms, those of the first reduced full-wave voltage and current, the last two
chopped waves, and the last full wave of voltage and current shall represent a record of the successful appli-
cation of the impulse test to the transformer.

When transformers receiving front-of-wave impulse tests require reports that include oscillograms, those of
the first reduced full-wave voltage and current, the last two front-of-waves, the last two chopped waves, and
the last full wave of voltage and current shall represent a record of the successful application of the front-of-
wave impulse test to the transformer.

10.3.2 Connections for impulse tests of line terminals

In general, the tests shall be applied to each terminal, one at a time.

10.3.2.1 Terminals not being tested

Neutral terminals shall be solidly grounded. Line terminals, including those of autotransformers and regulat-
ing transformers, shall be either solidly grounded or grounded through a resistor with an ohmic value not in
excess of the values given in Table 3.
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The following factors shall be considered in the actual choice of grounding for each terminal:

a) The voltage to ground on any terminal that is not being tested should not exceed 80% of the full-
wave impulse voltage level for that terminal.

b) When a terminal has been specified to be directly grounded in service, then that terminal shall be
solidly grounded.

c) When a terminal is to be connected to a low-impedance cable connection in service, then that termi-
nal shall be either directly grounded or grounded through a resistor with an ohmic value not in
excess of the surge impedance of the cable.

d) Grounding through a low-impedance shunt for current measurements may be considered the equiva-
lent of a solid ground.

10.3.2.2 Windings for series or multiple connections

When either connection is 25 kV nominal system voltage or above, the windings shall be tested on both
series and multiple connections. The test voltage for the two conditions shall correspond to the BIL of the
winding for that connection. For nominal system voltages of 15 kV and below, only the series connections
shall be tested unless tests on both connections are specified.

10.3.2.3 Windings for delta or wye connections

When either connection is 25 kV nominal system voltage or above, the three-phase transformer shall be
tested on both delta and wye connections. The test voltage for each connection shall correspond to the BIL
of the winding for that connection. For nominal system voltages of 15 kV and below, only the wye connec-
tion shall be tested unless tests on both connections are specified.

10.3.2.4 Tap connections

Tap connections shall be made with minimum effective turns in the winding under test. The choice of tap
connections of windings not being tested shall be made by the manufacturer. (Regulating transformers shall
be set at maximum buck position.)

10.3.2.5 Protective devices that are an integral part of the transformer

Transformers and regulators may have as an integral part nonlinear protective devices connected across
whole or portions of windings. During impulse testing, operation of these protective devices may cause dif-
ferences between the reduced full wave and the full-wave oscillograms. That these differences are caused by
the operation of the protective devices may be demonstrated by making two or more reduced full-wave
impulse tests at different voltage levels to show the trend in their operation.

Table 3—Grounding resistor values

Nominal system voltage
(kV)

Resistance
(Ω)

345 and below 450

500 350

765 300

NOTE—These values are representative of typical transmission-
line surge impedances.
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Typical oscillograms depicting the operation of protective devices during impulse testing are shown in IEEE
Std C57.98-1993.

10.3.3 Impulse tests on transformer neutrals

Impulse tests on the neutral of a transformer or a separate regulator connected in the neutral of a transformer
require one reduced and two full waves to be applied directly to the neutral or regulator winding with an
amplitude equal to the insulation level of the neutral. The winding being tested shall be either on the mini-
mum voltage connection or on the maximum voltage connection. A wave having a front of not more than
10 µs and a tail of 50 µs to half-crest shall be used except that, when the inductance of the winding is so low
that the desired voltage magnitude and duration to the 50% point on the tail of the wave cannot be obtained,
a shorter wave tail may be used.

10.3.4 Detection of failure during impulse test

Given the nature of impulse test failures, one of the most important matters to consider is the detection of
such failures. A number of indications of insulation failure exist.

10.3.4.1 Ground current oscillograms

In the ground current method of failure detection, the impulse current in the grounded end of the winding
tested is measured by means of an oscilloscope, or by a suitable digital transient recorder connected across a
suitable shunt inserted between the normally grounded end of the winding and ground. Any differences in
the wave shape between the reduced full wave and final full wave detected by comparison of the two current
oscillograms may be indications of failure or deviations due to noninjurious causes. They should be fully
investigated and explained by new reduced and full-wave tests. Examples of probable causes of different
wave shapes are operation of protective devices, core saturation, or conditions in the test circuit external to
the transformer.

The ground current method of detection is not suitable for use with chopped-wave tests.

10.3.4.2 Other methods of failure detection

a) Voltage oscillograms. Any unexplained differences between the reduced full wave and final full
wave detected by comparison of the two voltage oscillograms, or observed by comparing the
chopped-waves to each other and to the full-wave up to the time of flashover, are indications of
failure.

b) Failure of gap to sparkover. In making the chopped-wave test, failure of the chopping gap or any
external part to sparkover, although the voltage oscillogram shows a chopped wave, is a definite
indication of a failure either within the transformer or in the test circuit.

c) Noise. Unusual noise within the transformer at the instant of applying the impulse is an indication of
trouble. Such noise should be investigated.

d) Measurement. Measurement of voltage and current induced in another winding may also be used for
failure detection.

10.4 Routine impulse test for distribution transformers

For distribution transformers, the impulse tests specified in 10.3 are design tests. This subclause defines a
routine quality control test that is suitable for high-volume production-line testing. The routine impulse test
for distribution transformers applies to overhead, pad-mounted, and underground liquid-immersed distribu-
tion transformers with requirements specified in IEEE Std C57.12.20-1996, IEEE Std C57.12.22-1995,
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IEEE Std C57.12.23-1992, IEEE Std C57.12.24-1994, ANSI C57.12.25-1990, and IEEE Std C57.12.26-
1992.

10.4.1 Terminals to be tested

In the routine test, impulse tests are applied to all high-voltage line terminals. Impulse tests of the low-
voltage terminals or the neutral terminal are not required. Line terminals rated more than 600 V are
considered high voltage.

10.4.2 Procedure

The windings under test are connected to ground through a low-impedance shunt. The tank, the core, and
either one of the low-voltage terminals or the neutral terminal are also connected to the shunt or are directly
grounded. This shunt shall consist of either of the following:

a) Ground current method. A suitable resistance shunt or wide-band pulse current transformer is
employed to examine the waveform of the ground current.

b) Neutral impedance method. A low-impedance shunt, consisting of a parallel combination of resis-
tance and capacitance R-C is employed. The voltage across this neutral impedance shunt is
examined.

An impulse voltage with 1.2 × 50 µs wave shape and with specified crest magnitude shall be applied in each
test. The tolerances, polarity, and method of determining the wave shape shall be as specified in 10.3.1.1 and
10.3.1.5. During each test the waveform of the ground current or the voltage wave across the neutral
impedance shall be examined.

The required impulse tests shall be applied using either of the test series in 10.4.2.1 or 10.4.2.2.

10.4.2.1 Method 1

One reduced full-wave test is performed, followed by one 100% magnitude full-wave test. The applied
voltage wave in the first test shall have a crest value of between 50 and 70% of the assigned BIL. The applied
voltage wave in the second test shall have a crest value of 100% of the assigned BIL. Failure detection is
accomplished by comparing the reduced full-wave test with the 100% magnitude full-wave test, using either
the ground current waveform or the neutral impedance voltage waveform. A dielectric breakdown will cause
a difference in compared waveforms. Observed differences in the waveforms may be indications of failure,
or they may be due to noninjurious causes. The criteria used to judge the magnitude of observed differences
shall be based upon the ability to detect a staged single-turn fault made by placing a loop of wire around the
core leg and over the coil.

10.4.2.2 Method 2

Two full-wave tests, with crest magnitude equal to the assigned BIL, are applied to the transformer under
test. A neutral impedance shunt, using suitable values of R and C, is employed to record waveforms for
comparison. The waveforms in both tests are compared to pre-established levels. A dielectric breakdown
will cause a significant upturn and increase in magnitude of the voltage wave examined across the neutral
impedance. The pre-established levels are based upon a staged single-turn fault test, made by placing a loop
of wire around the core leg and over the coil.

10.4.2.3 Failure detection

The failure detection methods described in 10.4.2.1 and 10.4.2.2 for the routine impulse test are based on the
following two conditions:
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a) The transformer connections during the test are such that no low-voltage windings are shorted.
b) Chopped-wave tests are not applied.

In addition to these methods of failure detection, other methods of failure detection, as described in 10.3.4.2,
are also indications of failure and should be investigated.

When the test is complete and the process of failure detection is complete, the waveform records may be
discarded.

The routine impulse test may be conducted either before or after the low-frequency dielectric tests; however,
the preferred sequence is for the impulse test to precede the low-frequency dielectric tests.

10.4.3 Terminals not being tested

All high-voltage terminals not being tested shall be solidly grounded for impulse tests of the high-voltage
windings. However, if two high-voltage terminals are grounded, causing a short circuit across one or more of
the high-voltage windings, the failure detection sensitivity of the test may be impaired, and a single-turn
fault may not be detectable. In such cases, only one high-voltage terminal should be grounded. Grounding
through a low-impedance shunt for current measurements may be considered the equivalent of a solid
ground. The low-voltage windings shall be solidly grounded for impulse tests of the high-voltage windings
by applying the ground to only one low-voltage terminal in order to avoid a deliberate short circuit across
any low-voltage winding. Selection of the low-voltage terminal to be grounded should be as follows:

a) For a single-phase three-wire connection, where X2 would be grounded in service, terminal X2 shall be
solidly grounded and terminals X1 and X3 shall be open except as provided in the paragraph that fol-
lows this list.

b) For a single-phase two-wire connection, where either X1 or X2 may be grounded in service, then either
terminal X1 or X2 shall be solidly grounded; and the remaining terminal shall be open except as pro-
vided in the paragraph that follows this list.

c) For a three-phase four-wire connection, where X0 would be grounded in service, terminal X0 shall be
grounded and terminals X1, X2, and X3 shall be open except as provided in the paragraph that follows
this list.

d) For a three-phase three-wire delta connection, only one of the low-voltage terminals X1, X2, or X3
shall be solidly grounded, while the two remaining terminals shall be open, except as provided in the
paragraph that follows this list.

For series multiple or other low-voltage connections not covered specifically above, the low-voltage wind-
ings shall be grounded in accordance with the principle of grounding the winding without causing a direct
short circuit across any low-voltage winding and preferably selecting the terminal that will be grounded in
service.

It is permissible to limit the voltage to ground of any low-voltage terminal by connecting a resistor across the
low-voltage windings. This resistor shall be sized to limit the induced voltage to less than 80% of the BIL
level of the terminal. Current flowing in the limiting resistor shall not interfere with the ability to detect a
staged single-turn fault.

10.4.4 Windings for series or multiple connections

For high-voltage windings with series or multiple connections, the routine impulse test shall be conducted
on each connection at its assigned BIL.
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10.4.5 Windings for delta or wye connections

For high-voltage windings with delta or wye connections, the routine impulse test shall be conducted on
each connection at its assigned BIL.

10.4.6 Tap connections

For windings with taps, the routine impulse test shall be performed in the tap connection for shipment in
accordance with Clause 10 of IEEE Std C57.12.00-1993.

10.5 Low-frequency tests

Low-frequency tests shall be performed in accordance with the requirements of 5.10, Table 4, Table 5,
Table 6, and Table 7 of IEEE Std C57.12.00-1993.

For distribution transformers and Class I power transformers, the low-frequency tests levels are developed
by the applied voltage and induced voltage tests described in 10.6 and 10.7, or combinations thereof. The
induced voltage test may involve either single or three-phase excitation.

For Class II power transformers, the low-frequency tests involve a special induced test as described in 10.8
and applied-voltage tests as described in 10.6.

10.6 Applied voltage tests

10.6.1 Duration, frequency, and connections

A normal power frequency, such as 60 Hz, shall be used; and the duration of the test shall be 1 min.

The winding being tested shall have all its parts joined together and connected to the line terminal of the test-
ing transformer.

All other terminals and parts (including core and tank) shall be connected to ground and to the other terminal
of the testing transformer.

10.6.2 Relief gap

A relief gap set at a voltage 10% or more in excess of the specified test voltage may be connected during the
applied voltage test.

10.6.3 Application of test voltage

The voltage should be started at one quarter or less of the full value and be brought up gradually to full value
in not more than 15 s. After being held for the time specified, it should be reduced gradually (in not more
than 5 s) to one quarter or less of the maximum value and the circuit opened.

10.6.4 Failure detection

Careful attention should be maintained for evidence of possible failure, such as an indication of smoke and
bubbles rising in the oil, an audible sound such as a thump, or a sudden increase in test circuit current. Any
such indication should be carefully investigated by observation, by repeating the test, or by other tests to
determine whether a failure has occurred.
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10.7 Induced voltage tests for distribution and Class I power transformers

10.7.1 Test duration

The induced voltage test shall be applied for 7200 cycles, or 60 s, whichever is shorter.

10.7.2 Test frequency

As an induced voltage test applies greater than rated volts per turn to the transformer, the frequency of the
impressed voltage shall be high enough to limit the flux density in the core to that permitted by 4.1.6.1 (2) of
IEEE Std C57.12.00-1993. The minimum test frequency to meet this condition is given in Equation (24).

Minimum test frequency =  × rated frequency (24)

where

Et is the induced voltage across winding,
Er is the rated voltage across winding.

10.7.3 Application of voltage

The voltage should be started at one quarter or less of the full value and be brought up gradually to full value
in not more than 15 s. After being held for the time specified in 10.7.1, it should be reduced gradually (in not
more than 5 s) to one quarter or less of the maximum value and the circuit opened.

10.7.3.1 Timing during partial discharge (PD) measurement concurrent with induced 
voltage test

The timing involved in reaching test voltage level and reducing voltage may be longer when PD measure-
ments or tests are being made concurrently with the induced voltage test.

10.7.4 Grounding of windings

When a transformer has one end of the high-voltage winding grounded, the other windings should be
grounded during the induced voltage test. This ground on each winding may be made at a selected point of
the winding itself or of the winding of a step-up transformer that is used to supply the voltage or that is con-
nected for the purpose of furnishing the ground.

10.7.5 Need for additional induced tests

When the induced test on a winding results in a voltage between terminals of other windings in excess of the
low-frequency test voltage specified in these standards, the other winding may be sectionalized and
grounded. Additional induced tests shall then be made to give the required test voltage between terminals of
windings that were sectionalized.

10.7.6 Failure detection

Careful attention should be maintained for evidence of possible failure, such as an indication of smoke and
bubbles rising in the oil, an audible sound such as a thump, a sudden increase in test circuit current, or an
appreciable increase in PD level. Any such indication should be carefully investigated by observation, by
repeating the test, or by other tests to determine whether a failure has occurred.

E t

1.1 Er×
-------------------
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10.8 Induced voltage test for Class II power transformers

10.8.1 General

Each Class II power transformer shall receive an induced voltage test with the required test levels induced in
the high-voltage winding. The tap connections shall be chosen where possible so that test levels developed in
the other windings are 1.5 times their maximum operating voltages, as specified in ANSI C84.1-1995.

10.8.2 Test procedure

The voltage shall first be raised to the 1 h level and held long enough to verify that no PD problems exist.
The voltage shall then be raised to the enhancement level and held for 7200 cycles. The voltage shall then be
reduced directly back to the 1 h level and held for 1 h.

During this 1 h period, PD measurements shall be made at 5 min intervals on each line terminal 115 kV and
above. These measurements shall be made in accordance with 10.9.

10.8.3 Connections

The transformer shall be excited exactly as it will be in service. Single-phase transformers shall be excited
from single-phase sources. Three-phase transformers shall be excited from three-phase sources.

The neutral terminals shall be solidly grounded. This will stress all of the insulation at the same per unit of
overstress.

10.8.4 Frequency

The test frequency shall be increased, relative to operating frequency, as required to avoid core saturation.
The requirements in 10.7.2 are also applicable in the case of this induced test.

10.8.5 Failure detection

Failure may be indicated by the presence of smoke and bubbles rising in the oil, an audible sound such as a
thump, or a sudden increase in test current. Any such indication shall be carefully investigated by observa-
tion, by repeating the test, or by other tests to determine whether a failure has occurred.

In terms of interpretation of PD measurements, the results shall be considered acceptable and no further PD
tests required under the following conditions:

a) The magnitude of the PD level does not exceed 100 µV.
b) The increase in PD levels during the 1 h does not exceed 30 µV.
c) The PD levels during the 1 h do not exhibit any steadily rising trend, and no sudden, sustained

increase in levels occurs during the last 20 min of the tests.

Judgment should be used on the 5 min readings so that momentary excursions of the radio-influence voltage
(RIV) meter caused by cranes or other ambient sources are not recorded. Also, the test may be extended or
repeated until acceptable results are obtained.

When no breakdown occurs, and unless very high PDs are sustained for a long time, the test is regarded as
nondestructive. A failure to meet the PD acceptance criterion shall, therefore, not warrant immediate rejec-
tion, but lead to consultation between purchaser and manufacturer about further investigations.
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10.9 PD measurement

10.9.1 Internal PDs

Apparent internal PDs shall be determined in terms of the RIV generated and measured at the line terminals
of the winding under test.

NOTE—PD activity within the transformer may also be measured in terms of apparent charge (picocoulomb). This
approach should normally provide several advantages, including less attenuation of signal. General principles and cir-
cuits are described in IEEE Std 454-1973 [B5]6 and in IEEE Std C57.113-1991. Where agreed to by both the user and
the manufacturer, apparent charge measurements may be used in lieu of or in conjunction with RIV measurements.

10.9.2 Instrumentation

A radio noise and field strength meter conforming to ANSI C63.2-1996 shall be used to measure the RIV
generated by any internal PDs. The measurement shall be on a quasi-peak basis at a nominal frequency of
1 MHz, although any frequency from 0.85 MHz to 1.15 MHz may be used to discriminate against local
radio-station signal interference. The radio-noise meter shall be coupled to the line terminal(s) of the wind-
ing under test through the capacitance tap of the bushing(s). A suitable device shall be used to compensate
for the capacitance dividing effect produced by the bushing tap-to-ground capacitance plus that of all ele-
ments between the bushing tap and the meter (for example, coaxial cables and adapters). This device shall be
tuned to minimize the dividing effect of the capacitances and to convey the RIV signal to the radio-noise
meter with a minimum of attenuation. External shielding may be used to avoid air corona, such as may occur
at the bushing terminals or grounded projections. Radio-frequency chokes or tuned filters may be used to
isolate the transformer under test and the RIV-measuring circuit from the remainder of the test circuit,
including its energy source.

10.9.3 Calibration

The test circuit components connected to the winding under test may attenuate the generated RIV level and
add to the measured RIV background level. It is, therefore, necessary to determine the relationship between
the RIV at the terminal of the winding under test and the RIV reading of the radio-noise meter when con-
nected at its normal location in the test circuit. The steps in establishing this calibration ratio are as follows:

a) Apply to the terminal under test a signal of approximately 100 µV at the measuring frequency.

b) Measure the voltage at the terminal with the radio-noise meter connected directly to the terminal.

c) With the same radio-noise meter, measure the voltage provided by the test circuit at the location
where the radio-noise meter will be connected during the PD test on the transformer. A second radio-
noise meter may be used for this measurement, provided its relationship to the first has been estab-
lished at the measuring frequency.

d) Use the ratio of the calibration signal voltage measured at the transformer terminal to that measured
at the normal meter location in the test circuit as a multiplier on the RIV at the terminal of the wind-
ing under test.

e) Establish that this calibration ratio remains valid over the RIV range of interest.

NOTE—See IEEE Std 454-1973 [B5] for further background information.

6The numbers in brackets correspond to those of the bibliography in Annex A.
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10.10 Insulation power-factor tests

Insulation power factor is the ratio of the power dissipated in the insulation in watts to the product of the
effective voltage and current in voltamperes when tested under a sinusoidal voltage and prescribed
conditions.

The methods described in this standard are applicable to distribution and power transformers of present-day
design that are immersed in an insulating liquid.

10.10.1 Preparation for tests

The test specimen shall have the following:

a) All windings immersed in insulating liquid,
b) All windings short-circuited,
c) All bushings in place,
d) Temperature of windings and insulating liquid near the reference temperature of 20 °C.

10.10.2 Instrumentation

Insulation power factor may be measured by special bridge circuits or by the voltampere-watt method. The
accuracy of measurement should be within ± 0.25% insulation power factor, and the measurement should be
made at or near a frequency of 60 Hz.

10.10.3 Voltage to be applied

The voltage to be applied for measuring insulation power factor shall not exceed half of the low-frequency
test voltage given in Table 4 of IEEE Std C57.12.00-1993 for any part of the winding or 10 000 V, whichever
is lower.

10.10.4 Procedure

Insulation power-factor tests shall be made from windings to ground and between windings as shown in
Table 4.
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aIn this table the term guard signifies one or more conducting elements arranged and connected on an electrical
instrument or measuring circuit to divert unwanted currents from the measuring means.

bPermanently connected windings, such as in autotransformers and regulators, shall be considered as one winding.

Table 4—Measurements to be made in insulation power-factor tests

Method I
Test without guard circuita

Method II
Test with guard circuita

Two-winding transformersb Two-winding transformers b

High to low and ground High to low and ground

Low to high and ground High to ground, guard on low

High and low to ground Low to high and ground

— Low to ground, guard on high

Three-winding transformersb Three-winding transformersb

High to low, tertiary, and ground High to low and ground, guard on tertiary

Low to high, tertiary, and ground High to ground, guard on low and tertiary

Tertiary to high, low, and ground Low to tertiary and ground, guard on high

High and low to tertiary and ground Low to ground, guard on high and tertiary

High and tertiary to low and ground Tertiary to high and ground, guard on low

Low and tertiary to high and ground Tertiary to ground, guard on high and low

High, low, and tertiary to ground
High and low to tertiary and ground

High and tertiary to low and ground

NOTE 1—While the real significance that can be attached to the power factor of liquid-immersed transformers is
still a matter of opinion, experience has shown that power factor is helpful in assessing the probable condition of the
insulation when good judgment is used.

NOTE 2—In interpreting the results of power-factor test values, the comparative values of tests taken at periodic
intervals are useful in identifying potential problems rather than an absolute value of power factor.

NOTE 3—A factory power-factor test will be of value for comparison with field power-factor measurements to
assess the probable condition of the insulation. It has not been feasible to establish standard power-factor values for
liquid-immersed transformers for the following reasons:

a) Experience has indicated that little or no relation exists between power factor and the ability of the transformer
to withstand the prescribed dielectric tests.

b) Experience has shown that the variation in power factor with temperature is substantial and erratic so that no
single correction curve will fit all cases.

c) The various liquids and insulating materials used in transformers result in large variations in insulation power-
factor values.
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10.10.5 Temperature correction factors

Temperature correction factors for the insulation power factor depend upon the insulating materials and their
structure, moisture content, etc. Values of correction factor K listed in Table 5 are typical and are satisfactory
for practical purposes for use in Equation (25).

(25)

where

Fp20 is the power factor corrected to 20 °C,
Fpt is the power factor measured at T,
T is the test temperature (°C),
K is the correction factor.

Insulation temperature may be considered to be that of the average liquid temperature. When insulation
power factor is measured at a relatively high temperature and the corrected values are unusually high, the
transformer should be allowed to cool; and the measurements should be repeated at or near 20 °C.

Table 5—Temperature correction factors for insulation power factors

Test temperature T
(°C) Correction factor K

10 0.80

15 0.90

20 1.00

25 1.12

30 1.25

35 1.40

40 1.55

45 1.75

50 1.95

55 2.18

60 2.42

65 2.70

70 3.00

NOTE—The correction factors listed above are based on insu-
lating systems using mineral oil as an insulating liquid. Other
insulation liquids may have different correction factors.

Fp20
Fpt

K
-------=
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10.11 Insulation resistance tests

Insulation resistance tests shall be made when specified. Insulation resistance tests are made to determine the
insulation resistance from individual windings to ground or between individual windings. The insulation
resistance in such tests is commonly measured in megohms or may be calculated from measurements of
applied voltage and leakage current.

NOTE 1—The insulation resistance of electrical apparatus is of doubtful significance compared with the dielectric
strength. It is subject to wide variation in design, temperature, dryness, and cleanliness of the parts. When the insulation
resistance falls below prescribed values, it can, in most cases of good design and where no defect exists, be brought up to
the required standard by cleaning and drying the apparatus. The insulation resistance, therefore, may afford a useful indi-
cation as to whether the apparatus is in suitable condition for application of dielectric test.

NOTE 2—The significance of values of insulation-resistance tests generally requires some interpretation, depending on
the design and the dryness and cleanliness of the insulation involved. When a user decides to make insulation resistance
tests, it is recommended that insulation resistance values be measured periodically (during maintenance shutdown) and
that these periodic values be plotted. Substantial variations in the plotted values of insulation resistance should be inves-
tigated for cause.

NOTE 3—Insulation resistances may vary with applied voltage and any comparison shall be made with measurements
at the same voltage.

NOTE 4—Under no conditions should tests be made while the transformer is under vacuum.

10.11.1 Preparation for tests

The test specimen shall have the following:

a) All windings immersed in insulating liquid.
b) All windings short-circuited.
c) All bushings in place.,
d) Temperature of windings and insulating liquid near the reference temperature of 20 °C.

10.11.2 Instrumentation

Insulation resistance may be measured using the following equipment:

a) A variable-voltage dc power supply with means to measure voltage and current (generally in micro-
amperes or milliamperes).

b) A megohmeter.

NOTE—Megohmeters are commonly available with nominal voltages of 500 V, 1000 V, and 2500 V; dc applied test
equipment is available at higher voltages.

10.11.3 Voltage to be applied

The dc voltage applied for measuring insulation resistance to ground shall not exceed a value equal to the
rms low-frequency applied voltage allowed in 10.6.

NOTE 1—PDs should not be present during insulation resistance tests since they can damage a transformer and may
also result in erroneous values of insulation resistance.

NOTE 2—When measurements are to be made using dc voltages exceeding the rms operating voltage of the winding
involved (or 1000 V for a solidly grounded wye winding), a relief gap may be employed to protect the insulation.
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10.11.4 Procedure

Insulation-resistance tests shall be made with all circuits of equal voltage above ground connected together.
Circuits or groups of circuits of different voltage above ground shall be tested separately. Examples of proce-
dures include the following:

a) High voltage to low voltage and ground, low voltage to high voltage and ground.

b) Voltage should be increased in increments of usually 1 kV to 5 kV and held for 1 min while the cur-
rent is read.

c) The test should be discontinued immediately if the current begins to increase without stabilizing.

d) After the test has been completed, all terminals should be grounded for enough time to allow any
trapped charges to decay to a negligible value.

11. Temperature rise

See 5.11.2 of IEEE Std C57.12.00-1993 for conditions under which temperature limits apply. The transform-
ers shall be tested in the combination of connections and taps that gives the highest winding temperature
rises as determined by the manufacturer and reviewed by the purchaser’s representative when available. This
will generally involve the connections and taps resulting in the highest losses.

All temperature rise tests shall be made under normal (or equivalent to normal) conditions of the means of
cooling.

a) Transformers shall be completely assembled and filled to the proper liquid level.

b) When the transformers are equipped with thermal indicators, bushing current transformers, or the
like, such devices shall be assembled with the transformer.

c) The temperature-rise test shall be made in a room that is as free from drafts as practicable.

11.1 Ambient temperature measurement

11.1.1 Air-cooled transformers

For air-cooled transformers, the ambient temperature shall be taken as that of the surrounding air, which
shall not be less than 10 °C nor more than 40 °C. For temperatures within this range, no correction factor
shall be applied. Tests may be made at temperatures outside this range when suitable correction factors are
available.

The temperature of the surrounding air shall be determined by at least three thermocouples or thermometers
in containers spaced uniformly around the transformer under test. They shall be located at about half the
height of the transformer and at a distance of 1 m to 2 m (3 ft to 6 ft) from the transformer. They shall be
protected from drafts and from radiant heat from the transformer under test or other sources.

When the time constant of the transformer, as calculated according to Equation (9) of IEEE Std C57.92-
1981, is 2 h or less, the time constant of the containers shall be between 50% and 150% of that of the trans-
former under test. When the time constant of the transformer under test is more than 2 h, the time constant of
the containers shall be within 1 h of that of the transformer under test.

The time constant of the containers shall be taken as the time necessary for its temperature to change 6.3 °C
when the ambient temperature is abruptly changed 10 °C.
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11.1.2 Water-cooled transformers

For water-cooled transformers, the flow rate, in liters per minute (gallons per minute), and the temperature of
the incoming and outgoing water shall be measured.

The ambient temperature shall be taken as that of the incoming water that shall not be less than 20 °C nor
more than 30 °C. For temperatures within this range, no correction factor shall be applied. Tests may be
made at temperatures outside this range when suitable correction factors are available.

11.2 Liquid rise measurement

a) Liquid temperature rise is the difference between liquid temperature and the ambient temperature.
The ultimate liquid temperature rise above ambient shall be considered to be reached when the tem-
perature rise does not vary more than 2.5% or 1 °C, whichever is greater, during a consecutive 3 h
period. Shortening the time required for the test by using initial overloads, restricted cooling, etc. is
permissible.

b) The top liquid temperature shall be measured by a thermocouple or suitable thermometer immersed
approximately 50 mm (2 in) below the top liquid surface.

c) The average liquid temperature shall be taken to be equal to the top liquid temperature minus half
the difference in temperature of the moving liquid at the top and the bottom of the cooling means.
Where the bottom liquid temperature cannot be measured directly, the temperature difference may
be taken to be the difference between the surface temperature of the liquid inlet and outlet.

d) A thermocouple is the preferred method of measuring surface temperature (see 11.4 for method of
measurement).

11.3 Average winding temperature-rise measurement

The average temperature rise of a winding shall be the average winding temperature minus the ambient
temperature.

The average temperature of the winding shall be determined by the resistance method. Where the use of the
resistance method is impossible (for example, with extremely low-resistance windings), other methods may
be used. Readings should be taken as soon as possible after shutdown, allowing sufficient time for the induc-
tive effects to disappear as indicated from the cold-resistance measurement. The time from the instant of
shutdown for each resistance measurement shall be recorded. Fans and cooling water shall be shut off during
shutdown for resistance measurement. Oil pumps may be shut off or left running during shutdown for resis-
tance measurement. The average temperature of a winding shall be determined by Equation (26).

(26)

where

T is the temperature (°C) corresponding to hot resistance R,
T0 is the temperature (°C) at which cold resistance R0 was measured,
R0 is the cold resistance, measured according to Clause 5, (Ω),
R is the hot resistance (Ω),
Tk is 234.5 °C for copper and 225.0 °C for aluminum.

NOTE—The value of Tk may be as high as 230 °C for alloyed aluminum.

T
R
R0
------ T k T 0+( ) T k–=
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11.3.1 Temperature correction to instant of shutdown

Either of two correction factor procedures shall be used depending upon the winding load loss density. For
these determinations, the winding load loss density for the winding connection shall be taken as the sum of the
calculated I2R and eddy losses of, the winding at the rated temperature rise plus 20 °C divided by the calculated
conductor weight of the connected winding.

11.3.1.1 Empirical method

This method may be used for transformers typical of those built to the requirements of IEEE Transformer
Committee (C57) standards when the load loss of the winding does not exceed 66 W/kg (30 W/lb) for cop-
per or 132 W/kg (60 W/lb) for aluminum.

One reading of hot resistance shall be taken on each winding, the time after shutdown recorded, and the cor-
responding temperature determined.

All readings of hot resistance shall be made within 4 min of shutdown. If all required readings cannot be
made within 4 min, the temperature test shall be resumed for 1 h, after which readings may again be taken.

The temperature correction to instant of shutdown shall be an added number of degrees equal to the factor
taken from Table 6 multiplied by the windings [W/kg (W/lb)]. Factors for intermediate times may be
obtained by interpolation.

When the load loss of the winding does not exceed 15 W/kg (7 W/lb) for copper or 31 W/kg (14 W/lb) for
aluminum, a correction of 1 °C/min may be used.

11.3.1.2 Cooling curve method

A series of at least four readings of resistance shall be made on one phase of each winding and the time
recorded for each reading.

The first reading of each series shall be made as soon as the inductive effect has subsided and not more than
4 min after shutdown.

After a set of readings on resistance has been taken, the run shall be resumed for a period of 1 h, after which
further readings may be taken. This shall be repeated until all necessary readings have been taken.

Table 6—Winding temperature correction factors

Winding temperature correction factor

Time after shutdown
(min)

Copper Aluminum Copper Aluminum

(W/kg) (W/lb)

1 0.09 0.032 0.19 0.07

1.5 0.12 0.045 0.26 0.10

2 0.15 0.059 0.32 0.13

3 0.20 0.077 0.43 0.17

4 0.23 0.095 0.50 0.21
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The resistance/time data shall be plotted on suitable coordinate paper and the resulting curve extrapolated to
obtain the resistance at the instant of shutdown. This resistance shall be used to calculate the average wind-
ing temperature at shutdown.

The resistance/time data obtained on one phase of a winding may be used to determine the correction back to
shutdown for the other phases of the same winding, provided the first reading on each of the other phases has
been taken within 4 min after shutdown.

11.4 Other temperature measurements

When measured, the temperature rise of metal parts other than windings shall be determined by use of a
thermocouple or suitable thermometer.

A thermocouple is the preferred method of measuring surface temperature. When used for this purpose, the
thermocouple should be soldered to the surface. When this is not practical, the thermocouple should be sol-
dered to a thin metal plate or foil approximately 625 mm2 (1 in2). The plate should be held firmly and snugly
against the surface. The thermocouple should be thoroughly insulated thermally from the surrounding
medium.

The surface temperature of metal parts surrounding or adjacent to outlet leads or terminals carrying heavy
current may be measured at intervals or immediately after shutdown.

11.5 Test methods

Tests shall be made by one of the following methods:

a) Actual loading
b) Simulated loading

1) The short-circuit method, in which appropriate total losses are produced by the effect of short-
circuit current.

2) The loading back (opposition) method, in which rated voltage and current are induced in the
transformer under test.

11.5.1 Actual loading

The actual loading method is the most accurate of all methods, but its energy requirements are excessive for
large transformers.

Transformers of small output may be tested under actual load conditions by loading them on a rheostat, bank
of lamps, water box, and so forth.

11.5.2 Simulated loading

11.5.2.1 Short-circuit method

a) Short-circuit one or more windings and circulate sufficient current at rated frequency to produce
total losses for the connection and loading used. Total losses shall be those measured in accordance
with Clauses 8 and 9 of this standard and converted to a temperature equal to the rated average wind-
ing temperature rise plus 20 °C.

b) Determine liquid rises as described in 11.2.
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c) Immediately reduce the current in the windings to the rated value for the connection and the loading
used, hold constant for 1 h, measure liquid temperature, shut down, and measure the average
winding temperature as described in 11.3. When test equipment limitations dictate, operating at a
value lower than rated current, but not less than 85% of rated current, is permissible.

d) Average winding rise shall be calculated by using either top liquid rise or average liquid rise. When
other than rated winding current is used, the average liquid rise method shall be used to determine
winding rises.

1) In the top liquid rise method, the average winding temperature rise is equal to the top liquid
rise, measured during the total loss run, plus the quantity (that is, average winding temperature
at shutdown minus top liquid temperature at shutdown).

2) In the average liquid rise method, the average winding rise is the average liquid rise, measured
during the total loss run, plus the quantity (that is, average winding temperature at shutdown
minus average liquid temperature at shutdown).

When the current held in any of the windings under test differs from the rated current, the observed differ-
ences between the average winding temperature at shutdown and the average liquid temperature at shutdown
shall be corrected to give the average temperature rise of the windings at the rated current by using
Equation (27).

(27)

where

Tc is the corrected difference between average winding temperature, corrected to shutdown, and the
average liquid temperature at shutdown

To is the observed difference between average winding temperature, corrected to shutdown, and the
average liquid temperature at shutdown

m is 0.8 for Class OA and FA and nondirected Class FOA and FOW and 1.0 for directed-flow Class
FOA and FOW.

The corrected average winding rise is the average liquid rise, measured during the total loss run, plus Tc.

11.5.2.2 Loading back method

Duplicate transformers may be tested by connecting their respective high-voltage and low-voltage windings
in parallel (Figure 27 and Figure 28). Apply rated voltage at rated frequency to one set of windings. Circu-
late load current by opening the connections of either pair of windings at one point and impress a voltage
across the break just sufficient to circulate rated current through the windings. Obtain top fluid rise as
described in 11.2. Then shut down and measure winding rise as in 11.3.

T c T o
Rated Current
Test Current

--------------------------------- 
 

2m
=



IEEE
DISTRIBUTION, POWER, AND REGULATING TRANSFORMERS Std C57.12.90-1999

Copyright © 1999 IEEE. All rights reserved. 55

  

When load current at other than rated frequency is used, the frequency may not differ from rated frequency
by more than 10%, and liquid rise shall be corrected by using one of the methods in 11.5.2.2.1 or 11.5.2.2.2.

11.5.2.2.1 Calculation

The calculation method may be used when actual loss is within 20% of the required loss.

(28)

where

Td is the liquid rise correction (°C),
Tb is the observed liquid rise (°C),
W is the required loss (W),
w is the actual loss (W),
n is 0.8 for Class OA, 0.9 for Class FA, and 1.0 for Class FOA and FOW,
Corrected liquid rise is observed liquid rise + Td ,
Corrected winding rise is observed winding rise + Td .

Figure 27—Example of loading back method: Single-phase

Figure 28—Example of loading back method: Three-phase
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11.5.2.2.2 Adjust the losses

When the top liquid rise approaches a constant condition, adjust the excitation voltage until the sum of the
excitation loss and the load loss as measured during the temperature test equals the required loss. Obtain top
fluid rise as described in 11.2.

11.6 Correction of temperature rises for differences in altitude

When tests are made at an altitude of 1000 m (3300 ft) or less, no altitude correction shall be applied to the
temperature rises.

When a transformer tested at an altitude of less than 1000 m (3300 ft) is to be operated at an altitude above
1000 m (3300 ft), it shall be assumed that the temperature rises will increase in accordance with
Equation (29).

TA = Te (A/Ao − 1)F (29)

where

TA is the increase in temperature rise at altitude A m (°C),
Te is the observed temperature rise (°C),
A is altitude (m),
Ao is 1000 m (3300 ft),
F is 0.04 for self-cooled mode and 0.06 for forced-air-cooled mode.

12. Short-circuit tests

12.1 General

This test code applies to liquid-immersed distribution and power transformers 5 kVA and above. Within this
range, four categories shall be recognized as listed in Table 7.

Table 7—Transformer categories covered by this test code

Category Single-phase
(kVA)

Three-phase
(kVA)

Ia 5 to 500 15 to 500

II 501 to 1667 501 to 5000

III 1668 to 10 000 5001 to 30 000

IV Above 10 000 Above 30 000

NOTE—All kilovoltampere ratings are minimum nameplate kilovoltampere for the
principal windings. 

aCategory I shall include distribution transformers manufactured in accordance with
ANSI C57.12.20-1998 up through 500 kVA, single-phase or three-phase. In addition,
autotransformers of 500 kVA-equivalent two-winding kilovoltampere or less that are
manufactured as distribution transformers in accordance with ANSI C57.12.20-1998
shall be included in Category I even though their nameplate kilovoltampere may
exceed 500 kVA.
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The code defines a procedure by which the mechanical capability of a transformer to withstand short-circuit
stresses may be demonstrated. The prescribed tests are not designed to verify thermal performance.
Conformance to short-circuit thermal requirements shall be by calculation in accordance with Clause 7 of
IEEE Std C57.12.00-1993.

The short-circuit test procedure described in this standard is intended principally for application to new
transformers to verify design. Tests may be conducted at manufacturer’s facilities, test laboratories, or in the
field; but it shall be recognized that complete equipment is not usually available in the field for conducting
tests and verifying results.

12.2 Test connections

12.2.1 Two-winding transformers and autotransformers without tertiary windings

12.2.1.1 Fault location

The short circuit may be applied on the transformer primary or secondary terminals as dictated by the avail-
able voltage source, but the secondary fault is preferred since it most closely represents the system fault con-
dition. The short circuit shall be applied by means of suitable low-resistance connectors.

In order of preference, the tests may be conducted by either of the following:

a) Closing a breaker at the faulted terminal to apply a short circuit to the previously energized
transformer.

b) Closing a breaker at the source terminal to apply energy to the previously short-circuited
transformer.

12.2.1.2 Fault type

The type of fault to be applied will be dependent on the available energy source. Any of the following types
may be used (given in order of preference for three-phase transformers):

a) Three-phase source: three-phase short circuit
b) Three-phase source: single phase-to-ground short circuit
c) Single-phase source: simulated three-phase short circuit

NOTE—For wye-connected windings, apply source or fault between one line terminal and the other two connected
together. For delta-connected windings, apply source or fault between two line terminals with no connection to the
other line terminal (shall be repeated for each of three phases).

d) Single-phase source: single-phase short circuit on one phase at a time (applies to all single-phase
transformers)

12.2.1.3 Tap connection for test

When the transformer is provided with taps in any winding, at least one test satisfying the asymmetrical cur-
rent requirement shall be made on the tap connection that calculations predict will produce the most severe
mechanical stresses. Extremes of the tap range, all taps out or all taps in, normally produce the most severe
stresses, so tests on these connections are recommended. Tests on other taps, or connections in the case of
dual voltage windings, may be made if required to ensure design adequacy.
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12.2.2 Multiwinding transformers, including autotransformers

12.2.2.1 Fault location and type

The fault types and terminals to which they are to be applied shall be determined individually for each par-
ticular transformer. The maximum fault current for each winding shall be determined from calculations for
the fault types specified in Clause 7 of IEEE Std C57.12.00-1993 by various fault types, fault locations, and
applicable system data. During testing, each winding shall be subjected to its maximum calculated fault cur-
rent on at least one test. In general, a given fault type and location will not produce the maximum fault cur-
rent in more than one winding, so it will be necessary to make tests with several different connections to
fully evaluate the capability of all windings. In order of preference, the tests may be conducted by either of
the following methods:

a) Closing a breaker at the faulted terminal to apply a short circuit to the previously energized
transformer.

b) Closing a breaker at the source terminal to apply energy to the previously short-circuited
transformer.

12.3 Test requirements

12.3.1 Symmetrical current requirement, two-winding transformers

For two-winding transformers, the required value of symmetrical current for any test shall be determined
from the equations in Clause 7 of IEEE Std C57.12.00-1993.

NOTE—For Categories I and II, calculate Isc using transformer impedance only; except for Category I, the symmetrical
current magnitude shall not exceed the values listed in 7.1.4.1 and Table 12 of IEEE Std C57.12.00-1993. For Categories
III and IV, calculate Isc using transformer plus system impedance.

See Clause 7 of IEEE Std C57.12.00-1993 for additional clarifying information on determining Zs.

12.3.2 Symmetrical current requirement, multiwinding transformers and autotransformers

For multiwinding transformers and autotransformers, the required peak value of symmetrical current in each
winding shall be determined by calculation based on applicable system conditions and fault types.

12.3.3 Asymmetrical current requirement

The required first cycle peak for asymmetrical current tests shall be calculated in accordance with the equa-
tions in Clause 7 of IEEE Std C57.12.00-1993.

12.3.4 Number of tests

Each phase of the transformer shall be subjected to a total of six tests satisfying the symmetrical current
requirement specified in 12.3.1 or 12.3.2, as applicable. Two of these tests on each phase shall also satisfy
the asymmetrical current requirements specified in 12.3.3.

12.3.5 Duration of tests

The duration of short-circuit tests shall be in accordance with Clause 7 of IEEE Std C57.12.00-1993.
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12.4 Test procedure

12.4.1 Fault application

To produce the fully asymmetrical current wave specified in 12.3, a synchronous switch should be used to
control the timing of fault application.

12.4.2 Calibration tests

Calibration tests to establish required source voltage or switch closing times should be made at voltage
levels not greater than 50% of the value that would produce the specified symmetrical short-circuit current.
For field testing, calibration tests should be made at reduced voltage levels, if possible. Tests with voltage
equal to or greater than that required to produce 95% of the specified symmetrical short-circuit current may
be counted toward fulfillment of the required number of tests.

12.4.3 Terminal voltage limits

When tests are to be made by applying the short circuit to the energized transformers, the no-load source
voltage shall not exceed 110% of the rated tap voltage unless otherwise approved by the manufacturer.

Throughout the course of any test, the voltage at the transformer source terminals shall be maintained within
a range of 95% to 105% of that necessary to produce the required symmetrical short-circuit current as deter-
mined in 12.3.1 or 12.3.2, as applicable.

12.4.4 Temperature limits

For liquid-filled transformers, the top liquid temperature at the start of the test shall be between 0 °C and
40 °C.

12.4.5 Current measurements

Current magnitudes shall be measured on the transformer terminals connected to the energy source. The
symmetrical peak current shall be established as half of the peak-to-peak envelope of the current wave, mea-
sured at the midpoint of the second cycle of test current. When the transformer winding connected to the
energy source is wye-connected, the first cycle peak asymmetrical current in each phase of the winding shall
be measured directly from the oscillogram of terminal currents. When the transformer winding connected to
the energy source is delta-connected, the first cycle peak asymmetrical current cannot be determined directly
from terminal measurements at the source terminals. The following alternatives exist:

a) Measure first cycle peak asymmetrical current on oscillograms at the faulted terminals, when the
faulted winding is wye-connected. Convert to source winding current by inverse turns ratio.

b) When all windings are delta-connected, connect metering accuracy current transformers (CT)
having suitable current ratios inside the delta of the source winding and measure first cycle peak
asymmetrical current from oscillograms obtained from these current transformers.

c) When all windings are delta-connected, determine only symmetrical current in the external lines and
time fault application for the instant that would produce peak asymmetrical current in the required
phase winding. (Close breaker at a time close to voltage zero for the given phase winding, with
appropriate timing adjustment to account for the R/X ratio of the test system plus transformer.)

12.4.6 Tolerances on required current

The measured current, symmetrical or asymmetrical, in the tested phase or phases shall not be less than 95%
of the required current, after the measured impedance variation is taken into account.
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12.5 Proof of satisfactory performance

The transformer under test shall be judged to have performed satisfactorily when the visual inspection
(12.5.1) and dielectric test (12.5.2) criteria have been satisfactorily met. In 12.5.3 through 12.5.6,
recommended terminal measurements are listed that can be made during the course of the tests, but are not
required to be made unless specified. When the terminal measurements are made and the requirements of
12.5.3 through 12.5.6 have been met following all tests, it is probable that the transformer has sustained no
mechanical damage during the test. A composite evaluation of the degree to which all criteria of 12.5.3
through 12.5.6 have been met may indicate the need for a greater or lesser degree of visual inspection to
confirm satisfactory performance. The evidence may be sufficient to permit a judgment of satisfactory
performance to be made without complete dielectric tests. A decision to waive all or part(s) of the visual
inspection or dielectric test criteria shall be based upon discussion and negotiation of all parties involved in
specification and performance of short-circuit tests.

12.5.1 Visual inspection

Visual inspection of the core and coils shall give no indication that any change in mechanical condition has
occurred that will impair the function of the transformer. The extent of the visual inspection shall be
established on the basis of combined evidence obtained from the terminal measurements described in 12.5.3
through 12.5.6. When the terminal measurements give no indication of change in condition, external
inspection of the core and coils removed from the tank may suffice. Any evidence of change in condition
from more than one of the terminal measurements warrants disassembly of the windings from the core for a
more detailed inspection.

12.5.2 Dielectric tests

The transformer shall withstand standard dielectric tests of IEEE Std C57.12.00-1993 at the full specifica-
tion level following the short-circuit test series. Impulse tests shall be made following the short-circuit test
series only when specified.

12.5.3 Waveshape of terminal voltage and current

No abrupt changes shall occur in the terminal voltage or short-circuit current wave shapes during any test.

12.5.4 Leakage impedance

Leakage impedance measured on a per-phase basis after the test series shall not differ from that measured
before the test series by more than the following values:

— Category I: The allowable variation shall be a function of the transformer impedance ZT as follows:

— Categories II and III: 7.5% allowable for noncircular concentric coils; 2% allowable variation for
circular coils.

— Category IV: 2% allowable variation.

The measuring equipment shall have the demonstrated capability of giving reproducible readings within an
accuracy of ± 0.2%.

ZT (per unit) Percentage variation

0.0299 or less 22.5–500 ZT

0.0300 or more 7.5
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12.5.5 Low-voltage impulse (LVI) tests

Comparison of oscilloscope traces of LVI current taken before and after each short circuit shall show no
significant change in wave shape. Acceptable conditions and conditions requiring further investigation are
defined in 12.5.5.1 and 12.5.5.2, respectively.

12.5.5.1 Acceptable conditions

a) No LVI trace change occurs during the complete test series.

b) Small changes of amplitude or phase angle occur following one of the short-circuit tests, but no fur-
ther changes occur on subsequent tests.

c) Small changes of amplitude or phase angle occur following one of the short-circuit tests, but the
trace returns to its original shape on subsequent tests.

12.5.5.2 Conditions requiring further investigation

a) Large LVI trace changes occur during the course of the test series.

b) Small changes of amplitude or phase angle occur after the first full amplitude short-circuit test, and
these changes continue to grow with each subsequent test.

12.5.6 Excitation current

Excitation current measured after the test series shall not increase above that measured before the test series
by more than 5% for stacked-type cores. For transformers with wound core construction, the increase shall
not exceed 25%.

12.5.7 Other diagnostic measurements

Other diagnostic measurements may be made during the course of the tests to evaluate whether any sudden
or progressive changes have occurred in the mechanical condition of the transformer. Such results may be
useful to the understanding of the response to short-circuit forces, but they shall not form part of the proof
criteria.

13. Audible sound emissions

13.1 General

13.1.1 Introduction

Audible sound from transformers originates principally in the transformer core and is transmitted, either
through the dielectric fluid or the structural supports, to the outer shell or to other solid surfaces from which
it is radiated as airborne sound. In some situations, the windings may be a noise source under rated load con-
ditions, but this noise is not included in this standard. The frequency spectra of the audible sound consists
primarily of the even harmonics of the power frequency; thus, for a 60 Hz power system, the audible sound
spectra consists of tones at 120 Hz, 240 Hz, 360 Hz, 480 Hz, etc. The audible sound also contains the noise
emitted by any dielectric fluid mechanical cooling system. Mechanical cooler sound consists of broadband
fan noise, plus discrete tones at the fan blade passage frequency and its harmonics.
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Described in this clause are methods for 

— Measuring continuous transformer sound pressure levels in terms of A-weighted, one-third octave, or
discrete frequency bands

— Rating transformer sound emissions
— Reporting the results in a standard manner

13.1.2 Applicability

The procedures specified for measuring transformer sound pressure levels or for calculating transformer
sound power levels are intended to be applicable to transformers being tested in an indoor or outdoor
laboratory or in a factory or to transformers that have been installed in substations, either single or in
combination, with other equipment.

13.2 Instrumentation

13.2.1 Sound level meter

Sound pressure level measurements shall be made with instrumentation that meets the requirements of ANSI
S1.4-1983 for Type 1 meters.

13.2.2 One-third octave filter

One-third octave band frequency measurements shall be made when specified with instrumentation that
meets the requirements of ANSI S1.4-1983 for Type 1 meters together with ANSI S1.11-1986 for Type E,
Class II performance, or their equal.

13.2.3 Narrow-band filter

Discrete frequency measurements may be made when specified or when ambient noise test conditions
required by the specification cannot be attained. Analyzer bandwidth characteristics that may be suitable are
1/10 octave; a bandwidth of 10% of the selected frequency; or 3 Hz, 10 Hz, or 50 Hz bandwidths.

13.2.4 Wind screen

A suitable wind screen shall be used when measuring sound.

13.2.5 Calibration

Sound measuring instrumentation shall be calibrated as recommended by the sound level meter
manufacturer before and after each set of measurements. Should the calibration change by more than one
decibel, the measurements shall be declared invalid and the test repeated.

13.3 Test conditions

13.3.1 Environment

Measurements should be made in an environment having an ambient sound pressure level at least 5 dB
below the combined sound pressure level of the transformer and the ambient sound pressure level. When the
ambient sound pressure level is 5 dB or more below the combined level of transformer and ambient sound
pressure level, the corrections shown in Table 8 shall be applied to the combined transformer and ambient
sound pressure level to obtain the transformer sound pressure level. When the difference between the
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combined ambient and the transformer sound pressure level and the ambient sound pressure level is less than
5 dB, and it is desired only to know the sound pressure level that the transformer does not exceed, a correc-
tion of –1.6 dB may be used. For one-third octave or narrow-band measurements, the 5 dB difference shall
apply to each frequency band in which measurements are being made.

When ambient sound conditions do not comply, suitable corrections may be feasible when the ambient
sound conditions are steady and discrete frequency sound levels are measured. For this condition, the details
and methods for making the measurements and the ambient corrections shall be agreed upon by the manu-
facturer and the purchaser of the transformer.

13.3.2 Transformer location

The transformer shall be located so that no acoustically reflecting surface is within 3 m (9 ft) of the measur-
ing microphone, other than the floor or ground. When a transformer is to be tested within a semi-reverberant
facility, it should be located in an asymmetrical manner with respect to the room geometry. If the specified
conditions cannot be met, the transformer shall be no closer than 3 m (9 ft) from a sound reflecting surface.
When transformer sound emissions are measured in an enclosed space, sound reflections from walls or other
large objects can influence the results because the sound contains discrete tones that are affected by room
acoustics, room geometry, or reflecting objects. Thus, differences may exist in the sound measured in an
indoor transformer installation and the sound measured in an acoustical laboratory or an outdoor installation.

13.3.3 Transformer operation

The transformer shall be connected and energized at rated voltage and rated frequency and shall be at no
load with the tap changer, if any, on the principal tap. Pumps and fans shall be operated as appropriate for the
rating being tested. When cooling equipment is not connected to the transformer, it should be so noted on the
data sheet. When suitable cooling equipment sound emission data are available, the cooling equipment
sound data may be appropriately added to the measured transformer sound if agreed to by the manufacturer
and the purchaser. The addition of cooling equipment sound data to measured transformer sound data shall
be clearly noted on the data sheet.

Table 8—Ambient sound corrections

Difference, in decibels, between the combined 
transformer and ambient sound pressure level 

and the ambient sound pressure level

Correction, in decibels, to be added to the sound 
pressure level of the combined transformer and 
ambient level to obtain ambient-corrected sound 

pressure level of the transformer

5 –1.6

6 –1.3

7 –1.0

8 –0.8

9 –0.6

10 –0.4

over 10 0.0
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13.3.4 Tap changer

When the transformer is equipped with a tap changer, the transformer may on certain tap changer positions
produce sound levels that are greater than the levels at the principal tap position. Sound measurements
should be made with the transformer on the principal tap unless otherwise specified. The excitation shall be
appropriate to the tap in use.

13.3.5 Operating conditions

Sound measurements shall begin after the transformer being tested is energized and steady-state sound level
conditions are established. Measurements may be made immediately on transformers that have been in con-
tinuous operation.

13.3.6 Rated voltage

The rated voltage shall be measured line to line for delta-connected windings and line to neutral for wye-
connected windings. The voltage shall be measured with a voltmeter responsive to the average value of the
voltage but scaled to read the rms value of a sinusoidal wave having the same average value. The voltmeter
should be connected between the terminals of the energized windings.

13.4 Microphone positions

13.4.1 Reference sound-producing surface

The reference sound-producing surface of a transformer is a vertical surface that follows the contour of a taut
string stretched around the periphery of the transformer or integral enclosure (see Figure 29). The contour
shall include radiators, coolers, tubes, switch compartments, and terminal chambers, but exclude bushings
and minor extensions, such as valves, oil gauges, thermometers, conduit terminal boxes, and projections at
or above cover height.

13.4.2 Safety considerations

In consideration of safety and consistency of measurement, the reference sound-producing surface near
unenclosed live parts of field-assembled items, such as switches, switchgear, terminal compartments, wall-
mounted bushings, and SF6 air-to-oil adapter bushings, shall be moved outward from the taut string contour
to be consistent with safe working clearances as determined by the manufacturer for the voltage class of the
live parts involved.

13.4.3 First measurement position

The first microphone locations shall coincide with the main drain valve. Additional microphone locations
shall be at 1 m (3 ft) intervals in a horizontal direction, proceeding clockwise as viewed from above along
the measurement surface defined in this clause.
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13.4.4 Number of microphone locations

No fewer than four microphone locations shall be used. Consequently, intervals of less than 1 m (3 ft) may
result for small transformers. The microphone shall be located on the measurement surface. The microphone
shall be spaced 0.3 m (1 ft) from the reference sound-producing surface. When fans are in operation, the
microphone shall be located 2 m (6 ft) from any portion of the radiators, coolers, or cooling tubes cooled by
forced air.

13.4.5 Height of microphone locations

For transformers having an overall tank or enclosure height of less than 2.4 m (7.2 ft), measurements shall
be made at half height. For transformers having an overall tank or enclosure height of 2.4 m (7.2 ft) or more,
measurements shall be made at one-third and at two-thirds height.

13.5 Sound power rating

The sound power rating of a transformer shall be determined using one of the three methods described in this
clause. The sound power rating is determined using the following steps:

a) Measure ambient sound pressure levels.

b) Measure combined transformer and ambient sound pressure level.

c) Compute ambient corrected sound pressure levels.

Figure 29—Microphone location for measuring audible sound from transformers
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d) Compute average sound pressure levels.

e) Calculate sound power levels.

13.5.1 Ambient sound pressure level

The ambient sound pressure level shall be established by averaging (see 13.5.4) the ambient sound pressure
levels measured immediately preceding and immediately following the sound measurements with the
transformer energized. The ambient sound shall be measured at a minimum of four locations, and the
instruments shall be in conformance with 13.2. However, additional measurements may be made if agreed to
by the manufacturer and user or if the ambient measurements vary by more than 3 dB around the
transformer. At least one of the locations for measuring ambient sound pressure levels shall be on the center
of each face of the measurement surface. Ambient sound pressure level corrections may be made at each
microphone location before the average transformer sound pressure level is computed. Ambient sound
pressure levels shall be measured using the same bandwidth (A-weighted, one-third octave, or discrete
frequencies) that has been specified for measuring the transformer sound. The ambient sound corrections
shall be made with the identical frequency bandwidths that are used to measure the combined transformer
sound pressure levels and the ambient sound pressure levels.

13.5.2 Sound pressure level measurements

Transformer sound pressure levels shall be measured in conformance with 13.2, 13.3, and 13.4 using A-
weighted sound level measurements. Further, one-third octave band sound level measurements or narrow-
band sound level measurements may be made when specified. When specified, the sound pressure level shall
also be measured using the sound level meter set to the C-weighting network. Discrete frequency sound
emissions may be measured when agreed to by the purchaser and the vendor, or when ambient sound pres-
sure levels required by this specification (see 13.3.1) for either the A-weighted or the one-third octave band
sound level measurements cannot be attained.

13.5.2.1 A-weighted sound pressure level measurements

The A-weighted sound pressure level shall be measured with a sound level meter set to the A-weighted
network.

13.5.2.2 One-third octave sound pressure level measurements

The one-third octave band sound pressure levels shall be measured at the midband frequencies of 63 Hz
through 4000 Hz, inclusive.

13.5.2.3 Narrow-band sound pressure level measurements

Discrete frequency sound pressure levels shall be measured at the fundamental power frequency (60 Hz, for
example) and at least at each of the next six even harmonics (120 Hz, 240 Hz, 360 Hz, 480 Hz, 600 Hz, and
720 Hz).

13.5.2.4 C-weighted sound pressure level measurements

The C-weighted sound pressure level shall be measured with a sound level meter set to the C-weighted
network.

13.5.3 Ambient-corrected sound pressure levels

The ambient-corrected sound pressure level shall be computed using the procedure described in 13.3.1.
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13.5.4 Average sound pressure level (Lp)

The energy average transformer sound pressure level shall be computed by averaging the ambient-corrected
sound pressure levels measured at each microphone location and for each frequency band (A-weighted, one-
third octave band, or discrete frequency) using Equation (30).

(30)

where

Li is the sound pressure level measured at the ith location for the A-weighted sound level, for a one-third
octave frequency band, or for a discrete frequency,

N is the total number of sound measurements.

The arithmetic mean of the measured sound pressure levels may be used to determine the average trans-
former sound pressure level when the variation of the measured levels is 3 dB or less or when an approxi-
mate value of the average transformer sound level is desired.

13.5.5 Sound power level calculation (Lw)

The sound power level shall be computed for each frequency band (A-weighted, one-third octave band, or
discrete frequency) using Equation (31).

(31)

The measurement surface area S is the vertical area [in square meters (square feet)] enveloping the trans-
former (measurement surface) on which the sound measurement points are located plus the horizontal area
bounded by the vertical measurement surface. 

Alternatively, for large transformers the measurement surface area is approximately equal to 125% of the
vertical area enveloping the transformer (measurement surface).

13.5.6 Computation of A-weighted sound power level

A transformer A-weighted sound power level shall be computed using the procedures in 13.5.6.1 and
13.5.6.2 when the A-weighted sound level is not measured.

13.5.6.1 One-third octave sound pressure

When a transformer sound power level has been computed using one-third octave sound pressure measure-
ments (see Table 10), the A-weighted sound power level can be computed using Equation (32).

(32)

where

Lw(fj)  is the sound power level in the fj third octave frequency band,

Kj  is the A-weighted correction for the jth frequency band (see Table 9).
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13.5.6.2 Discrete frequencies

When a transformer sound power level has been computed using discrete frequencies (see Table 14), the
estimated core/tank A-weighted sound power level shall be computed using Equation (33).

(33)

where

Lw(A) is the estimated A-weighted sound power level,
fk is the seven discrete frequencies for measuring transformer sound,
Kk is the discrete frequency correction from Table 10.

Discrete frequency measurements shall be used only for estimating transformer core/tank sound ratings,
because the sound is not measured over the entire audible frequency spectra.

Table 9—A-weighted frequency corrections 
for one-third octave band sound levels 

A-weighted frequency correction for one-third 
octave band sound levels

Corrections (Kj)
(dB)

63 –26.2

80 –22.5

100 –19.1

125 –16.1

160 –13.4

200 –10.9

250 –8.6

315 –6.6

400 –4.8

500 –3.2

630 –1.9

800 –0.8

1000 0.0

1250 –0.6

1600 –1.0

2000 –1.2

2500 –1.3

3150 –1.2

4000 –1.0

Lw A( ) 10 log× 10( ) 10
Lw f k( ) Kk+( ) 10⁄( )

k 1=

7

∑
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13.6 Presentation of results

Reports describing transformer sound ratings shall include, as a minimum, the following data and Figure 30,
Figure 31, Figure 32, Figure 33, and Figure 34, as applicable:

a) A statement that the measurements were made and reported as described in this document.

b) A detailed description of all deviations from this test code.

c) A description of the transformer being tested, including rated power, voltage, voltage ratio, and
connections.

d) Measured voltage at the start of the sound tests.

e) The name of the transformer manufacturer, the location of manufacturer, the transformer type and
serial number, the date and time of the test, and the name of the engineer approving the test.

f) A description of the sound measuring instruments, the microphone, and the calibration method,
including the following information for the sound measuring instruments: manufacturer, model,
serial number, and calibration source.

g) A description of the test environment, including a dimensioned sketch showing the position of the
transformer with respect to other objects, and the location of the measuring surface, the microphone
positions, and sound reflecting or absorbing surfaces.

h) The descriptor specified by the user and manufacturer for measuring one of the following sound
pressure levels:

1) A-weighted sound pressure level.

2) One-third octave band sound pressure level.

3) Narrow-band sound level.

i) Transformer plus ambient sound pressure level measured at each location and the average sound
pressure level.

j) Ambient sound pressure levels measured at each location.

k) Sound levels measured for any of the following operating conditions with the condition that is
measured clearly described in the report:

1) Transformer fully equipped with its auxiliaries in service.

2) Transformer fully equipped with its auxiliaries not in service.

3) Cooling equipment in service with transformer not energized.

Table 10—A-weighted frequency corrections
for discrete frequency sound levels

Discrete frequency (fk)
(Hz) Correction (Kk)

60 –26.9

120 –16.6

240 –9.1

360 –5.6

480 –3.5

600 –2.2

720 –1.1
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l) Average A-weighted transformer sound pressure levels corrected for background noise conditions
and, when specified, the one-third octave band sound pressure levels or the narrow band sound
pressure levels.

m) The measurement surface area and the distance between the measurement microphone locations and
the transformer.

n) The A-weighted sound power level of the transformer and, when specified, the one-third octave band
sound power level.

Sound level data shall be rounded to the nearest whole decibel with decimal values of 0.5 and above being
rounded to the next higher integer.

14. Calculated data

14.1 Reference temperature

The reference temperature for determining total losses, voltage regulation, and efficiency shall be equal to
the sum of the rated average winding temperature rise by resistance plus 20 °C.

14.2 Losses and excitation current

14.2.1 Determination of no-load losses and exciting current

No-load losses and exciting current shall be determined for the rated voltage and frequency on a sine-wave
basis unless a different form is inherent in the operation of the transformer.

14.2.2 Load losses

Load losses shall be determined for rated voltage, current, and frequency and shall be corrected to the
reference temperature.

14.2.3 Total losses

Total losses are the sum of the no-load losses and the load losses.

14.3 Efficiency

The efficiency of a transformer is the ratio of its useful power output to its total power input.

(34)

where

is efficiency,
Po is output,
Pi is input,
PL is losses.


Po

Pi
------

Pi PL–
Pi

----------------- 1
PL

Pi
------– 1

PL

Po PL+
------------------–= = = =
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When specified, efficiency shall be calculated on the basis of the reference temperature for the average wind-
ing temperature rise of the transformer.

Figure 30—Data sheet for audible sound test
Test No. ____________
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Figure 31—A-weighted sound power calculation 
Test No. ____________

10–12 W
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14.4 Voltage regulation of a constant-voltage transformer

14.4.1 General

The voltage regulation of a constant-voltage transformer is defined in IEEE Std C57.12.80-1978. The regula-
tion may be expressed in percentage (or per unit) on the basis of the rated secondary voltage at full load.

14.4.2 Reference temperature

When specified, voltage regulation calculations shall be based on the reference temperature of 14.1.

14.4.3 Load loss watts and impedance volts

The load loss watts and impedance volts for use in the computation of voltage regulation are those that result
from the measurement of the factors given in 9.2 corrected to reference temperature as shown in 9.4.

14.4.4 Voltage regulation computation, two-winding transformers

When specified, the voltage regulation shall be computed according to 14.4.4.1 through 14.4.4.3.

14.4.4.1 Exact formulae for the calculation of regulation

The exact formulae for calculating regulaiton are as follows:

a) When the load is lagging:  
(35)

b) When the load is leading: 

where

Fp is power factor of load,

q is +  ,

R is resistance factor of transformer =  ,

X is reactance factor of transformer = +  ,

Z is impedance factor of transformer =  .

The quantities Fp, q, R, X, and Z are on a per-unit basis, so the result shall be multiplied by 100 to obtain the
regulation in percentage.

14.4.4.2 General expression for calculation of transformer regulation

A general expression for the calculation of transformer regulation that permits calculations to any degree of
precision justified by the supporting data is Equation (36).

(36)

reg R Fp+( )2 X q+( )2+ 1–=

reg R Fp+( )2 X q–( )2+ 1–=

1 Fp
2–

load loss in kilowatts
rated kilovoltamperes
----------------------------------------------------

Z2 R2–

impedance kilovoltamperes
rated kilovoltamperes

------------------------------------------------------------------

reg a
1
2
---a2–

1
2
---a3 5

8
---a4–

7
8
---a5 21

16
------a6–

33
16
------a7+ + +=
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where

reg is the regulation on a per-unit basis,
a is a quantity depending upon the angle and magnitude of the transformer impedance, the power

factor of the load, and the number of windings in the transformer.

The quantity a for the calculation of the per-unit regulation of a two-winding transformer is determined by
Equation (37).

(37)

where

R is resistance factor of transformer =  ,

Z is impedance factor of transformer =  ,

X is reactance factor of transformer = +  ,

is the impedance angle of transformer impedance,

cos is R/Z ,

Fp is the power factor of load cos ,

is the phase angle of load current; positive for leading current, negative for lagging current.

14.4.4.3 Three-phase to two-phase transformers

For the calculation of the regulation for three-phase to two-phase transformation, proceed as follows:

a) For the per-unit regulation of main phase, use the impedance of the main transformer for substitution
in the formula selected for use.

b) For the per-unit regulation of the teaser phase, use the sum of the impedance of the teaser trans-
former plus the interlacing impedance of the main transformer for substitution in the formula
selected for use.

c) To determine the interlacing impedance, connect the two ends of the three-phase winding of the
main transformer together and impress between this common connection and the 50% tap a voltage
sufficient to pass three-phase line current in the supply lines.

d) The voltage thus determined is the interlacing impedance voltage and is to be put on a per-unit basis
by reference to the rated voltage of the teaser transformer on the 86.6% tap.

15. Certified test data

The minimum information listed in this clause shall be included in certified test data.

a) Order data

1) Purchaser

2) Purchaser’s order number

3) Manufacturer’s production order number and serial number

a Zcos φ θ+( ) Z2

2
------+=

load loss in kilowatts
rated kilovoltamperes
----------------------------------------------------

impedance kilovoltamperes
rated kilovoltamperes

------------------------------------------------------------------

Z2 R2–

φ

φ

φ

θ



IEEE
Std C57.12.90-1999 IEEE STANDARD TEST CODE FOR LIQUID-IMMERSED

78 Copyright © 1999 IEEE. All rights reserved.

b) Rating data

1) Type (power, auto, grounding, etc.)

2) Type of construction (core form or shell form) *

3) Cooling Class

4) Number of phases

5) Connections (delta, wye, zigzag, etc.)

6) Polarity for single phase transformers

7) Frequency *

8) Insulation medium (oil, silicone, etc.) *

9) Temperature rise *

10) Winding ratings: voltage, voltampere, BIL, all temperature rise ratings specified, including
future ratings *

11) Harmonic factor if other than standard *

c) Test and calculated data (by individual serial number; if the results are from another transformer
“design” tested, provide serial number, kV and kVA ratings, and date of the test.)

1) Date of test

2) Winding resistances (when required)

3) Losses: no-load, load, auxiliary and total

4) Impedance(s) in %

5) Excitation current in %

6) Thermal performance data **

i) Ambient temperature

ii) Tap position, total loss, and line currents for total loss runs

iii) Oil flow in winding (directed or nondirected)

iv) Final bottom and top oil temperature rise over ambient for total loss run for each test

v) Average winding temperature rise over ambient for each winding for each test

vi) Calculated winding hottest spot temperature rise over ambient for maximum rating

7) Zero-sequence impedance (when specified) *

8) Regulation (calculated when specified)

9) Applied voltage test values for each winding *

10) Induced voltage test value, including measured PD values when required *

11) Impulse test data per IEEE Std C57.98-1993 (when required or specified) *

12) Switching impulse test data (when specified) *

13) Sound level test results (when specified) *

14) Short-circuit test results (when specified) *

15) Ratio test results *

16) Phase relation or polarity test results *

17) Other special test results (when specified) *

d) Certification statement and approval

NOTE 1—Items identified with * are not required for distribution transformers unless specified by the user.

NOTE 2—Number of significant figures of reported data should reflect the level of confidence of the data accuracy.
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NOTE 3—All temperature sensitive data should be reported after correcting to reference temperature (defined in 14.1)
except no-load losses (see 8.4).

NOTE 4—Other significant information, such as tap position during induced potential test, test connection used, and any
particular method used when alternatives are allowed in the test code, should be included.

NOTE 5—Other drawings, such as nameplate and outline, may be made a part of certified test data in place of duplicat-
ing the same information.

NOTE 6—Items identified with ** are not required for distribution transformers 2500 kVA and smaller, unless specified
by the user.
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Introduction

 

(This introduction is not a part of IEEE Std C57.12.91-2001, IEEE Standard Test Code for Dry-Type Distribution and
Power Transformers.)

 

This revision of IEEE Std C57.12.91-1995 changes Clause 9 only to include the associated leads or bus bar
during the measurement of load loss and the measurement of impedance voltage.

The working group, as promised after publication of the 1995 revision, reviewed Subclause10.8 on insula-
tion power-factor tests.  It is the consensus of the working group that the clause should not be changed from
the 1979 revision.

Hottest-spot temperature rise is a performance parameter to be met by the manufacturer to conform to
IEEE Std C57.12.01-1998.  It is not economically practical to measure hottest-spot temperature rise on the
primary and secondary windings of all dry-type transformers. Conformance to average temperature rise
limits in IEEE Std C57.12.01-1998 does not automatically assure that hottest-spot temperature rise limits are
met, due to the wide range of sizes of transformers covered by IEEE Std C57.12.01-1998. A reduction of
average winding temperature rise below the limits may be required to meet hottest-spot temperature rise
limits. Since the publication of IEEE Std C57.12.91-1995, IEEE Std C57.134-2000, IEEE Guide for
Determination of Hottest Spot Temperature in Dry Type Transformers has been developed. This guide
describes methodologies for determining the steady state winding hottest spot temperature in dry-type
distribution and power transformers.

This standard is a voluntary consensus standard.  Its use may become mandatory only when required by a
duly constituted legal authority, or when specified in a contractual relationship.  To meet specialized needs
and to allow innovation, specific changes are permissible when mutually determined by the user and the pro-
ducer, provided such changes do no violate existing laws, and are considered technically adequate for the
function intended.  
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IEEE Standard Test Code for
Dry-Type Distribution and
Power Transformers

 

1. Scope

 

This standard describes methods for performing tests specified in IEEE Std C57.12.01-1998

 

1

 

 and other
referenced standards applicable to dry-type distribution and power transformers. It is intended for use as a
basis for performance, safety, and the proper testing of dry-type distribution and power transformers.

This standard applies to all dry-type transformers except instrument transformers, step-voltage and induction
voltage regulators, arc furnace transformers, rectifier transformers, specialty transformers, and mine
transformers.

 

1.1 Purpose

 

The purpose of this standard is to provide test procedure information. Transformer requirements and specific
test criteria are not a part of this standard but are contained in appropriate standards such as
IEEE Std C57.12.01-1998 or in user specifications.

 

1.2 Word usage

 

When this standard is used on a mandatory basis, the word 

 

shall

 

 indicates mandatory requirements; the words

 

should

 

 or 

 

may

 

 refer to matters that are recommended or permissive, but not mandatory.

 

NOTE—The introduction of this standard describes the circumstances in which the standard may be used on a manda-
tory basis.

 

2. References

 

Various standards and guides are listed below. References are identified throughout this standard by designa-
tion number and year.

When the standards referenced in this standard are superseded by a revision, the latest revision shall apply.

 

1

 

Information on references can be found in Clause 2.
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ANSI C57.12.50-1981 (Reaff 1998), American National Standard Requirements for Ventilated Dry-Type
Distribution Transformers 1 to 500 kVA, Single-Phase; and 15 to 500 kVA, Three-Phase with High-Voltage
601 to 34 500 Volts, Low Voltage 120 to 600 Volts.

 

2

 

 

ANSI C57.12.51-1981 (Reaff 1998), American National Standard Requirements for Ventilated Dry-Type
Power Transformers 501 kVA and Larger, Three-Phase, with High-Voltage 601 to 34 500 Volts, Low-Voltage
208Y/120 to 4160 Volts. 

ANSI C57.12.52-1981 (Reaff 1998), American National Standard Requirements for Sealed Dry-Type Power
Transformers 501 kVA and Larger, Three-Phase with High-Voltage 601 to 34 500 Volts, Low-Voltage 208Y/
120 to 4160 Volts. 

ANSI C57.12.55-1987 (Reaff 1998), American National Standard for Dry-Type Transformers Used in Unit
Installations, Including Unit Substations—Conformance Standard. 

ANSI C57.12.57-1987, American National Standard Requirements for Ventilated Dry-Type Network Trans-
formers 2500 kVA and Below, Three-Phase, High-Voltage 34 500 Volts and Below, Low-Voltage 216Y/125
and 480Y/277 Volts. 

ANSI S1.4-1983, American National Standard Specification for Sound Level Meters. 

ANSI S1.11-1986 (Reaff 1998), American National Standard Specifications for Octave-Band and Fractional
Octave-Band Analog and Digital Filters. 

IEEE Std 4-1995, IEEE Standard Techniques for High-Voltage Testing.

 

3

 

 

IEEE Std 99-1980 (Reaff 2000), IEEE Standard for the Preparation of Test Procedures for the Thermal Eval-
uation of Solid Electrical Insulating Materials. 

IEEE Std C57.12.01-1998, IEEE Standard General Requirements for Dry-Type Distribution and Power
Transformers Including Those with Solid Cast and/or Resin-Encapsulated Windings. 

IEEE Std C57.12.56-1986 (Reaff 1998), IEEE Standard Test Procedure for Thermal Evaluation of Insulation
Systems for Ventilated Dry-Type Power and Distribution Transformers. 

IEEE Std C57.12.58-1991 (Reaff 1996), IEEE Guide for Conducting a Transient Voltage Analysis of a Dry-
Type Transformer Coil. 

IEEE Std C57.12.59-1989, IEEE Guide for Dry-Type Transformer Through-Fault Current Duration.

 

4

 

 

IEEE Std C57.12.60-1998, IEEE Guide for Test Procedures for Thermal Evaluation of Insulation Systems
for Solid-Cast and Resin-Encapsulated Power and Distribution Transformers.

IEEE Std C57.12.70-2001, IEEE Standard Terminal Markings and Connections for Distribution and Power
Transformers.

 

2

 

ANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor,
New York, NY 10036, USA (http://www.ansi.org/).

 

3

 

IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA (http://standards.ieee.org/).

 

4

 

IEEE Std C57.12.59-1989 has been withdrawn; however, copies can be obtained from Global Engineering, 15 Inverness Way East,
Englewood, CO 80112-5704, USA, tel. (303) 792-2181 (http://global.ihs.com/).
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IEEE Std C57.12.80-1978 (Reaff 1992), IEEE Standard Terminology for Power and Distribution
Transformers. 

IEEE Std C57.96-1999, IEEE Guide for Loading Dry-Type Distribution and Power Transformers. 

IEEE Std C57.98-1993 (Reaff 1999), IEEE Guide for Transformer Impulse Tests. 

IEEE Std C57.124-1991, IEEE Recommended Practice for the Detection of Partial Discharge and the Mea-
surement of Apparent Charge in Dry-Type Transformers.

IEEE Std C57.134-2000, IEEE Guide for Determination of Hottest Spot Temperature in Dry Type
Transformers.

 

3. Definitions

 

Standard transformer terminology available in IEEE Std C57.12.80-1978 shall apply. Other electrical terms
are defined in 

 

The Authoritative Dictionary of IEEE Standards Terms,

 

 Seventh Edition. 

 

4. General

 

4.1 Test definitions

 

Various types of tests such as 

 

routine

 

, 

 

design

 

, 

 

other

 

, and 

 

conformance

 

 are defined in IEEE Std C57.12.80-
1978. 

 

4.2 Test requirements

 

A general summary of test requirements is included in Table 15 of IEEE Std C57.12.01-1998, which indicates
by size (500 kVA and smaller, or 501 kVA and larger) which tests are normally considered 

 

routine

 

, 

 

design

 

, or

 

other

 

.

 

4.3 Test sequence

 

See 10.1.5.4 for sequence of dielectric tests when lightning impulse tests are specified.

 

NOTE—If it is desired to minimize potential damage to the transformer during testing, the resistance, polarity, phase-
relation, ratio, no-load-loss and excitation current, impedance and load-loss tests, and temperature-rise tests (when
applicable) should precede dielectric tests. When this sequence is used, the beginning tests involve voltages and currents
that are usually reduced compared to rated values, thus tending to minimize damaging effects to the transformer.

 

4.4 Instrumentation

 

Although the figures in this standard show conventional meters, adequate digital-readout measuring devices
and digital sampling techniques with computer calculations are considered satisfactory alternatives.
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5. Resistance measurements

 

5.1 General

 

Resistance measurements are of fundamental importance for the calculation of the 

 

I

 

2

 

R

 

 component of
conductor losses, for the calculation of winding temperatures at the end of a temperature rise test, and as a
base for assessing possible damage in the field.

Cold-resistance measurements shall be taken on all phases of each primary and secondary winding on the
rated tap connection. If a temperature rise test is to be performed, cold resistance measurements shall also be
taken on all phases of each primary and secondary winding on the combination of connections and taps to be
used for the temperature rise test. When transferring leads from one winding to another, the same relative
polarity should be maintained with regard to the measuring leads and the transformer terminals.

The induction time for the measuring current to become stable should be noted during the cold-resistance
measurements in order to ensure that sufficient time elapses for the induction effect to disappear before hot
resistance readings are taken during the temperature rise tests. Cold-resistance measurements shall not be
made on a transformer when it is located in drafts or when it is located in a room in which the temperature is
fluctuating rapidly.

 

5.2 Determination of cold temperature

 

The cold temperature of the winding shall be determined as accurately as possible when measuring the cold
resistance. The following precautions shall be observed. The temperature of the windings for ventilated units
shall be recorded as the average readings of several thermometers or thermocouples inserted between the
coils. Care shall be taken to see that the measuring points of the thermocouples or thermometers are as nearly
as possible in actual contact with the winding conductors. The temperature of the windings for sealed units
shall be recorded as the average readings of several temperature sensors in contact with the tank and cover
(see 11.8.6 and Figure 30).

It should not be assumed that the windings are at the same temperature as the surrounding air. To ensure that
the windings are at ambient temperature, the following conditions shall be met immediately before taking
cold-resistance measurements:

a) All internal temperatures measured by the internal temperature sensors shall not differ from ambient
temperature by more than 2 

 

°

 

C.

b) Tank surface temperatures for sealed units shall not differ from ambient temperature by more than
2 

 

°

 

C.

c) Ambient temperature shall not have changed by more than 3 

 

°

 

C for at least 3 h.

d) The transformer has been in a draft-free area for 24 h and neither voltage nor current has been
applied to it for 24–72 h, depending on its size.

 

5.3 Conversion of resistance measurements

 

Cold-winding resistance measurements are normally converted to a standard reference temperature equal to
rated average winding temperature rise plus 20 

 

°

 

C. In addition, it may be necessary to convert the resistance
measurements to the temperature at which the impedance-loss measurements were made. The conversions
are accomplished by the following formula:
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(1)

where

 

R

 

s

 

is resistance at desired temperature, 

 

T

 

s

 

,

R

 

m

 

is measured resistance,

 

T

 

s

 

is desired reference temperature,

 

T

 

k

 

is 234.5 for copper, 225 for aluminum,

 

T

 

m

 

is the temperature at which resistance was measured.

 

NOTE—The value of 

 

T

 

k

 

 may be as high as 240 

 

°

 

C

 

 for alloyed aluminum.

 

5.4 Resistance measurement methods

 

5.4.1 Bridge method

 

Bridge methods (or high-accuracy digital instrumentation) are generally preferred because of their accuracy
and convenience since they may be employed for the measurement of resistances up to 10 000 

 

Ω

 

. They should
be used in cases where the rated current of the transformer winding to be measured is less than 1 A.

 

NOTE—For resistance values of 1 

 

Ω

 

 or more, a Wheatstone bridge (or equivalent) is commonly used; for values less
than 1 

 

Ω

 

, a Kelvin bridge (or equivalent) is commonly used. Some modern resistance bridges have capability in both
ranges.

 

5.4.2 Voltmeter-ammeter method

 

The voltmeter-ammeter method is sometimes more convenient than the bridge method. It should be
employed only if the rated current of the transformer winding is 1 A or more. Digital voltmeters and digital
ammeters of appropriate accuracy are commonly used in connection with temperature-rise determinations.

 

5.4.2.1 The measuring circuit

 

Measurement is made with direct current, and simultaneous readings of current and voltage are taken using
the connections of Figure 1. The required resistance is calculated from the readings in accordance with Ohm’s
law. A battery or filtered rectifier will generally be found to be more satisfactory as a dc source than will a
commutating machine. The latter may cause the voltmeter pointer to vibrate because of voltage ripple.

Rs Rm T s T k+( ) T m T k+( )⁄[ ]=

Figure 1—Connections for the voltmeter-ammeter method of resistance measurement
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5.4.2.2 Minimizing errors

 

In order to minimize errors of observation, the following shall be implemented:

a) The range of analog measuring instruments shall be such as to give a reasonably large deflection.

b) The polarity of the core magnetization shall be kept constant during all resistance readings.

 

NOTE—A reversal in magnetization of the core can change the time constant and result in erroneous readings.

 

5.4.2.3 Independent voltmeter and current leads

 

The voltmeter leads shall be independent of the current leads and shall be connected as closely as possible to
the terminals of the winding to be measured. This is to avoid including in the reading the resistances of
current-carrying leads and their contacts and of extra lengths of leads. To protect the voltmeter from injury by
off-scale deflections, the voltmeter should be disconnected from the circuit before the current is switched on
or off. To protect test personnel from 

 

inductive kick

 

, the current should be switched off by a suitably insulated
switch.

If the drop of voltage is less than 1 V, a potentiometer or millivoltmeter shall be used.

 

5.4.2.4 The effect of winding dc time constant

 

Readings shall not be taken until after the current and voltage have reached steady-state values.

When measuring the cold-resistance preparatory to making a heat run, the time required for the readings to
become constant should be noted. The period thereby determined should be allowed to elapse before taking
the first reading when final winding hot-resistance measurements are being made.

In general, the winding will exhibit a long dc time constant. To reduce the time required for the current to
reach its steady-state value, a noninductive external resistor should be added in series with the dc source. The
resistance should be large compared to the inductance of the winding. It will then be necessary to increase the
source voltage to compensate for the voltage drop in the series resistor. The time will also be reduced by
operating all other transformer windings open-circuited during the tests.

 

5.4.2.5 Maximum dc current in measuring circuit

 

Readings shall be taken with not less than four values of current when deflecting instruments are used. The
average of the resistances calculated from these measurements shall be considered to be the resistance of the
circuit.

The current used shall not exceed 15% of the rated current of the winding’s resistance to be measured. Larger
values may cause inaccuracy by heating the winding and thereby changing its temperature and resistance.

When the current is too low to be read on a deflecting ammeter, a shunt and digital millivoltmeter or
potentiometer shall be used.

 

6. Polarity and phase-relation tests

 

Polarity and phase-relation tests are of interest primarily because of their bearing on paralleling or banking
two or more transformers. Phase-relation tests are made to determine angular displacement and relative phase
sequence.
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6.1 Subtractive and additive polarity

 

Windings arranged for subtractive and additive polarity are shown in Figure 2 and Figure 3. Leads and
polarity marks arranged for subtractive polarity and additive polarity are shown in Figure 4 and Figure 5.

Figure 2—Windings: subtractive polarity

Figure 3—Windings: additive polarity

Figure 4—Leads and polarity marks: subtractive polarity
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6.2 Polarity tests—single-phase transformers

 

Polarity tests on single-phase transformers are commonly made in accordance with one of the following
methods:

a) Inductive kick

b) Alternating voltage

c) Comparison

d) Ratio bridge

 

6.2.1 Polarity by inductive kick

 

The polarity of transformers with leads arranged as shown in Figure 2, Figure 3, Figure 4, and Figure 5 may
be determined at the time of making the resistance measurements as follows:

a) With direct current passing through the high-voltage winding, connect a high-voltage dc voltmeter
across the high-voltage winding terminals so as to get a small deflection of the pointer.

b) Transfer the two voltmeter leads directly across the transformer to the adjacent low-voltage leads,
respectively.

c) Break dc excitation, thereby inducing a voltage in the low-voltage winding (inductive kick) that will
cause a deflection in the voltmeter, which is interpreted in item d) and item e).

d) If the pointer swings in the opposite direction (negative), the polarity is subtractive.

e) If the pointer swings in the same direction as before (positive), the polarity is additive.

 

NOTE—For example, in Figure 5, the voltmeter lead connected to 

 

H

 

1

 

 will be transferred to 

 

X

 

2

 

 as the adjacent lead, and
the voltmeter lead connected to 

 

H

 

2

 

 to 

 

X

 

1

 

.

 

6.2.2 Polarity by alternating-voltage test

 

For transformers having a ratio of transformation of 30 to 1 or less, the 

 

H

 

1

 

 lead shall be connected to the
adjacent low-voltage lead. (In Figure 6, this will be 

 

X

 

1

 

.)

Figure 5—Leads and polarity marks: additive polarity
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Any convenient value of alternating voltage shall be applied to the full high-voltage winding and readings
taken of the applied voltage and the voltage between the right-hand adjacent high-voltage and low-voltage
leads. If the latter reading is greater than the former, the polarity is additive. If the latter voltage reading is less
than the former (indicating the approximate difference in voltage between that of the high-voltage and low-
voltage windings), the polarity is subtractive.

 

6.2.3 Polarity by comparison

 

When a transformer of known polarity and of the same ratio as the unit under test is available, the polarity can
be checked by comparison, as follows, similar to the comparison method used for the ratio test (see Figure 9
and Figure 10):

a) Connect the high-voltage windings of both transformers in parallel by connecting similarly marked
leads together.

b) Also connect the low-voltage leads, 

 

X

 

2

 

, of both transformers together, leaving the 

 

X

 

1

 

 leads free.

c) With these connections, apply a reduced value of voltage to the high-voltage windings and measure
the voltage between the two free leads. A zero or negligible reading of the voltmeter will indicate
that the relative polarities of both transformers are identical.

d) An alternative method of checking the polarity is to substitute a low-rated fuse or suitable lamps for
the voltmeter. This procedure is recommended as a precautionary measure before connecting the
voltmeter.

 

6.2.4 Polarity by ratio bridge

 

The ratio bridge described in Clause 7 can also be used to test polarity.

 

6.3 Polarity and phase-relation tests—polyphase transformers

 

6.3.1 Polarity

 

Each phase of a polyphase transformer shall have the same relative polarity when tested in accordance with
one of the methods described for single-phase transformers.

Figure 6—Polarity by alternative-voltage test
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6.3.2 Phase-relation tests

6.3.2.1 Test to verify phasor diagram for transformers with a ratio of transformation of
60 to 1 or less

 

The phasor diagram of any three-phase transformer, defining both the angular displacement and phase
sequence, can be verified by connecting the 

 

H

 

1

 

 and 

 

X

 

1

 

 leads together; exciting the unit at a suitably low, three-
phase voltage; taking voltage measurements between various pairs of leads; and then either plotting these
values or comparing them for their relative order of magnitude with the help of the corresponding diagram in
Figure 7 or Figure 8, in which typical check measurements to be taken and their relative magnitudes are also
indicated.  

Figure 7—Transformer lead markings and voltage-phasor diagrams
 for three-phase transformer connections
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6.3.2.2 Zigzag windings

 

Equal zig and zag windings usually are necessary for zigzag transformers, although unequal windings may be
used for special applications.

No required test is proposed to determine the phase relationships between the line-end and neutral-end
sections of a zigzag winding. However, it is recommended that a test connection be made to the junction of
the two-winding sections, and that tests be made during the manufacturing phase to prove the desired phase
relationships. For the purpose of designation in Figure 7, zigzag windings are arbitrarily defined as windings
whose line-end section is rotated 60 degrees counterclockwise with respect to the neutral-end section.

 

6.3.2.3 Six-phase windings

 

Six-phase windings with no neutral connection shall be temporarily connected in delta or wye for the test for
phasor diagram.

Figure 8—Transformer lead markings and voltage-phasor diagrams for six-phase 
transformer connections
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6.3.2.4 Phase relation with ratio bridge

The ratio bridge described in 7.3.3 can also be used to test phase relationships.

6.3.3 Phase-sequence test

The following method does not disclose the angular displacement of the transformer. The phase-sequence
indicator may incorporate either a three-phase induction motor or a split-phase circuit.

It should be connected first to the higher voltage leads; the transformer should be excited three-phase at a low
voltage suitable for the indicator, and the direction of rotation of the indication of the instrument should be
noted.

The indicator is then transferred to the low-voltage side of the transformer, connecting to X1 the lead that was
connected to H1, connecting to X2 the lead that was connected to H2, and connecting to X3 the lead that was
connected to H3.

The transformer is again excited at a suitable voltage (without changing the excitation connections) and the
indication again noted. The phase sequence of the transformer is correct if the indication is the same in both
cases.

Six-phase secondaries, having no neutral connection, have to be connected temporarily in delta or wye for
this test also. If a six-phase neutral is available, the phase-sequence indicator leads should be transferred from
H1 to X1, from H2 to X3, and from H3 to X5, respectively, and the direction of rotation noted. The tests should
then be repeated by transferring from H1 to X2, from H2 to X4, and from H3 to X6, respectively, and noting the
indication, which should be the same as before.

6.3.3.1 Test of phase-sequence with ratio bridge

The ratio bridge described in Clause 7 can also be used to test phase sequence.

7. Ratio tests

7.1 General

The turns ratio of a transformer is the ratio of the number of turns in a higher voltage winding to that in a
lower voltage winding.

7.1.1 Transformers with taps

When a transformer has taps for changing its voltage ratio, the turns ratio is based on the number of turns
corresponding to the normal rated voltage of the respective windings to which operating and performance
characteristics are referred.

When the transformer has taps, the turns ratio shall be determined for all taps, as well as for the full winding.

7.1.2 Voltage and frequency requirements

The ratio test shall be made at rated or lower voltage and rated or higher frequency.
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7.1.3 Three-phase transformers

In the case of three-phase transformers, when each phase is independent and accessible, single-phase power
should preferably be used, although when convenient, three-phase power may be used.

7.1.4 Transformers with wye-diametric connections

Transformers that have wye-diametric connections but do not have the neutral of the wye brought out may be
tested for ratio with three-phase power. Any inequality in the magnetizing characteristics of the three phases
will then result in a shift of the neutral, thereby causing unequal diametric voltages. When such inequality is
found, the diametric connection should be changed to either delta- or wye-connection and the line voltages
should be measured. When these are found to be equal to each other and of proper value (1.73 times the
diametric voltages if connected in wye), the ratio is correct.

7.1.5 Inaccessible neutrals

An alternative test procedure, using single-phase power, is possible resulting in negligible loss of accuracy.
When only one winding has an inaccessible neutral, a connection to that neutral can be made through a coil
on another phase leg. This is accomplished by shorting the energized winding on that phase leg, thereby
reducing the flux in that leg to zero. With zero flux there is no voltage induced in the coil being used for the
connection, and the only error is due to the added resistance of that coil. When neutrals are inaccessible on
both the primary and secondary windings, the ratio can be determined using single-phase power connected
line-to-line.

7.2 Tolerances for ratio

See Clause 9 of IEEE Std C57.12.01-1998. 

7.3 Ratio test methods

7.3.1 Voltmeter method

Two voltmeters shall be used (with voltage transformers if necessary)—one to read the voltage of the high-
voltage winding, and the other to read that of the low-voltage winding. The two voltmeters shall be read
simultaneously.

A second set of readings shall be taken with the instruments interchanged, and the average of the two sets of
readings shall be taken to compensate for instrument errors.

Voltage transformer ratios should be such as to yield about the same readings on the two voltmeters,
otherwise compensation for instrument errors by an interchange of instruments will not be satisfactory, and it
will be necessary to apply appropriate corrections to the voltmeter readings.

Tests shall be made at not less than four voltages in approximately 10% steps, and the average result shall be
taken as the true value. These several values should check within 1% of each other. Otherwise, the tests shall
be repeated with other voltmeters.

When appropriate corrections are applied to the voltmeter readings, tests may be made at only one voltage.

When several transformers of duplicate rating are to be tested, work may be expedited by applying the
foregoing tests to only one unit and then comparing the other units with this one as a standard in accordance
with the comparison transformer method discussed in 7.3.2.
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7.3.2 Comparison method

A convenient method of measuring the ratio of a transformer is by comparison with a transformer of known
ratio.

The transformer to be tested is excited in parallel with a transformer of the same nominal ratio, and the two
secondaries are connected in parallel but with a voltmeter or detector in the connection between two terminals
of similar polarity (see Figure 9). This is the more accurate method because the voltmeter or detector
indicates the difference in voltage.

For an alternate method, the transformer to be tested is excited in parallel with a transformer of known ratio,
and the voltmeters are arranged to measure the two secondary voltages (see Figure 10).

The voltmeters shall be interchanged and the test shall be repeated. The averages of the results are the correct
voltages.

Figure 9—Voltmeter arranged to read the difference between the two secondary voltages
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7.3.3 Ratio bridge

A bridge using the basic circuit of Figure 11 may be used to measure ratio. When detector (DET) is in
balance, the transformer ratio equals R/R1.

NOTES:

1—Measurement of the ratio using circuits of this type has also (in the past) been described as ratio by resistance
potentiometer.

2—More accurate results can be obtained using a ratio bridge that provides phase-angle correction.

3—The ratio bridge can also be used to test polarity, phase relation, and phase sequence.

Figure 10—Voltmeters arranged to read the two secondary voltages

Figure 11—Basic circuit of ratio bridge
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8. No-load losses and excitation current

8.1 General

No-load (excitation) losses are those losses that are incident to the excitation of the transformer. No-load
(excitation) losses include core loss, dielectric loss, conductor loss in the winding due to excitation current,
and conductor loss due to circulating current in parallel windings. These losses change with the excitation
voltage.

Excitation current (no-load current) is the current that flows in any winding used to excite the transformer
when all other windings are open-circuited. It is generally expressed in percent of the rated current of the
winding in which it is measured.

The no-load losses consist primarily of the core loss in the transformer core, which is a function of the
magnitude, frequency, and waveform of the impressed voltage. No-load losses also vary with temperature and
are particularly sensitive to differences in waveform; therefore, no-load loss measurements will vary
markedly with the waveform of the test voltage.

In addition, several other factors affect the no-load losses and current of a transformer. The design-related
factors include the type and thickness of core steel, the core configuration, the geometry of core joints, and
the core flux density.

Factors that cause differences in the no-load losses of transformers of the same design include variability in
characteristics of the core steel, mechanical stresses induced in manufacturing, variation in gap structure,
core joints, etc.

8.2 No-load loss test

The purpose of the no-load loss test is to measure no-load losses at a specified excitation voltage and a
specified frequency. The no-load loss determination shall be based on a sine-wave voltage, unless a different
waveform is inherent in the operation of the transformer. The average-voltage voltmeter method is the most
accurate method for correcting the measured no-load losses to a sine-wave basis and is recommended. This
method employs two-parallel-connected voltmeters; one is an average-responding (but rms calibrated)
voltmeter; the other is a true rms-responding voltmeter. The test voltage is adjusted to the specified value as
read by the average-responding voltmeter. The readings of both voltmeters are employed to correct the no-
load losses to a sine-wave basis, using Equation (2) in accordance with 8.3.

8.2.1 Connection diagrams

Tests for the no-load loss determination of a single-phase transformer are carried out using the schemes
depicted in Figure 12 and Figure 13. Figure 12 shows the necessary equipment and connections for the case
where instrument transformers are not required. When instrument transformers are required, which is the
general case, the equipment and connections shown in Figure 13 apply. If necessary, correction for losses in
connected measurement instruments may be made by disconnecting the transformer under test and noting the
wattmeter reading at the specified test circuit voltage. These losses represent the losses of the connected
instruments (and voltage transformer, if used). They may be subtracted from the earlier wattmeter reading to
obtain the no-load loss of the transformer under test.
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Tests for the no-load loss determination of a three-phase transformer shall be carried out by using the three
wattmeter method. Figure 14 is a schematic representation of the equipment and connections necessary for
conducting no-load loss measurements of a three-phase transformer when instrument transformers are
necessary.

Figure 12—Connections for no-load loss test of a single-phase
transformer without instrument transformers

Figure 13—Connections for no-load loss test of a single-phase
 transformer with instrument transformers
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8.2.2 Voltmeter connections

When correcting to a sine-wave basis using the average-voltage voltmeter method, attention must be paid to
the voltmeter connections, because the line-to-line voltage waveform may differ from line-to-neutral voltage
waveform. Therefore, depending upon whether the transformer windings energized during the test are
connected delta or wye, the voltmeter connections shall be such that the waveform applied to the voltmeters
is the same as the waveform across the energized windings.

8.2.3 Energized windings

Either the high- or the low-voltage winding of the transformer under test may be energized, but it is generally
more convenient to make this test using the low-voltage winding. In any case, the full winding (not merely a
portion of the winding) should be used whenever possible. If, for some unusual reason, only a portion of a
winding is excited, this portion shall not be less than 25% of the winding.

8.2.4 Voltage and frequency

The operating and performance characteristics of a transformer are based upon rated voltage and rated
frequency, unless otherwise specified. Therefore, the no-load loss test is conducted with rated voltage
impressed across the transformer terminals, using a voltage source at a frequency equal to the rated frequency
of the transformer under test, unless otherwise specified.

For the determination of the no-load losses of a single-phase transformer or a three-phase transformer, the
frequency of the test source should be within ±0.5% of the rated frequency of the transformer under test. The
voltage shall be adjusted to the specified value as indicated by the average-voltage voltmeter. Simultaneous
values of rms voltage, rms current, electrical power, and the average-voltage voltmeter readings shall be
recorded. For a three-phase transformer, the average of the three voltmeter readings shall be the desired
nominal value.

Figure 14—Three-phase transformer connections for no-load loss and excitation current 
tests using three-wattmeter method
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8.3 Waveform correction of no-load losses

The eddy-current component of the no-load loss varies with the square of the rms value of excitation voltage
and is substantially independent of the voltage waveform. When the test voltage is held at the specified value
as read on the average-voltage voltmeter, the actual rms value of the test voltage may not be equal to the
specified value. The no-load losses of the transformer corrected to a sine-wave basis shall be determined from
the measured value by means of the following equation:

(2)

where

Tm is the core temperature at the time of test in °C,
Pc(Tm) is the no-load losses, corrected for waveform, at temperature Tm,

Pm is measured no-load losses at temperature Tm,

P1 is per unit hysteresis loss,
P2 is per unit eddy-current loss.

(3)

where

Er is the test voltage measured by rms voltmeter,
Ea is the test voltage measured by average-voltage voltmeter.

The actual per unit values of hysteresis and eddy-current losses should be used, if available. If actual values
are not available, it is suggested that the two loss components be assumed equal in value, assigning each a
value of 0.5 per unit.

Equation (2) above is valid only for test voltages with moderate waveform distortion. If waveform distortion
in the test voltage causes the magnitude of the correction to be greater than 5%, then the test voltage
waveform shall be improved for an adequate determination of the no-load losses and currents.

8.4 Determination of excitation (no-load) current

The excitation (no-load) current of a transformer is the current that maintains the rated magnetic flux
excitation in the core of the transformer. The excitation current is usually expressed in per unit or in percent
of the rated line current of the winding in which it is measured. (Where the cooling class of the transformer
involves more than one kVA rating, the lowest kVA rating is used to determine the base current.)
Measurement of excitation current is usually carried out in conjunction with the tests for no-load losses. Rms
current is recorded simultaneously during the test for no-load losses using the average-voltage voltmeter
method. This value is used in calculating the per unit or percent excitation current. For a three-phase
transformer, the excitation current is calculated by taking the average of the magnitudes of the three line
currents.

Pc T m( )
Pm

P1 kP2+
---------------------=

k
Er

Ea
------ 

  2

=
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9. Load losses and impedance voltage

9.1 General

The load losses of a transformer are those losses incident to a specified load carried by the transformer. Load
losses include I2R loss in the windings due to load current, I2R loss in the leads or bus bar due to load cur-
rent, and stray losses due to eddy currents induced by leakage flux in the windings, leads or bus bar, core
clamps, magnetic shields, tank walls, and other conducting parts. Stray losses may also be caused by circu-
lating currents in parallel windings or strands. Load losses are measured by applying a short circuit across
either the high-voltage terminals or the low-voltage terminals, and applying sufficient voltage across the
other terminals to cause a specified current to flow in the windings. The power loss within the transformer
under these conditions equals the load losses of the transformer at the temperature of test for the specified
load current.

The impedance voltage of a transformer is the voltage required to circulate rated current through one of two
specified windings and associated leads or bus bar when the other winding and associated leads or bus bar is
short-circuited, with the windings connected as for rated voltage operation. Impedance voltage is usually
expressed in per unit, or percent, of the rated voltage of the winding across which the voltage is applied and
measured. The impedance voltage comprises a resistive component and a reactive component. The resistive
component of the impedance voltage, called the resistance drop, is in phase with the current and corresponds
to the load losses. The reactive component of the impedance voltage, called the reactance drop, is in quadra-
ture with the current and corresponds to the leakage-flux linkages of the windings. The impedance voltage is
the phasor sum of the two components. The impedance voltage is measured during the load loss test by mea-
suring the voltage required to circulate rated current in the windings and associated leads or bus bar. The
measured voltage is the impedance voltage at the temperature of test, and the power loss dissipated within
the transformer is equal to the load losses at the temperature of test and at rated load. The impedance voltage
and the load losses are corrected to a reference temperature using the formulas specified in this standard.

The impedance kVA is the product of the impedance voltage across the energized winding and associated
leads or bus bar in kV times the winding current in amperes. The ratio of the load losses in kW at the temper-
ature of test to the impedance kVA at the temperature of test is the load loss power factor of the transformer
during the test.

9.2 Factors affecting the values of load losses and impedance voltage

9.2.1 Design

The design-related factors include conductor material, conductor dimensions, winding design, winding
arrangement, leads or bus bar design, leads or bus bar arrangement, shielding design, and selection of struc-
tural materials.

9.2.2 Temperature

Load losses are also a function of temperature. The I2R component of the load losses increases with
temperature, while the stray loss component decreases with temperature. Procedures for correcting the load
losses and impedance voltage to the standard reference temperature are described in 9.4.1.

9.2.3 Measurements

At low power factors, such as those encountered while measuring the load losses and impedance voltage of
power transformers, judicious selection of measurement method and test system components is essential for
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accurate and repeatable test results. The phase-angle errors in the instrument transformers, measuring
instruments, bridge networks, and accessories affect the load loss test results.

9.3 Tests for measuring load losses and impedance voltage

Regardless of the test method selected, the following preparatory requirements shall be satisfied for accurate
test results:

a) To determine the temperature of the windings with sufficient accuracy, the following conditions
shall be met. Except as noted below, the three following conditions are necessary:

1) The temperature of the windings has stabilized.

2) The temperature of the windings shall be taken immediately before and after the load losses
and impedance voltage test in a manner similar to that described in 5.2. The average shall be
taken as the true temperature.

3) The difference in winding temperature before and after the test shall not exceed 5 °C.

b) The conductors used to short-circuit the low-voltage, high-current winding of a transformer shall
have a cross-sectional area equal to or greater than the corresponding transformer leads.

c) The frequency of the test source used for measuring load losses and impedance voltage shall be
within ±0.5% of the nominal value.

9.3.1 Wattmeter-voltmeter-ammeter method

The connections and apparatus needed for the determination of the load losses and impedance voltage of a
single-phase transformer are shown in Figure 15 and Figure 16. Figure 15 applies when instrument
transformers are not required. If instrument transformers are required, which is the general case, then
Figure 16 applies.

Figure 15—Single-phase transformer connections for load loss and impedance voltage 
tests without instrument transformers
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NOTE—Instrument transformers to be added when necessary.

For three-phase transformers, three-phase power measurement utilizing two wattmeters is possible but can
result in very large errors at low power factors encountered in load loss tests of transformers. The two-watt-
meter method should not be used for loss tests on three-phase transformers.

For three-phase transformers, Figure 17 shows the apparatus and connections using the three-wattmeter
method.

The selection of test method and test system components should be such that the accuracy requirements as
specified in IEEE Std C57.12.01-1998  are satisfied.

Figure 16—Single-phase transformer connections for load loss and
impedance voltage tests with instrument transformers

Figure 17—Three-phase transformer connections for load loss and 
impedance voltage tests using three-wattmeter method
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9.3.2 Impedance bridge methods

Impedance bridge methods may be used as an alternate to the wattmeter-voltmeter-ammeter method for
measurement of load losses and impedance voltage.

While many configurations of impedance bridge networks are possible, the choice of a particular network is
determined by considerations of the measurement environment and available test facility. The general form of
the impedance bridge as shown in Figure 18 is an electrical network so arranged that a voltage proportional
to the current through the transformer under test is compared with a reference voltage that is a function of the
applied voltage Et. The voltage comparison is made by adjusting one or more of the bridge arms (Z1, Z2, and
Z3) until the voltage across Z2 and Z3 are exactly equal in magnitude and phase. Voltage balance is indicated
by a null reading of the DET. The impedance characteristics of the transformer under test can then be
calculated from the values of Z1, Z2, and Z3.

Two of the most commonly used bridge networks for transformer testing are shown in Figure 19 and
Figure 20. In Figure 19, a bridge technique is illustrated that employs a precision, low-loss high-voltage
capacitor and precision current transformer (CT). It has some similarities to the classical Schering and
Maxwell bridges. In Figure 20, another bridge technique employing an HV capacitor, precision CT, and a
transformer ratio arm bridge is shown. 

Figure 18—General impedance bridge network

Figure 19—RC-type impedance bridge
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In general, the bridge network adjustments for voltage balance are frequency-dependent; therefore, excitation
of the bridge shall be made with a power source that has low harmonic distortion and excellent frequency
stability.

The factors that impact overall accuracy of test results by the wattmeter-voltmeter-ammeter method also
impact the accuracy of test result by impedance bridge methods.

Loss measurements on three-phase transformers using a three-phase source are made by connecting the
bridge network to each phase in turn and calculating the total losses from the three single-phase
measurements. This is analogous to the three-wattmeter method of measuring losses by switching a single
wattmeter from phase to phase. To verify that switching the bridge from phase to phase does not affect the
result on the remaining phases, and to demonstrate that the time involved in switching the bridge does not
result in undue heating of the transformer windings during the test, the losses can be monitored for stable
readings by wattmeters in all phases.

9.3.3 Transformer test procedures

9.3.3.1 Two-winding transformers and autotransformers

Load loss and impedance voltage tests are carried out using the connections and apparatus shown in Figure 16
for single-phase transformers and Figure 17 for three-phase transformers.

With one winding and associated leads or bus bar short-circuited at the terminals, a voltage of sufficient
magnitude at rated frequency is applied to the other winding and associated leads or bus bar at the terminals
and adjusted to circulate rated current in the excited winding and associated leads or bus bar. Simultaneous
readings of wattmeters, voltmeters, and ammeter are taken. If necessary, the corrections for the losses in
external connections and connected measuring instruments should be made.

The procedure for testing three-phase transformers is very similar, except that all connections and
measurements are three-phase instead of single-phase, and a balanced three-phase source of power is used for
the tests. If the three line currents cannot be balanced, their average rms value should correspond to the
desired value, at which time simultaneous readings of wattmeters, voltmeters, and ammeter should be
recorded.

Single-phase and three-phase autotransformers may be tested with internal connections unchanged. The test
is made using the autotransformer connection. The input (or output) terminals are shorted, and voltage (at

Figure 20—Transformer-ratio-arm bridge
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rated frequency) is applied to the other terminals. The voltage is adjusted to cause rated line current to flow
in the test circuit as shown in Figure 21. Simultaneous readings of wattmeters, voltmeters, and ammeter are
recorded for determinations of load losses and impedance voltage.

For the purpose of measuring load losses and impedance voltage, the series and common windings of
autotransformers may be treated as separate windings—one short-circuited, the other excited. In this
situation, where the transformer is connected in the two-winding connection for the test, the current held shall
be the rated current of the excited winding, which may or may not be the same as rated line current. The load
loss watts and applied voltamperes will be the same, whether series and common windings are treated as
separate windings in the two-winding connection or are connected in the autotransformer connection—so
long as rated winding current is held in the first case and rated line current in the second case.

9.3.3.2 Three-winding transformer

For a three-winding transformer, which may be either single-phase or three-phase, three sets of impedance
measurements are made between pairs of windings and associated leads or bus bar at the terminals, following
the same procedure as for two-winding transformers. Measurements of the impedances Z12, Z23, and Z31 are
obtained between windings 1, 2, and 3. 

If the kVA capacities of the different windings are not alike, the current held for the impedance test should
correspond to the capacity of the lower-rated winding of the pair of windings under test. However, all of these
data when converted into percentage form should be based on the same output kVA, preferably that of the
primary winding. An equivalent three-winding impedance network as shown in Figure 22 can be derived
from the following equations:

(4)

(5)

(6)

where

Z12, Z23, and Z31 are the measured impedance values between pairs of windings, as indicated, all expressed
on the same kVA base.

Figure 21—Connections for impedance loss and impedance-voltage tests of an
autotransformer

Z1

Z12 Z23 Z31+–

2
------------------------------------=

Z2

Z23 Z31– Z12+

2
------------------------------------ Z12 Z1–= =

Z3

Z31 Z12– Z23+

2
------------------------------------ Z31 Z1–= =
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These equations involve complex numbers, but they may be used for the resistance (in-phase) component or
the reactance (quadrature) component of the impedance voltage or of the impedance voltamperes.

The treatment of the individual load losses and impedance voltages for temperature corrections, etc., is the
same as for two-winding, single-phase transformers.

The total load losses of a three-winding transformer is the sum of the losses in the branches of the equivalent
circuit of Figure 22 for any specific terminal load conditions.

9.3.3.3 Interlacing impedance voltage of a Scott-connected transformer

The interlacing impedance voltage of Scott-connected transformers is the single-phase voltage applied from
the midtap of the main transformer winding to both ends, connected together. The voltage is sufficient to
circulate, in the supply lines, a current equal to the rated three-phase line current. The current in each half of
the winding is 50% of this value.

The percent interlacing impedance is the measured voltage expressed as a percent of the teaser voltage. The
percent resistance is the measured losses expressed as a percentage of the rated kVA of the teaser winding.

9.3.3.4 Test of three-phase transformer with single-phase voltage

To determine the load losses and impedance voltage of a three-phase transformer with single-phase voltage,
the setup, as schematically shown in Figure 23 is recommended.

Figure 22—Equivalent three-winding impedance network

Figure 23—Test of three-phase transformer with single-phase voltage
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The three line leads of one winding are short-circuited, and single-phase voltage at rated frequency is applied
to two terminals of the other winding. The applied voltage is adjusted to circulate rated line current.

Three successive readings are taken on the three pairs of leads; for example, H1 and H2, H2 and H3, H3 and
H1. Then

(7)

(8)

where

P and E are individual readings of measured load losses and impedance voltage, respectively, as indicated by
subscripts.

The stray loss component shall be obtained by subtracting the I2R losses from the measured load losses of
the transformer. Let R1 be the resistance measured between two high-voltage terminals and R2 that between
two low-voltage terminals; let I1 and I2 be the respective rated line currents. Then, the total I2R loss of all
three phases will be

(9)

This formula applies equally well to wye- or delta-connected windings.

Temperature correction shall be made as in 9.4.1.

9.4 Calculation of load losses and impedance voltage from test data

Load losses and impedance voltage measurements vary with temperature and, in general, shall be corrected
to a reference temperature.

9.4.1 Temperature correction of load losses

Both I2R losses and stray losses of a transformer vary with temperature. The I2R losses, Pr(Tm), of a
transformer are calculated from the ohmic resistance measurements (corrected to the temperature, Tm, at
which the measurement of load losses and impedance voltage was done) and the current that was used in the
impedance measurement. These I2R losses subtracted from the measured load loss watts, P(Tm), give the
stray losses, Ps(Tm), of the transformer at the temperature at which the load loss test was made.

(10)

where

Ps (Tm) is the calculated stray losses (watts) at temperature Tm,

P (Tm) is the transformer load losses (watts),

Pr (Tm) is the calculated I2R loss (watts) at temperature Tm.

Measured load losses (watts) 1.5
P12 P23 P31+ +( )

3
----------------------------------------- 

 =

Measured impedance voltage 0.866
E12 E23 E31+ +( )

3
------------------------------------------ 

 =

TotalI2R watts( ) 1.5 I1
2R1 I2

2R2+( )=

Ps T m( ) P T m( ) Pr T m( )–=
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The I2R component of load losses increases with temperature. The stray loss component diminishes with
temperature. Therefore, when it is desirable to convert the load losses from the temperature at which it is
measured, Tm, to another temperature, T, the two components of the load losses are corrected separately.

Thus,

(11)

(12)

then

(13)

where

Pr(T) is the I2R loss (watts) at temperature T, °C,
Ps(T) is the stray losses (watts) at temperature T, °C,
P(T) is the transformer load losses (watts) corrected to temperature T, °C,
Tk is 234.5 °C (copper),
Tk is 225 °C (aluminum) (see note below).

NOTE—For pure EC aluminum, 225 applies. Tk may be as high as 240 °C for alloyed aluminum. Where copper and
aluminum windings are employed in the same transformer, a value for Tk of 229 °C should be applied for the
correction of stray losses.

9.4.2 Impedance voltage

Impedance voltage and its resistive and reactive components are determined by the use of the following
equations:

(14)

(15)

(16)

(17)

where

Er(Tm) is the resistance voltage drop (V) of in-phase component at temperature, Tm,

P(Tm) is transformer load losses (W) measured at temperature, Tm,

I is the current (A) in excited winding,
Ex is the reactance voltage drop (V) of quadrature component,
Ez(Tm) is the impedance voltage (V) at temperature, Tm,

P(T) is the transformer load losses (W) corrected to temperature, T,
Er(T) is the resistance voltage drop (V) of in-phase component corrected to temperature, T,

Ez(T) is the impedance voltage (V) at temperature, T.

Pr T( ) Pr T m( )
T k T+

T k T m+
------------------- 

 =

Ps T( ) Ps T m( )
T k T m+

T k T+
------------------- 

 =

P T( ) Pr T( ) Ps T( )+=

Er T m( )
P T m( )

I
---------------=

Ex Ez T m( )2 Er T m( )2–=

Er T( ) P T( )
I

------------=

Ez T( ) Er T( )2 Ex
2+=
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Per unit values of the resistance, reactance, and impedance voltage are obtained by dividing Er(T), Ex, and
Ez(T) by the rated voltage. Percentage values are obtained by multiplying per-unit values by 100.

9.5 Zero-phase-sequence impedance

9.5.1 Zero-phase-sequence impedance tests of three-phase transformers

The zero-phase-sequence impedance characteristics of three-phase transformers depend upon the winding
connections, and in some cases, upon the core construction. Zero-phase-sequence impedance tests described
in this standard apply only to transformers having one or more windings with a physical neutral brought out
for external connection. In all tests, one such winding shall be excited at rated frequency between the neutral
and the three line terminals connected together. External connection of other windings shall be as described
in succeeding subclauses for various transformer connections. Transformers with connections other than as
described in succeeding subclauses shall be tested as determined by those responsible for design and
application.

The excitation voltage and current shall be established as follows. If no delta connection is present on the
transformer, the applied voltage should neither exceed 30% of the rated line-to-neutral voltage of the winding
being energized, nor should the phase current exceed its rated value. If a delta connection is present, the
applied voltage should be such that the rated phase current of any delta winding is not exceeded. The percent
excitation voltage at which the tests are made shall be shown on the test report. The time duration of the test
shall be such that the thermal limits of any of the transformer parts are not exceeded.

Single-phase measurements of excitation voltage, total current, and power shall be similar to those described
in 9.3. The zero-phase-sequence impedance, in percent, on kVA base of excited winding for the test
connection is

(18)

where

E is the measured excitation voltage,
Er is the rated phase-to-neutral voltage of excited winding,
Ir is the rated current per phase of the excited windings,
I is the measured total input current flowing in the three parallel-connected phases.

9.5.2 Transformers with one neutral externally available, excluding transformers with
interconnected windings

The zero-phase sequence network giving the external characteristics for transformers of this type is shown in
Figure 24. Winding 1 has the available neutral, while windings 2, 3, etc. do not.

Zo %( ) 300
E
Er
-----

Ir

I
----× 

 =
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A zero-sequence test shall be made on the winding with the available neutral. A single-phase voltage shall be
applied between the three shorted line terminals and neutral. The external terminals of all other windings may
be open-circuited or shorted and grounded.

The term interconnected windings shall be interpreted to mean windings in which one or more electrical
phases are linked by more than one magnetic phase.

9.5.3 Transformers with two neutrals externally available, excluding transformers with
interconnected windings

The zero-phase sequence network giving the external characteristics for transformers of this type is shown in
Figure 25. Windings 1 and 2 have the externally available neutrals while windings 3, 4, etc. do not. The
diagram is drawn for the case of 0 degrees phase shift between windings 1 and 2.

NOTE—Applies also to autotransformers.

The following four tests may be made to determine the zero-phase-sequence equivalent network, one of
which is redundant:

a) Test 1. Apply a single-phase voltage to winding 1 between the shorted line terminals of winding 1
and its neutral. All other windings are open-circuited. The measured zero-phase-sequence imped-
ance is represented by Z1NO.

Figure 24—Equivalent zero-phase-sequence network for transformers 
with one externally available neutral

Figure 25—Equivalent zero-phase-sequence network for transformers with two externally 
available neutrals and 0 degrees phase shift between windings 1 and 2
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b) Test 2. Apply a single-phase voltage to winding 2 between the shorted line terminals of winding 2
and its neutral. All other windings are open-circuited. The measured zero-phase-sequence imped-
ance is represented by Z2NO.

c) Test 3. Apply a single-phase voltage to winding 1 between the shorted line terminals of winding 1
and its neutral. Short the line terminals and neutral of winding 2. All other windings may be open-
circuited or shorted. The measured zero-sequence impedance is represented by Z1Ns.

d) Test 4. Apply a single-phase voltage to winding 2 between the shorted line terminals of winding 2
and its neutral. Short the line terminals and neutral of winding 1. All other windings may be open-
circuited or shorted. The measured zero-phase-sequence impedance is represented by Z2Ns.

Test 4 is redundant to Test 3 and need not be performed. If performed, however, it may be used as a check.

All measured zero-phase-sequence impedances should be expressed in percent and placed on a common kVA
base. The constants in the equivalent circuit are the following:

(19)

NOTE—These equations involve complex numbers. The plus sign before the radical in the first equation above is appro-
priate for most common cases in which windings 1 and 2 are physically adjacent in the design, and no delta winding (3,
4, etc.) is interleaved with them. A minus sign may be appropriate when a delta winding (3 or 4) is physically located
within or between windings 1 and 2. The correctness of the sign can be checked by comparison with design calculations
of zero-sequence impedance.

If Z1NO and Z2NO approach infinity, then Z3 approaches infinity, and the equivalent circuit is that shown in
Figure 26.

In the case of wye-wye connected transformers, the zero-sequence impedance, in general, is a nonlinear
function of the applied voltage, which, in turn, may require more than one set of measurements to
characterize the nonlinear behavior.

9.5.4 Autotransformers

The tests and equivalent circuits of 9.5.2 and 9.5.3 apply equally well for autotransformer connections, except
that the externally available neutral of a common winding should be considered as two externally available
neutrals, one for the common winding and one for the series-common combination.

Z3 + Z2NO Z1NO Z1Ns–( )× + Z1 NO( ) Z2 NO( ) Z2Ns–( )×= =

Z2 Z2NO Z3–=

Z1 Z1NO Z3–=

Figure 26—Equivalent zero-phase-sequence network for transformers with two 
externally available neutrals and 0 degrees phase shift if Z1NO and Z2NO approach infinity
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10. Dielectric tests

10.1 Factory dielectric tests

10.1.1 Purpose

The purpose of dielectric tests in the factory is to demonstrate that the transformer has been designed and
constructed to withstand the imposition of voltages associated with the specified insulation levels.

10.1.2 Test voltages

Unless otherwise specified, the dielectric test voltages shall be measured or applied, or both, in accordance
with IEEE Std 4-1995. 

10.1.3 Transformers

Transformers shall be assembled prior to making dielectric tests, including sheet metal enclosures and any
terminal compartments involved, except in those instances where the transformer is furnished to the user
without sheet metal enclosures or terminal compartments.

10.1.4 Temperature

The temperature of the transformer during dielectric testing shall be between 10 °C and 40 °C.

10.1.5 Conditions

The dielectric tests specified in 10.1.5.1 through 10.1.5.3 shall be performed in accordance with the
requirements in IEEE Std C57.12.01-1998. 

10.1.5.1 Low-frequency dielectric tests

Tests shall be performed in accordance with Table 4 and 5.10 of IEEE Std C57.12.01-1998. 

NOTES:

1—In the following test descriptions, the word phase refers to the line terminal of a winding and not to the entire phase
of a winding, recognizing the construction of windings with graded insulation.

2—The low-frequency tests are described in functional and geometric terms. The accomplishment of these low-
frequency tests is achieved by the applied-voltage and induced-voltage tests described in 10.3 and 10.4, or combinations
thereof.

10.1.5.2 Low-frequency tests—exceptions

Exceptions of the low-frequency tests shall occur as follows:

a) Subject to the limitation that the voltage-to-ground test shall be performed as specified in 10.1.5.1 on
the line terminals of the winding with the lowest ratio of test voltage to minimum turns, the test lev-
els may otherwise be reduced such that none of the tests required in 10.5.1.1 need be exceeded in
order to meet the requirements of the others, or such that no winding need be tested above its speci-
fied level in order to meet the test requirements of another winding.

b) Autotransformers with grounded neutrals cannot always be tested at the assigned low-frequency test
levels because the insulation levels may not be in proportion to the turns ratio of the windings. In
that case, the winding with the lowest ratio of low-frequency test voltage to minimum turns will
determine the induced voltages on all windings. The other winding will be tested at maximum turns
unless maximum turns will produce a voltage in the other winding in excess of the required test
level. This situation is possible on autotransformers with a wide tap-changer range in one winding.
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10.1.5.3 Impulse tests

When specified, impulse tests shall be performed in accordance with IEEE Std C57.12.01-1998. 

10.1.5.4 Test sequence

The sequence of tests shall be impulse tests (when required) followed by the low-frequency voltage tests.

10.2 Dielectric tests in the field

It is recognized that dielectric tests impose a severe stress on the insulation and, if applied frequently, will
hasten breakdown or may cause breakdown; the stress imposed, of course, will be more severe the higher the
value of the applied voltage. Hence, practice in this matter has varied widely among operating companies,
and the advisability of periodic testing may be questionable.

Field dielectric tests may be warranted by special circumstances. However, periodic dielectric tests are not
recommended because of the severe stress imposed on the insulation.

Where low-frequency applied-voltage and induced-voltage tests for acceptance are conducted in the field, the
test voltages shall not exceed 75% of factory test values. When field tests are made on a periodic basis, it is
recommended that the test voltages be limited to 65% of factory test values.

Duration of the tests shall be the same as that specified in 10.3 and 10.4.

10.3 Applied-voltage tests

10.3.1 Delta-connected windings

For transformers designed for delta connection or designed so that either terminal of a single-phase winding
can be used as the line terminal, the applied-voltage test shall be made by applying between each winding and
all other windings connected to ground, a low-frequency voltage from an external source, in accordance with
Table 5 of IEEE Std C57.12.01-1998. 

10.3.2 Wye-connected windings

Permanently wye-connected windings shall receive an applied-voltage test in accordance with 5.10.3.2 and
column 2 in Table 5 of IEEE Std C57.12.01-1998, when the neutral is solidly grounded or in accordance with
5.10.2.2 and column 2 in Table 5 when the neutral is ungrounded.

10.3.3 Ground connections during test

A normal power frequency such as 60 Hz shall be used and the duration of the test shall be 1 min. The
winding being tested shall have all its parts joined together and connected to the line terminal of the testing
transformer. All other terminals and parts (including core and enclosure or tank) shall be connected to ground
and to the grounded terminal of the testing transformer.

The ground connections between the apparatus being tested and the testing transformer shall be a substantial
metallic circuit. All connections shall make good mechanical joints without forming sharp corners or points.
Small bare wire may be used in connecting the respective taps and line terminals together, but care shall be
taken to keep the wire on the high-voltage side well away from the ground. No appreciable resistance should
be placed between the testing transformer and the one under test. It is permissible, however, to use reactive
coils at or near the terminals of the testing transformer. A relief gap set at a voltage 10% or more in excess of
the specified test voltage may be connected during the applied-voltage test.



IEEE
Std C57.12.91-2001 IEEE STANDARD TEST CODE FOR DRY-TYPE

34 Copyright © 2001 IEEE. All rights reserved.

10.3.4 Voltage rate of rise

The voltage should be started at one-quarter or less of the full value and be brought up gradually to full value
in not more than 15 s. After being held for the time specified, it should be reduced gradually (in not more than
5 s) to one-quarter of the maximum value or less, and the circuit opened.

10.4 Induced-voltage tests

10.4.1 Terminals

The induced-voltage test for transformers that receive the full standard applied-voltage test shall be made by
applying a voltage between the terminals of one winding as specified in 5.10.3.2 of IEEE Std C57.12.01-
1998. 

10.4.2 Duration

The induced-voltage test shall be applied for 7200 cycles or 60 s, whichever is shorter.

10.4.3 Frequency

As this test applies greater than rated voltage per turn to the transformer, the frequency of the applied voltage
shall be high enough to limit the flux density in the core to that permitted by 4.1.6 of IEEE Std C57.12.01-
1998. The minimum test frequency to meet this condition is as follows:

(20)

where

Et is the induced test voltage across the winding,
Er is the rated voltage across the winding.

10.4.4 Rate of rise of voltage

The voltage should be started at one-quarter or less of the full value and be brought up gradually to full value
in not more than 15 s. After being held for the time specified in 10.4.2, it should be reduced gradually (in not
more than 5 s) to one-quarter of the maximum value or less, and the circuit opened.

10.4.5 Transformers having one end of the high-voltage winding grounded

In the case of transformers having one end of the high-voltage winding grounded, the other windings should
be grounded during the induced-voltage test. This ground on each winding may be made at a selected point
of the winding itself or of the winding of a set-up transformer, which is used to supply the voltage, or which
is connected for the purpose of furnishing the ground.

10.4.6 Transformers with reduced neutral insulation

Three-phase wye-connected transformers with reduced neutral insulation shall have the neutral grounded
during the induced-voltage test and shall be tested with three-phase induced voltage.

Test frequency
Et

1.1Er
------------- rated frequency( )×=
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10.4.6.1 Neutral grounding options

Three-phase wye-connected transformers with nonreduced neutral insulation may be tested with the neutral
either grounded or ungrounded.

10.4.6.2 An alternate method

An alternate method of making the induced-voltage test may be used with single-phase excitation. This is
done by short-circuiting one phase at a time of the high-voltage winding and exciting the remaining two
phases to achieve twice-rated turn-to-turn voltage in the excited windings. Three tests, one for each phase, are
required.

NOTE—This alternate method will result in approximately 15% excess voltage between line terminals.

10.4.7 Avoiding excess voltage induced in other windings

When the induced test on a winding results in a voltage between terminals of other windings in excess of the
low-frequency test voltage specified in these standards, the other winding may be sectionalized and
grounded. Additional induced tests shall then be made to give the required test voltage between terminals of
windings that were sectionalized.

10.4.8 Monitoring current

The current should be monitored simultaneously on each line terminal being excited during the induced test.
Any abrupt change should be investigated.

10.5 Impulse tests

NOTE—See IEEE Std C57.98-1993 for information on impulse testing techniques, interpretation of oscillograms, and
failure detection criteria.

10.5.1 General

When required, the impulse test shall precede the low-frequency applied-voltage and induced-voltage tests.
Impulse tests consist of applying, in the following order, one reduced full wave, two chopped waves, and one
full wave. Applicable values are listed in IEEE Std C57.12.01-1998 or in applicable product standards.

a) Reduced full-wave test. For this test, the applied voltage wave shall have a crest value of between
50% and 70% of the required full-wave value.

b) Chopped-wave test. For this test, the applied voltage wave shall be chopped by a suitable air gap. It
shall have a crest value and time to flashover in accordance with Table 5 of IEEE Std C57.12.01-
1998. The gap shall be located as close as possible to the terminals, and the impedance shall be
limited to that of the necessary leads to the gap.

c) Full-wave test. For this test, the voltage wave shall have a crest value in accordance with Table 5 of
IEEE Std C57.12.01-1998, and no flashover of insulated parts or test gap shall occur. During the
full-wave test, the voltage level shall be subject to a tolerance of ±3% of the specified BIL level. The
tolerance on time to crest shall be subject to ±30% and the time to half crest shall be subject to a tol-
erance of ±20%.

10.5.1.1 Time interval for tests

The time interval between application of the last chopped wave and the final full wave shall be minimized to
avoid recovery of insulation strength if a failure occurs prior to the final full wave.
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10.5.1.2 Reporting impulse tests

When impulse tests are required, they shall be reported on the transformer impulse test report form illustrated
in IEEE Std C57.98-1993. 

10.5.2 Wave to be used for impulse tests

A 1.2/50 µs wave shall be used for full-wave and reduced full-wave tests. Waves of positive polarity shall be
used for dry-type transformers. The time to crest on the front from virtual time zero to actual crest shall not
exceed 2.5 µs except for windings of large impulse capacitance (e.g., low-voltage; high-kVA and some high-
voltage; high-kVA windings).

To demonstrate that the large impulse capacitance of the winding causes the long front, the impulse generator
series resistance may be reduced, which should cause superimposed oscillations. Only the inherent generator
and lead inductances should be in the circuit.

For convenience in measurement, the time to crest may be considered as 1.67 times the actual time between
points on the front of the wave at 30% and 90% of the crest value.

The time on the tail to the point of half-crest voltage of the applied wave shall be not less than 40 µs from the
virtual time zero, unless the winding is of low inductance. This is within the –20% tolerance provided for a
1.2/50 µs wave.

The virtual time zero can be determined by locating points on the front of the wave at which the voltage is,
respectively, 30% and 90% of the crest value and then drawing a straight line through these points. The
intersection of this line with the zero voltage line is the virtual time zero.

When there are high-frequency oscillations on the crest of the wave, the crest value shall be determined from
a smooth wave sketched through the oscillations. If the period of these oscillations is 2 µs or more, the actual
crest value shall be used.

If there are oscillations on the front of the waves, the 30% and 90% points shall be determined from the
average, smooth-wave front sketched in through the oscillations. The magnitude of the oscillations preferably
should not exceed 10% of the applied voltage.

All impulses applied to a transformer should be recorded by a cathode-ray oscillograph, or by a suitable
recording device such as a digital storage scope, if their crest voltage exceeds 40% of the full-wave value
given in the tables in these standards. When reports require oscillograms, those of the first reduced-full-wave
voltage and current, the last two chopped waves, and the last full wave of voltage and current shall represent
a record of the successful application of the impulse test to the transformer.

10.5.3 Connections for impulse tests

In general, the tests shall be applied to each terminal, one at a time.

10.5.3.1 Grounding

One terminal of the winding under test shall be grounded directly or through a low resistance if current
measurements are to be made (for exceptions, see the following paragraph). The terminals of windings that
are not being tested may be grounded directly or through a resistor in order to limit the voltage induced in
these windings. It is desirable that the voltages on terminals that are not being tested should not exceed 80%
of the full-wave voltage for their insulation level.
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All grounds shall be direct, except as described in the preceding paragraph and at neutral terminals, which
may be grounded through the same neutral grounding impedance as is to be used in service. If such neutral
grounding impedance is unavailable, the neutral shall be directly grounded.

10.5.3.2 Series/multiple connections

Only the series connection of a series or multiple connection shall be tested unless tests on both connections
are specified. The connection of the other windings (whether series or parallel) shall be made at the choice of
the manufacturer.

10.5.3.3 Delta- and wye-connections

Unless otherwise specified, tests shall be made on the delta-connection. When so specified, tests shall be
made on the wye-connection or both the delta-and wye-connections.

10.5.3.4 Tap connections

Tap connections shall be made with minimum effective turns in the winding under test. The choice of tap
connections of windings not being tested shall be made by the manufacturer.

10.5.3.5 Protective devices

When protective devices are permanently connected as an integral part of series transformer windings or of
other portions of windings, these devices shall be connected during test. The operation of these devices
usually will cause differences between the reduced-full-wave and the full-wave oscillograms. That these
differences are caused by the operation of the protective devices may be demonstrated by making two or more
reduced-full-wave tests at different voltage values to show the trend in their operation. Further evidence that
the differences are due to the operation of the protective devices may be obtained, in some cases, by making
additional tests with the protective devices shorted out.

10.5.3.6 Low-impedance windings

In some cases the inductance of the winding is so low that the desired voltage magnitude and duration to the
50% point on the tail of the wave cannot be obtained with available equipment. In some cases, the terminals
of such windings having the same insulation class at both ends may be tied together for the test. Because of
the difference in insulation level at the two terminals of the winding, it is sometimes impossible to tie the
terminals together for the impulse test. Low-inductance windings may also be tested by inserting a resistor of
not more than 500 Ω in the grounded end of the winding. In all such cases, shorter waves may be used.

10.6 Impulse tests on transformer neutrals

When specified, impulse tests on the neutral of a transformer may be applied by the methods given in 10.6.1
and 10.6.2. The choice of the method of testing the neutral shall be made by the manufacturer.

NOTE—The standard neutral insulation, specified in IEEE Std C57.12.01-1998, provides for grounded wye-operation,
and the neutral is designed for an applied-voltage test. If specified, the neutral shall be insulated for a higher insulation
level.

10.6.1 Application to line terminal

The test on the neutral, or neutral and regulating winding, is induced by the application of an impulse to any
line terminal with the neutral grounded through a suitable impedance so that the required full-wave test
voltage is obtained from the neutral terminal to ground. One reduced and two full waves shall be applied to
the line end of a winding with a crest voltage equal to or less than the full-wave level of the line end. The other
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windings may be short-circuited for this test. The winding being tested shall be on the maximum voltage
connection. The voltage oscillograms shall be taken at the neutral. When this method of test is used, the test
on the neutral shall precede the test on the line terminal.

10.6.2 Application directly to the neutral

One reduced and two full waves are applied directly to the winding neutral with an amplitude equal to the BIL
of the neutral. The winding being tested shall be on the maximum-voltage connection.

10.7 Detection of failure during impulse test

Because of the nature of impulse test failures, one of the most important matters is the detection of such
failures. There are a number of indications of insulation failure.

10.7.1 Ground-current oscillograms

Unless otherwise specified, ground-current oscillograms shall be the preferred method of failure detection,
where applicable. Both ground-current oscillograms and voltage oscillograms may be used for failure
detection. In this method of failure detection, the impulse current in the grounded end of the winding tested
is measured by means of a cathode-ray oscillograph, or another suitable recording device such as a digital
storage scope, connected across a suitable shunt inserted between the normally grounded end of the winding
and ground. Any differences in the wave shape between the reduced full wave and final full wave detected by
superimposing the two current oscillograms may be indications of failure or deviations due to noninjurious
causes. They should be fully investigated and explained by a new reduced-wave and full-wave test. Examples
are operation of protective devices, core saturation, or conditions in the test circuit external to the transformer.
In air- or gas-insulated apparatus, partial discharges (corona) may produce high-frequency oscillations on the
wave. This is not an indication of failure and should be taken into account in interpreting the traces.

10.7.1.1 Chopped-wave test

The ground-current method of detection is not applicable for use with chopped-wave tests because of
variations due to time of chopping.

10.7.2 Other methods of failure detection

10.7.2.1 Voltage oscillograms

Any unexplained differences between the reduced full wave and the final full wave detected by
superimposing the two voltage oscillograms, or any such differences observed by comparing the chopped
waves to each other and to the full wave up to the time of flashover, are indications of failure. Deviations
may be caused by conditions in the test circuit external to the transformer or by protective devices, and
should be fully investigated. In air- or gas-insulated apparatus, partial discharges (corona) may produce
high-frequency oscillations on the wave. This is not an indication of failure and should be taken into account
in interpreting the traces.

10.7.2.2 Failure of gap to flashover

In making the chopped-wave test, failure of the chopping gap, or any external part, to flashover, although the
voltage oscillogram shows a chopped wave, is a definite indication of a flashover either within the
transformer or in the test circuit.
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10.7.2.3 Noise

Unusual noise within the transformer at the instant of applying the impulse is an indication of trouble. Such
noise should be investigated.

10.8 Insulation-power-factor tests

Insulation power factor is the ratio of the power dissipated in the insulation in watts to the product of the
effective voltage and current in volt-amperes when tested under a sinusoidal voltage and prescribed
conditions.

The methods described herein are applicable to dry-type distribution and power transformers of present-day
design.

10.8.1 Preparation for tests

The test specimen shall have

a) All windings short-circuited,

b) All terminals in place, and 

c) Temperature of the transformer near the reference temperature of 20 °C.

10.8.2 Instrumentation

Insulation power factor may be measured by special bridge circuits or by the volt-ampere-watt method. The
accuracy of the measurement should be within ±0.25%. The measurement should be made at a frequency of
60 Hz, ±0.1 Hz.

10.8.3 Applied voltage

The voltage to be applied for measuring insulation power factor shall not exceed operating voltage to ground
for any part of the winding or 1000 V, whichever is lower.

10.8.4 Procedure

Insulation power-factor tests shall be made from windings to ground and between windings, as shown in
Table .

Table 1—Measurements to be made in insulation power factor tests

Method I: Method II:

Test without guard circuita

aThe term guard signifies one or more conducting elements arranged and
connected on an electrical instrument or measuring circuit so as to divert
unwanted currents from the measuring means.

Test with guard circuita

Two-winding transformersb

bPermanently connected windings, such as autotransformers, shall be
considered as one winding.

Two-winding transformersb

• High to low and ground • High to low and ground

• Low to high and ground • High to ground, guard on low

• High and low to ground • Low to high and ground

• Low to ground, guard on high
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NOTE—While the real significance that can be attached to the insulation-power-factor of dry-type transformers is still a
matter of opinion, experience has shown that insulation power factor is helpful in assessing the probable condition of the
insulation when good judgment is used. In interpreting the results of insulation-power-factor test values, the comparative
values of tests taken at periodic intervals are useful in identifying potential problems rather than an absolute value of
insulation power factor. A factory insulation-power-factor test will be of value for comparison with field insulation
power factor measurements to assess the probable condition of the insulation. It has not been feasible to establish stan-
dard insulation power factor values for dry-type transformers because experience has indicated that little or no relation
exists between insulation power factor and the ability of the transformer to withstand the prescribed dielectric tests.

10.9 Insulation-resistance tests

Insulation-resistance tests are made to determine the insulation resistance from individual windings to ground
or between individual windings. The insulation resistance in such tests is commonly measured in megohms
but may be calculated from measurements of applied voltage and leakage current.

Insulation-resistance tests shall be made when specified. The insulation resistance of electrical apparatus is of
doubtful significance as compared with the dielectric strength. It is subject to wide variation with design,
temperature, dryness, and cleanliness of the parts. When the insulation resistance falls below prescribed
values, it can, in most cases, if it is of good design and has no defect, be brought up to the prescribed value
by cleaning and drying the apparatus. The insulation resistance, therefore, may afford a useful indication as
to whether the apparatus is in suitable condition for application of the dielectric test.

NOTES:

1—The significance of values of insulation-resistance tests generally requires some interpretation, depending on the
design, dryness, and cleanliness of the insulation involved. If a user decides to make insulation-resistance tests, it is rec-
ommended that insulation-resistance values be measured periodically (during maintenance shutdown) and that these
periodic values be plotted. Substantial variation in the plotted values of insulation resistance should be investigated for
cause.

2—Insulation resistances may vary with applied voltage, and any comparison must be made with measurements at the
same voltage.

10.9.1 Preparation for test

Prior to measuring insulation resistance, the following conditions shall be met:

a) Windings in their normal insulation environment

b) All windings short-circuited

c) All bushings or terminals in place

d) Transformer temperature approximately 20 °C

10.9.2 Instrumentation

Insulation resistance may be measured using either of the following:

a) A variable-voltage dc power supply with means to measure voltage and current (generally in micro-
amperes or milliamperes)

b) A megohmeter

NOTE—Megohmeters are commonly available with nominal voltages of 500 V, 1000 V, and 2500 V. DC applied test
equipment is available at higher voltages.

10.9.3 Voltage to be applied

The dc voltage applied for measuring insulation resistance to ground shall not exceed a value equal to the rms
low-frequency applied voltage allowed in 10.3.
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NOTES:

1—Partial discharges should not be present during insulation-resistance tests since they can damage a transformer and
may also result in erroneous values of insulation resistance.

2—When measurements are to be made using dc voltages exceeding the rms operating voltage of the winding involved
(or 1000 V for a solidly grounded wye winding), a relief gap may be employed to protect the insulation.

10.9.4 Procedure

The procedure for conducting the insulation resistance test shall be as follows:

a) Insulation-resistance tests shall be made with all circuits of equal voltage above ground connected
together. Circuits or groups of circuits of different voltages above ground shall be tested separately;
for example, high voltage to low voltage and ground, low voltage to high voltage and ground.

b) Voltage should be increased in increments (usually 1–5 kV), holding each step for 1 min.

c) The test should be discontinued immediately in the event the current begins to increase without
stabilizing.

10.10 Partial discharge tests

The partial discharge test should be made in accordance with IEEE Std C57.124-1991. 

11. Temperature test

11.1 General

The temperature test is defined as a test to determine the temperature rise above the ambient of one or more
of the transformer windings, as measured at the terminals. The result for a given terminal pair is an average
value of the temperature of the entire circuit and not the temperature at any given point in a specific winding.
The term average winding temperature rise refers to the value obtained for a given terminal pair. It does not
refer to summing the results of different terminal pairs and dividing by the number of pairs to obtain an
arithmetic average.

See IEEE Std C57.12.01-1998 for conditions under which temperature limits apply. The transformers shall be
tested in the combination of connections and taps that give the highest winding temperature rises as
determined by the manufacturer. This will generally involve those connections and taps resulting in the
highest losses.

In some cases, temperature testing requires a slight overexcitation. The resultant increase in total loss has a
negligible effect on the kilovolt-ampere output. It is therefore not considered in the temperature rise test
methods described herein.

The temperature rise tests shall be made in an area that is as free from drafts as practical. All temperature rise
tests shall be made under normal conditions and normal means of cooling. When transformers are equipped
with fans, two temperature rise tests shall be made. One test shall be at the self-cooled rating and one test shall
be at the maximum fan cooled rating.

Transformers shall be completely assembled; however, external switches and air boxes may be omitted and
openings around terminals covered with a suitable material to simulate actual arrangements.

It is permissible to shorten the time required for the test by the use of initial overloads, restricted cooling, or
any other suitable method. At the end of the temperature rise test, the test current and frequency shall be
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within 10% of rated values. Temperature sensors may be thermocouples, thermistors, resistance temperature
detectors, thermometers, or other suitable devices. Use of thermocouples is the preferred method of
measuring surface temperature.

11.2 Ambient temperature measurements

The ambient temperature shall be taken as that of the surrounding air, which shall not be less than 10 °C or
more than 40 °C.

To reduce to a minimum the errors due to time lag between the temperature of the transformer and the
variations in the ambient temperature, the temperature sensors shall be placed in suitable containers that shall
have such proportions as will require not less than 2 h for the indicated temperature within the container to
change 6.3 °C if suddenly placed in air that has a temperature 10 °C higher, or lower, than the previous
steady-state indicated temperature within the container.

The ambient temperature shall be the average of the readings from at least three temperature sensors spaced
uniformly around the transformer under test. They should be located about one-half the height of the
transformer, and at a distance of 0.91−1.83 m from the transformer. They should be protected from drafts,
abnormal changes in temperature, and radiant heat from the transformer under test or other sources.

11.3 Surface temperature measurements

Temperature sensors shall be placed in intimate contact with the surface being measured, attached to maintain
firm contact, and thermally insulated from the surrounding medium.

For the purpose of determining when constant temperature conditions have been achieved, the temperature
sensors shall be applied to the surfaces as specified in the following:

a) Ventilated dry-types—Top center of core top yoke and innermost low-voltage winding lead of mid-
dle phase of three-phase units or an inner low-voltage winding lead of a one-phase unit.

b) Sealed dry- or nonventilated types—Center of top cover surface and center of one sidewall surface
(an additional quantity is required for the compromise test method per 11.8.6).

Provisions shall be made to measure the surface temperature of iron or alloy parts surrounding or adjacent to
the outlet leads or terminals carrying currents in excess of 4000 A. Readings shall be taken at intervals and
immediately before shutdown.

The determination of the temperature rise of metal parts within the case, other than winding conductors, is a
design test but shall be made when so specified.

11.4 Cold-resistance measurements

Cold-resistance measurements shall be taken on all phases of each primary and secondary winding in
accordance with Clause 5. The same test equipment shall be used for both cold- and hot-resistance
measurements. Normally, cold-resistance measurements are taken prior to loading the transformer for heat
run. If it is discovered that there is a discrepancy in the cold-resistance readings, it is permissible to allow the
transformer to cool to ambient temperature and perform the cold-resistance measurements after the loading
test. The criteria given in 5.1 shall be met and the cool down time shall be at least 24 h.
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11.5 Hot-resistance measurement

The ultimate temperature rise is considered to be reached when the surface temperature rises over ambient
become constant; that is, when the temperature rises over ambient, the variation should not be more than 2 °C
during a consecutive 3 h period. When the temperature rises become constant, the test voltage and current
shall be removed and the fans, if used, shut off.

Hot-resistance measurements shall be taken on all windings of each phase and a cooling curve drawn for each
winding of one phase. The first measurement on each phase should be taken as quickly as possible after
shutdown, but not before the measuring current has become stable. The first resistance measurement of the
winding phase used for the cooling curve must be taken within 6 min.

When transferring leads from one winding to another, the same relative polarity should be maintained with
regard to the measuring leads and the transformer terminals.

A recommended sequence of resistance measurements for determination of the hot resistance at shutdown for
three-phase delta- and wye-connected transformers is as follows:

a) One secondary resistance measurement on each of three secondary terminals X1-X2, X2-X3, and
X3-X1. For wye-connected low voltages, resistance at X1-X0, X2-X0, and X3-X0 terminals may be
taken.

b) One resistance measurement on each of three primary terminals H1-H2, H2-H3, and H3-H1. For
wye-connected high voltages, resistance at H1-H0, H2-H0, and H3-H0 may be taken.

The three secondary resistance measurements and one primary resistance measurement should be
taken within 6 min.

c) To provide data to plot a resistance time cooling curve, take three additional measurements spaced at
least 1 min apart on the primary terminals measured first under step b).

d) To provide data to plot a resistance-time cooling curve, take three additional measurements spaced at
least 1 min apart on the secondary terminals measured first under step a).

e) Additional resistance measurements may be taken to improve the accuracy of the resistance time
plot.

A similar sequence of resistance measurements should be used for single-phase or multi-winding
transformers.

The resistance-time cooling curve shall be extrapolated back to the instant of shutdown by using suitable
coordinate paper or computer curve fitting programs. The resistance-time curve obtained on one phase of the
primary winding shall be used to determine the correction back to shutdown for the other phases of the
primary winding. The resistance-time curve obtained for one phase of the secondary winding shall be used to
determine the correction back to shutdown for the other phases of the secondary winding.

If necessary, the temperature test may be resumed and the temperature allowed to stabilize in order to
complete the resistance readings within the required time period. For example, all resistance readings for the
primary winding, including the cooling curve, may be taken and the temperature test resumed. An additional
shutdown is performed and resistance measurements taken including a cooling curve for the secondary
winding.

11.6 Calculation of average winding temperature rise

The average winding temperature rise shall be determined from the terminal resistance measurements and
reported for each pair of readings (see 11.5).
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The average winding temperature of a terminal pair corresponding to a winding phase shall be determined by
either of the following equations:

(21)

or

(22)

The average winding temperature rise of a terminal pair corresponding to a winding phase shall be
determined by the following equation:

Tr = T – Ta

where

T is the average winding temperature of a terminal pair corresponding to hot resistance, R,
Ro is the cold resistance of a terminal pair determined in accordance with the rules in this standard,

ohms,
To is the temperature (°C) corresponding to cold resistance, Ro,
Tr is the average winding temperature rise of a terminal pair, °C,
Ta is the ambient temperature corresponding to hot resistance, R,
R is the hot resistance of a terminal pair, ohms,
Tk is 234.5 °C for copper,
Tk is 225 °C for aluminum.

NOTE—Other values for Tk may be used if substantiated by test data. The value of Tk for aluminum may be as high as
240 °C for alloyed aluminum.

11.7 Correction factors

Correction factors shall be applied to the average winding temperature rise, Tr , as follows:

a) Ambient temperature other than 30 °C,

b) Test current other than rated current,

c) Altitudes above 1000 m.

11.7.1 Correction for ambient air temperature

When the ambient air temperature at the conclusion of the test is other than Tra (usually 30 °C) the average
winding temperature rise, Tr , shall be corrected by the following equation:

(23)

where

Tc1 is the average winding temperature rise corrected for ambient temperature,
Tr is the measured average winding temperature rise,°C,
Ta is the ambient temperature at end of test,°C,
Tra is the ambient temperature at rated kVA,°C, usually 30°C,
Tk is 234.5 °C for copper windings,
Tk is 225 °C for aluminum windings,

T R Ro T k T o+( )⁄ T k–=

T R Ro–( ) Ro⁄( ) T k T o+( ) T o+=

T c1 T r T r T k T ra+ +( ) T r T k T a+ +( )⁄[ ]n=
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n is 0.80 for ventilated self cooled,
is 1.0 for ventilated forced air,
is 0.70 for sealed or nonventilated units.

NOTE—Other values for Tk may be used if substantiated by test data. The value of Tk may be as high as 240 °C for
alloyed aluminum.

11.7.2 Correction for test current different from rated current

If the test current differs from the rated current, a correction of the winding rise is required. The corrected
winding rise shall be calculated using the following equation:

(24)

where

Tc1 is defined in 11.7.1,
Tc2 is average winding temperature rise corrected for rated current,°C,
It is test current,
Ir is rated current,
n is 0.7 for sealed units, 0.8 for self cooled, and 1.0 for forced air tests.

This correction may be used provided the test current and frequency do not differ from rated by more than
10%.

11.7.3 Correction of average winding temperature rise for variation in altitude

When tests are made at an altitude not exceeding 1000 m above sea level, no altitude correction shall be
applied to the average winding temperature rise.

When a transformer that is tested at an altitude of 1000 m or less is to be operated at an altitude in excess of
1000 m, it shall be assumed that the average winding temperature rise will be given by the following
equation:

(25)

where

Tc3 is average winding temperature rise at the higher altitude,
Tc2 is defined in 11.7.2,
A is altitude in meters,
F is an empirical factor given in Table 2 below.

Table 2—Empirical factor for various types of cooling

Type of cooling Empirical factor, F

For dry-type, self cooled (AA) 0.005

For dry-type with auxiliary—forced air cooling (AA/FA) 0.006a

aApplies to forced cooled rating only.

For dry-type forced air cooled (AFA) 0.010

T c2 T c1

Ir

I t
---- 

  2n

=

T c3 T c2 1 A 1000–( ) 1000⁄[ ]F+{ }=
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11.8 Temperature rise test loading methods

Temperature rise test methods for different types of dry-type transformers are given in Table 3 in the order of
preference.

Table 3—Temperature rise test loading methods

11.8.1 Actual loading

The actual loading method is the most accurate of all methods, but its energy requirements are excessive for
large transformers. Transformers of small output may be tested under actual load conditions by loading them
on a rheostat, bank of lamps, water box, or by similar methods.

11.8.2 Loading back (opposition)

The loading back method is a basic method for testing dry-type transformers and may be used when more
than one unit is available for test.

The loading back method (opposition) method requires a greater amount of testing facilities and auxiliary
equipment, and also energy consumption. Because of these requirements, the loading back method becomes
increasingly difficult to perform as the size of the transformer increases.

11.8.2.1 Temperature rise of single-phase transformer by the loading back method

Duplicate single-phase transformers may be tested in the loading back method by connecting both high-
voltage windings in parallel and both low-voltage windings in parallel, and by applying rated excitation
voltage at rated frequency to one set of parallel windings (see Figure 27).

Test method
Ventilated

Sealed or
non-ventilated

AA FA

a) Actual loading X X X

b) Loading back (opposition) X X X

c) Separate excitation loss and rated current X X

d) Impedance KVA X X X

e) Rated current plus additive factor X X

f) Compromise X
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Circulate load current by opening the connections of either pair of windings at one point and impress a
voltage across the break just sufficient enough to circulate rated current through the windings.

 This current should be at rated frequency (±10%).

 The correction to be applied when the circulating current is not at rated value is given in 11.7.2.

Run until equilibrium conditions are attained. Then shut down, measure the winding resistance, and calculate
the average winding temperature rises above the ambient temperature, as described in 11.6 and 11.7.

11.8.2.2 Temperature rise test of three-phase transformers by the loading back method

Duplicate three-phase transformers may be tested by the loading back method by connecting both the high-
voltage and low-voltage windings in parallel (see Figure 28).

It is desirable to connect similarly marked leads together rather than attempt to connect windings in parallel
by symmetry alone. Rated excitation voltage at rated frequency shall be applied to one set of windings.
Circulate rated current by joining either set of windings through an auxiliary source of three-phase loading

Figure 27—Two single-phase transformers in opposition

Figure 28—Two wye-delta-connected transformers
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voltage. The circulated current should be a rated frequency (±10%). The correction to be applied when the
circulating current is not at rated value is given in 11.7.2.

The test should continue until equilibrium conditions are attained. The unit should then be shut down, the
winding resistance measured, and the average winding rises over the ambient temperature calculated, as
described in 11.6 and 11.7.

11.8.3 Separate excitation loss and rated current

When it is not feasible to make a loading back test, a separate excitation loss and rated current test may be
performed.

This method has the advantage of permitting a direct measurement of the wattage and current being held
during the temperature rise test. This method requires fewer testing facilities and a smaller amount of energy
consumption. It is particularly suitable for the larger size transformers and is equally satisfactory for small
transformers.

Temperature tests on individual ventilated dry-type units may be made utilizing the rises obtained in two
separate tests—one with rated current alone and one with excitation loss alone, and calculating winding rises
using the following formula:

(26)

where

Tt is the total winding rise with full load current in the winding and normal excitation on the core. Tc
shall be corrected if necessary; see 11.7.3.

Tc is the high-voltage or low-voltage average winding temperature rise measured immediately follow-
ing the rated current heat run with full-load current flowing in one winding and the other winding
short-circuited. Tc shall be corrected if the test current is different than the rated current or the
ambient temperature is different than 30 °C prior to the substitution in the above equation (see
11.7.1 and 11.7.2).

Te is the high-voltage or low-voltage winding rise measured immediately following the heat run with
normal excitation on the core. Te may be determined from units of similar ratings with the same
core and excitation level.

11.8.4 Impedance method

A single three-phase transformer or a bank of three single-phase transformers may be tested, as shown in
Figure 29, if both the high- and low-voltage windings can be connected in delta.

T t T c 1
T e

T c
----- 

  1.25

+
0.80

=
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Rated three-phase voltage at rated frequency shall be applied to one of the deltas. A corner of either delta
connection shall be opened, and a voltage from an auxiliary single-phase source shall be impressed across the
break. This voltage shall be just sufficient enough to circulate rated current through the windings. The
circulated current should be at rated frequency (±10%).

11.8.5 Rated current plus additive factor

The rated current test plus an additive factor may be used for all ventilated dry-type transformers when
empirical data are available, establishing the proper value of the additive factor.

The total winding rise Tt of a single ventilated dry-type transformer may be calculated by applying an additive
factor Tf to the rise Tc, as outlined in the next paragraph.

The additive factor Tf is an empirically determined temperature difference between the winding temperature
rise obtained by loading back test (in accordance with 11.8.2.1 or 11.8.2.2) or separate excitation loss and
rated current test (in accordance with 11.8.3) and the winding temperature rise measured with the rated
current only. It shall be established by test data on units of similar construction.

The total winding rise Tt is given by

(27)

11.8.6 Compromise test method

When it is not feasible to make a loading back temperature test on a sealed or nonventilated dry-type
transformer, a combination of tests involving an excitation temperature rise test, a current temperature rise
test, and a total loss temperature rise test may be used to calculate the temperature rise of the windings.

With this test method it is necessary to measure the tank temperature. Thermocouple locations are shown in
Figure 30.

Figure 29—Delta-delta connections for one three-phase unit or three one-phase units

T t T c T f+=
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a) Install three to five thermocouples on the tank wall at approximately equal vertical spacings. Install
three thermocouples on the center line of the long dimension of the cover.

b) Conduct an excitation run until the external top surface and side surface temperature rises as the tank
or enclosure stabilize. Terminate the test, measure the high-voltage and low-voltage average winding
temperature rises using the procedure described in 11.6 and 11.7, and record the watts loss. Also
measure and record the average temperature rise over ambient for the tank or enclosure surfaces.

c) Make a current temperature rise test by maintaining rated current in the windings until surface tem-
peratures of the tank or enclosure are again constant. Terminate the current run and determine the
average winding temperature rises as described in 11.6 and 11.7. Measure and record the average
temperature rise over ambient for the tank or enclosure surfaces, and record the watts loss.

d) Circulate the necessary current in the transformer windings to generate a loss equal to the load loss
plus the excitation loss, and maintain this load until the tank or enclosure surfaces are again constant
in temperature rise. Adjust the current as necessary to hold constant losses. Measure and record tem-
perature rises of the tank or enclosure. Winding rise measurements are not required for this total loss
run.

The enclosure or tank surface temperature shall be determined by averaging the thermocouple readings based
on the tank surface area as shown in Figure 30 and the following equations. The area of the tank braces, if
present, shall be ignored.

The enclosure average surface temperature shall be calculated as follows:

(28)

(29)

(30)

(31)

(32)

Figure 30—Thermocouple location and illustration of calculations for
average tank or enclosure surface temperature

T 6 T 6 1, T 6 2, T 6 3,( ) 3⁄=

A1 2H1 W L+( )=

A2 2H2 W L+( )=

A3 2H3 W L+( )=

A4 2H4 W L+( )=
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(33)

(34)

(35)

where

Ts is the enclosure surface average temperature, °C,
Tt is the temperature of a tank surface, °C,
At is the area of the tank surface at temperature, Tt, square inches,
t is the number of the horizontal band, 1 to 6 counting cover.

The high-voltage and low-voltage average winding temperature rises over ambient shall be determined by the
following equations:

(36)

(37)

(38)

(39)

(40)

(41)

where

Ta is ambient temperature, °C,
Tse is the average enclosure surface temperature during the excitation temperature rise test,
Tsre is the average enclosure surface temperature rise during the excitation temperature rise test,
Twre is the high-voltage or low-voltage average winding temperature rise over ambient during the

excitation temperature rise test,
Te is the high-voltage or low-voltage average winding temperature rise over the enclosure surface

temperature during the excitation temperature rise test,
Tsc is the average enclosure surface temperature during the current temperature rise test,
Tsrc is the average enclosure surface temperature rise during the current temperature rise test,
Twrc is the high-voltage or low-voltage average winding temperature rise over ambient temperature dur-

ing the current temperature rise test,
Tc is the high-voltage or low-voltage average winding temperature rise over the enclosure surface

temperature during the current temperature rise test,
Tst is the average enclosure surface temperature during the total loss temperature rise test,
Tsrt is the average enclosure surface temperature rise during the total loss temperature rise test,
Twr is the high-voltage or low-voltage average winding rise by resistance over ambient temperature.

A5 2H5 W L+( )=

A6 WL=
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Tc Twrc Tsrc–=
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12. Short-circuit tests

12.1 Scope

This test code applies to dry-type distribution and power transformers 1 kVA and above. Within the scope, the
following three categories shall be recognized:

All kVA ratings are the minimum nameplate kVA for the principal windings. For autotransformers, the
category shall be determined by the equivalent two-winding kVA (as defined in IEEE Std C57.12.80-1978).

The code defines a procedure by which the mechanical capability of a transformer to withstand short-circuit
stresses may be demonstrated. The prescribed tests are not designed to verify thermal performance.
Conformance to short-circuit thermal requirements shall be by calculation in accordance with IEEE Std
C57.12.01-1998. 

The short-circuit test procedure described herein is for the purpose of establishing that the performance of the
transformer under test meets specification requirements.

The procedures described herein are intended to apply to short-circuit testing of new transformers at the
manufacturer’s test facilities; however, where available test facility power is limited or other factors are
involved, field testing may be acceptable where adequate facilities are available. It is imperative, for field tests
of transformer design adequacy, that test conditions be negotiated by those responsible for the application and
for the design of the transformer.

12.2 Short-circuit testing techniques

12.2.1 Fault application

12.2.1.1 Two-winding transformers and autotransformers without tertiary windings

The short circuit may be applied on the transformer primary or secondary terminals as dictated by the
available voltage source, but the secondary fault is preferred since it most closely represents the system fault
condition. The short circuit shall be applied by means of suitable low-resistance connectors.

In order of preference, the tests may be conducted by either of the following:

a) Closing a breaker at the faulted terminal to apply a short circuit to the previously energized
transformer

b) Closing a breaker at the source terminal to apply energy to the previously short-circuited transformer

To obtain the test current and maintain the transformer terminal voltage during testing, the supply voltage
may be higher than the rated voltage of the windings being supplied (or of the specified tap for transformers
with tappings).

Category Single-phase (kVA) Three-phase (kVA)

I 1–500 15–500

II 501–1667 501–5000

III 1668–10 000 5001–30 000
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When short-circuiting follows the application of the supply voltage, the supply voltage should not exceed
1.10 times the rated voltage of the winding (or tapping), unless otherwise approved by those responsible for
the design of the transformer. When the short-circuiting of the winding for transformers with single
concentric windings precedes the application of the supply voltage (preset method), the transformer winding
farthest from the core should usually be connected to the supply. This will avoid possible saturation of the
core and the magnetizing inrush current superimposed on the short-circuit current during the first few cycles.
For shell-type transformers, or core-type transformers with double concentric windings, the preset test
method should be used based upon negotiation by those responsible for the application and for the design of
the transformers.

12.2.1.2 Fault type

The type of fault to be applied will be dependent on the available energy source. Any of the following may be
used (given in order of preference for three-phase transformers):

a) Three-phase source: Three-phase short-circuit

b) Three-phase source: Single phase-to-ground short circuit

c) Single-phase source: Simulated three-phase short circuit. (For wye-connected windings, apply
source or fault between one line terminal and the other two connected together. For delta-connected
windings, apply source or fault between two line terminals with no connection to the other line ter-
minal. This must be repeated for each of the three phases).

d) Single-phase source: Single-phase short circuit on one phase at a time (applies to all single-phase
transformers)

12.2.1.3 Multiwinding transformers including autotransformers

For transformers with more than two windings, or autotransformers with tertiary or regulating windings, the
test conditions for fault application will be subject to negotiations between those responsible for the
application and for the design of the transformers.

When the primary winding is connected to the supply, either one or both of the secondary windings or either
one or both of the common or tertiary windings for autotransformers may be short-circuited for the test.

For autotransformers with tertiary windings, it may also be necessary to consider other fault conditions, such
as single phase-to-ground or double phase-to-ground faults with either the common or series, or both, as the
source(s) of supply.

The fault types and terminals to which they are to be applied must be determined individually for each
particular transformer. The maximum fault current for each winding shall be determined from calculations
for the fault types specified in Clause 7 of IEEE Std C57.12.01-1998, considering various fault types, fault
locations, and applicable system data. During testing, each winding shall be subjected to its maximum
calculated fault current on at least one test. In general, a given fault type and location will not produce the
maximum fault current in more than one winding; so it will be necessary to make tests with several different
connections in order to evaluate fully the capability of all windings.

In order of preference, the tests may be conducted by doing either of the following:

a) Close a breaker at the faulted terminal to apply a short circuit to the previously energized
transformer

b) Close a breaker at the source terminal to apply energy to the previously short-circuited transformer
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12.2.1.4 Tap connection for tests

When the transformer is provided with taps in any winding, at least one test satisfying the asymmetrical
current requirement shall be made on the tap connection that calculations predict will produce the most severe
mechanical stresses. Extremes of the tap range, all taps out or all taps in, normally produce the most severe
stresses; so tests on these connections are recommended. Tests on other taps, or connections in the case of
dual-voltage windings, may be made if required to ensure design adequacy.

12.2.2 Test connections

12.2.2.1 Three-phase test

For three-phase two-winding transformers, a three-phase power supply is preferred. Depending upon the
internal transformer connections, the preferred connections for testing are shown in Figure 31.

For three-phase multiwinding transformers, it may be required to perform both three-phase and single-phase
short circuits to ensure that all significant winding conditions and connections have been investigated subject
to negotiations between those responsible for the application and for the design of the transformer.

The transformer enclosure, the neutral of autotransformers, and the neutral of wye-connected transformers,
when available and suitable, should be grounded. Current monitoring of the ground connection is
recommended.
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Figure 31—Typical test connections for three-phase test
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12.2.2.2 Single-phase test

12.2.2.2.1 Three-phase transformers

Three-phase transformers may be tested from a single-phase supply in those instances where a three-phase
supply of sufficient capacity is not available. The three-phase fault connections can be simulated with a
single-phase power supply. Test connections for the various internal winding connections and methods are
given in Figure 32. The connections shown apply both to wye-connected windings with the neutral either
available or not available.

Figure 31—Typical test connections for three-phase test (continued)
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When the neutral point is not available, the insulation level of the neutral should be considered before
proceeding with the short-circuit test.

For wye-connected windings where the neutral is available, single-phase tests between the line-end terminal
and the neutral may be acceptable, subject to agreement between those responsible for the application and for
the design of the transformer.

Figure 32—Typical simulated three-phase fault with single-phase supply
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12.2.2.2.2 Single-phase transformers

Single-phase transformers should be tested with a single-phase supply voltage that should not exceed 1.10
times the rated voltage of the winding (or tapping) unless otherwise approved by those responsible for the
design of the transformer.

12.3 Test requirements

12.3.1 Symmetrical current requirement—two-winding transformers

For two-winding transformers, the required value of symmetrical winding current for any test shall be
determined from the equations in IEEE Std C57.12.01-1998. 

NOTE—The symmetrical current magnitude shall not exceed the values listed in Clause 7 of IEEE Std C57.12.01-1998.
For category I, calculate Isc using transformer impedance only. For categories II and III, calculate Isc using transformer
plus system impedance. See 7.3.6.1 in IEEE Std C57.12.01-1998 for additional clarifying information on the determina-
tion of Zs.

12.3.2 Symmetrical current requirement—multiwinding transformers and autotransformers

For multiwinding transformers and autotransformers, the required peak value of symmetrical current in each
winding shall be determined by calculation based on applicable system conditions and fault types.

12.3.3 Asymmetrical current requirement

The required first-cycle peak for asymmetrical winding current tests shall be calculated in accordance with
the equations in IEEE Std C57.12.01-1998. 

12.3.4 Number of tests

Each phase of the transformer shall be subjected to a total of six tests satisfying the symmetrical current
requirement specified in 12.3.1 and 12.3.2. Two of these tests on each phase shall also satisfy the
asymmetrical current requirements specified in 12.3.3.

12.3.5 Duration of test

The duration of each short-circuit test should be in accordance with IEEE Std C57.12.01-1998. 

12.3.6 Temperature limits

For dry-type transformers, the ambient air temperature at the start of the test shall be between 0 °C and 40 °C.

12.4 Test procedure

12.4.1 Condition of transformer to be tested

The transformer to be tested should have received the standard factory routine tests in accordance with
IEEE Std C57.12.01-1998. In addition, impedance measurements on all taps shall be made. Prior to testing,
a satisfactory internal condition of the transformer should be established. Internal inspections may be
required.
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12.4.2 Instrumentation

All oscillographic current and voltage inputs, conventional or special relaying and protection, and other
special oscillographic inputs or event recorders should have a periodic calibration schedule. Evidence of
adherence to the calibration schedule should be checked prior to transformer testing.

12.4.3 Synchronous timing

To produce the fully asymmetrical current wave specified in 12.3 at the time of transformer short-circuit
initiation, the closing circuit breaker or device should be timed for calibration purposes prior to each test. In
some cases, it may only be necessary to make this synchronous timing check prior to the first test. In most
cases, control of the closing angle within ±15° from the zero point on the voltage wave will produce
satisfactory results and maximum asymmetry.

12.4.4 Calibration tests and fault-current control

For factory testing, it is usual to make a calibration and timing test with approximately 50% of the supply
voltage necessary to produce the required short-circuit current. For field tests, this calibration test at reduced
supply voltage and fault current is made in most cases by transformer tap changing control of the supply
voltage or system bus and line arrangements, or both, to reduce available short-circuit duty. A reduction of the
required fault current is normally preferred for calibration purposes.

In addition to fault closing angle, initial fault current magnitude is a function of supply voltage, total circuit
impedance, and circuit X/R ratio. Usual methods for fault-current control in factory or field testing include
adjustment of one or more of the following test circuit parameters and equipment:

a) Supply voltage control with voltage regulators or transformer de-energized and energized tap
changers

b) Available test circuit short-circuit capacity by generator, bus and line arrangements, and connections

c) Control of fault initiation with respect to supply voltage closing angle

d) Insertion of additional resistance to compensate total circuit reactance

e) Special choice of transformer fault connections or test circuit neutral grounding

Tests with voltage equal to or greater than that required to produce 95% of the specified symmetrical short-
circuit current may be counted toward fulfillment of the required number of tests.

12.4.5 Voltage measurement

Oscillographic voltage measurements on the source side of the transformer under test are required for
maximum information since the low-side voltage will be zero. The preferred method of measurement is to
use potential transformers of suitable ratio coupled to oscillographic recording devices. Potential
transformers should be connected line-to-line for three-phase tests on transformers with delta-connected
primary windings and line-to-neutral for transformers with wye-connected primary windings where the
neutral is accessible. When the neutral of the wye-connected winding is grounded or for single-phase tests
with one line grounded, capacitance resistance dividers suitably coupled to oscillographic recording devices
are satisfactory for these voltage measurements. In all cases, calibration of the oscillographic trace of the
voltage should have an accuracy of ±5%.

When the short circuit is applied to a previously energized transformer, the voltage measurement should be
made as close as possible to the primary terminals of the transformer being tested. When test power
limitations require that power must be applied to the previously shorted transformer, the voltage
measurement should be made on the source side of the primary circuit breaker.
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12.4.6 Current measurements

For maximum data, oscillographic current measurements are required for each phase of the transformer being
tested. The preferred method is to use CTs of suitable ratio coupled to oscillographic recording devices.
When current measurements can be made on the grounded secondary side of the transformer and for single-
phase tests with one line grounded, current shunts may be used to measure the phase currents. The connection
from the CT secondary or shunt to the coupling and recording devices should be with shielded coaxial cable.

For direct information, the current measurements for establishing test current magnitude are normally made
in the phase lines of the wye-connected winding for the transformer being tested. When this winding is
connected to the energy source, phase currents are measured directly. When the wye-connected winding is the
secondary winding, it is necessary to convert to the source winding by the inverse transformer turns ratio.

During short-circuit tests, it is recommended that the enclosure of the transformer under test be connected to
ground through a current monitoring device. Either a CT or a current shunt coupled to an oscillographic
device may be used. The current monitor should be sized to correspond to the short-circuit primary line
amperes (see Figure 33).

In all cases, whether the current measurement is made by use of CTs or current shunts, calibration of the
oscillographic trace of the current should have an accuracy of ±5%. Current magnitudes shall be measured on
the transformer terminals connected to the energy source. The symmetrical peak current shall be established
as one-half of the peak-to-peak envelope of the current wave, measured at the midpoint of the second cycle of
test current. If the transformer winding connected to the energy source is wye connected, the first-cycle peak
asymmetrical current in each phase of the winding shall be measured directly from the oscillogram of
terminal currents. If the transformer winding connected to the energy source is delta connected, the first-cycle
peak asymmetrical current cannot be determined directly from terminal measurements at the source
terminals. The following alternatives exist:

a) Measure first-cycle peak asymmetrical current on oscillograms at the faulted terminals, if the faulted
winding is wye connected. Convert to source winding current by inverse turns ratio.

b) If all windings are delta connected, connect metering accuracy CTs having suitable current ratios
inside the delta of the source winding and measure first-cycle peak asymmetrical current from oscil-
lograms obtained from these CTs.

c) If all windings are delta connected, determine only symmetrical currents on the external lines and
time-fault application for the instant that would produce peak asymmetrical current in the required
phase winding. (Close breaker at a time close to voltage zero for the given phase winding, with
appropriate timing adjustment to account for the R/X ratio of the test system plus transformer.)

Figure 33—Typical connections of potential transformers, CTs, and current shunts to 
oscillographic recording devices



IEEE
DISTRIBUTION AND POWER TRANSFORMERS Std C57.12.91-2001

Copyright © 2001 IEEE. All rights reserved. 61

12.4.7 Terminal voltage limits

If tests are to be made by applying the short circuit to the energized transformer, the no-load source voltage
shall not exceed 110% of the rated tap voltage, unless otherwise approved by the manufacturer. Throughout
the course of any test, the voltage at the transformer source terminals shall be maintained within a range of
95–105% of that necessary to produce the required symmetrical short-circuit current as determined in 12.3.1.

12.4.8 Tolerances on required currents

The measured currents, symmetrical or asymmetrical, in the tested phase or phases shall not be less than 95%
of the required current. The required current shall take into account the measured impedance variation
resulting from the test, if any, and any significant variation among the individual per-phase impedances
inherent in the transformer design.

If test equipment parameters cause difficulty in achieving in a single test the prescribed value of the first-cycle
asymmetrical peak current, without subjecting the transformer to a higher value of symmetrical short-circuit
current than is required, the relationship of these current values may be adjusted by changing the angle at
which the synchronous switch is closed to control the timing of the fault application to obtain the correct
values within the tolerance limits.

12.4.9 Short-circuit test by shorting a previously energized transformer

This is the preferred condition and current measurements can be made as described in 12.4.6.

When both windings of the transformer are delta-connected, direct measurement of the phase currents cannot
be made unless the transformer under test is provided with an internal CT of suitable ratio for the test. When
no internal CTs are provided, the line currents are monitored in the usual manner. Dependence is made on the
measured symmetrical current and the time of fault application for the instant that produces the maximum
peak asymmetrical current in the required phase winding. Maximum peak asymmetry is obtained when the
short circuit is initiated at the zero point on the voltage wave.

12.4.10 Short-circuit test by applying voltage to a previously short-circuited transformer

When the test is performed in this manner, portions of the transformer magnetic circuit will normally saturate.
When saturation occurs, the excitation current required for the necessary flux may be greater than normal.
This has the effect of lowering the impedance as seen from the excited side and a consequent increase in
current in the excited winding. For this reason, it is recommended that all currents under this condition of test
be monitored on the source side of the transformer being tested. For all transformers with delta-connected
primary windings and no internal CTs, the symmetrical and asymmetrical currents should be determined as
for the delta-delta connection.

To minimize or eliminate core saturation in core-type transformers, the following precautions can be taken:

a) Energize the outside winding and short-circuit the winding next to the core.

b) Bias the core with a remanent flux that simulates the normal operating flux condition in the core at
the time of fault application.

c) A less desirable alternative is to demagnetize the core before each test.

12.4.11 Temperature test

The transformer shall meet the specified average winding temperature rise by resistance values in accordance
with IEEE Std C57.12.01-1998 .
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12.5 Failure detection techniques

12.5.1 Voltage and current waveshapes

Abrupt changes in the waveshape of either current or voltage during the test indicate an internal electrical
failure. Figure 34 shows a definite current magnitude and waveshape change two cycles after fault initiation,
which resulted from shorted turns. It is, however, possible for shorted turns to develop without any detectable
change in waveshape; the absence of changes should, therefore, not be considered, per se, as evidence of a
successful test.

12.5.2 Leakage impedance

Acceptable repeatability is a function of the allowable variation specified by the test code. For the best results,
digital instruments in a temperature-controlled environment can achieve repeatability within 0.1%. It is
essential that the 60 Hz measuring source waveform be the same for each impedance test.

Inductive bridge measurements have been found acceptable in many cases.

When impedance changes occur, possible winding movement can be better evaluated by making
measurements from both high and low sides. Increase of impedance measured from both directions is an
indication of winding deformation on the leg.

It is important that the single-phase impedance measurements include only the windings on that leg. When
the impedances of different legs are measured in parallel, separate winding impedance can only be
determined by calculations.

Figure 34—Oscillograph record of fault current distortion
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12.5.3 Excitation current

Rated voltage excitation current tests are recommended, when practical. Low-voltage excitation current tests
may be made, but remanent flux in the core may make the results undependable. Demagnetization may be
necessary to produce acceptable results.

12.5.4 Dielectric tests

Following the short circuit test, the transformer shall withstand standard applied-voltage and induced-voltage
tests at the full specification level in accordance with IEEE Std C57.12.01-1998. When impulse tests have
been made prior to the short-circuit tests, the impulse tests shall be repeated if specified.

12.6 Analysis of test results and visual inspection

12.6.1 Terminal measurements

12.6.1.1 Current and voltage changes

Any increase or unusual variations greater than 5% in the current magnitude as determined from the current
oscillogram, either during the asymmetrical or symmetrical period, is a potential indication of an internal
electrical or mechanical failure.

External flashovers are usually visible and should be investigated before proceeding with further tests.
Unusual changes in the magnitude or waveform as shown on the current oscillogram during the asymmetrical
current flow may be an indication of core saturation of an improperly sized measuring CT.

Current magnitude increases insufficient to operate the circuit backup protective relays and not attributable to
external circuit conditions indicate a partial-winding insulation breakdown, abnormal ground in the winding
assembly, partial flashovers or internal discharges, etc. Additional routine electrical tests such as ratio,
impedance, core loss, and insulation resistance may be necessary for detection of nondisruptive, partial, or
intermittent failures.

An internal core and winding inspection will usually detect electrical failure locations or mechanical
deficiencies. Transformer impedance changes, voltage regulation of the supply or system testing source, and
conductor heating will, to some extent, cause magnitude reductions on the current oscillogram. In most cases,
reduced current magnitudes, particularly following the decrement period for the fault current flow, establishes
the voltage regulation of the supply circuit or the capability to maintain constant voltage during the fault
period.

Major changes in the voltage oscillograms, such as voltage collapse, indicate an internal electrical failure if
not attributable to external circuit conditions. Smaller voltage changes during the test are usually indicative of
the voltage regulation of the supply or test circuit.

12.6.1.2 Leakage impedance changes

Leakage inductance should be measured between each pair of windings after each short-circuit test. This
measurement normally is made at least 15 min following the short-circuit test. While consensus is that this is
not a very sensitive test of short-circuit failure, increases in inductance are an indication of winding
movements. Small increases after each successive test indicate progressive movement and may be a
prediction of a failure.

For core-type transformers with concentric windings, small movements in an axial direction cause small
increases in inductance, but movement in the axial direction can result in transformer failure because of its
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progressive nature. In general, axial movements increase short-circuit forces, which further increase the
movement finally resulting in winding collapse or failure of the end-supporting structure.

For core-type transformers with concentric windings, small movements in the radial direction, while causing
an increase in inductance, may not be of serious consequence. This is particularly true of noncircular
windings on a rectangular core form. In this case, the flat side of the outer winding tends to bulge outward and
those of the inner winding tend to move inward toward the core. This radial movement may cause a large
change in inductance which, in the general case, may not be critical to the service life of the transformer. For
this reason, a larger impedance variation during short-circuit testing is permitted for this type of transformer
construction. While changes in impedance are permitted under the test code, any change in impedance is
acceptable only when the integrity of the insulation system is maintained. For this reason, it is recommended
that an impulse test be included in the dielectric tests to be made on transformers with impedance changes
approaching the limits of the test code.

12.6.1.3 Excitation current changes

Exciting current tests should be made at rated voltage, but can be made at reduced voltages when the core is
demagnetized before each reduced voltage test. The purpose of this test is to detect short circuits between
turns or layers of a winding. In the case of windings with multiple strands, it may detect shorts between
different strands of different turns.

Any decrease in exciting current is not considered significant and is probably due to a reduction of
mechanical strains in the core during the test. Any turn short or short between layers in power transformer
windings will cause an increase in exciting current for that leg of the core much greater than the 5% permitted
by the test code; however, distribution transformers with wound-type cores may experience increases up to
25% without impairing the function of the transformer due to smaller distortions of the core.

A short between different strands of different turns in a multiple strand winding may also increase the
exciting current for that leg of the core more than 5% and a failure is again indicated. The increase in exciting
current for this case is dependent on the location of the strand short with respect to the nearest (electrical
circuit length) mass braze or connection of all strands in that winding. A strand short will result in a
circulating current in the shorted strands determined by the volts per turn on the core and the circuit resistance
between the strand short and the mass connections of the strands.

In combination with reductions in exciting current by relief of mechanical strains, some strand shorts may
cause increases in exciting current that are not detected as obvious failures. In cases where a failure is
suspected, a confirmation may by obtained by a comparison of core loss before and after the short-circuit test.
These core loss tests should be made at rated voltage.

For three-phase units, this comparison is best made by comparing single-phase core losses on each core leg
with proper allowance made for the differences in losses for each leg due to the dissymmetry of the magnetic
circuit. Core loss for a core leg containing a strand short will usually increase by at least 25%.

12.6.2 Visual inspection

Visual inspection of the core and coils shall give no indication that there has been any change in mechanical
condition that will impair the function of the transformer. The extent of the visual inspection shall be
established on the basis of combined evidence obtained from the terminal measurements described in
12.6.1.1 through 12.6.1.3. If the terminal measurements give no indication of change in condition, external
inspection of the core and coils removed from the enclosure or tank may suffice. Any evidence of change in
condition from more than one of the terminal measurements would warrant disassembly of the windings from
the core for a more detailed inspection. It is generally recommended that disassembly of a transformer be
performed with factory facilities and supervision.



IEEE
DISTRIBUTION AND POWER TRANSFORMERS Std C57.12.91-2001

Copyright © 2001 IEEE. All rights reserved. 65

12.6.2.1 Inspection of assembled transformer

Frequently, sufficient evidence can be obtained from diagnostic electrical tests to limit the visual inspection
of a tested transformer to the core coil only. In such cases, the following items discussed in 12.6.2.1.1 through
12.6.2.1.5 should be thoroughly inspected.

12.6.2.1.1 Cable leads and bus bars

Cable leads or bus bars, or both, should be inspected for mechanical movement or distortion and electrical
damage. Special attention should be given to inspecting leads from tap sections and regulating windings as
these leads are frequently difficult to secure. Damage to leads emanating from inner windings may warrant
disassembly to facilitate a more detailed inspection. The securing devices for cables and bus bars, such as
structures, insulators, and ties, should be inspected for mechanical damage.

12.6.2.1.2 Windings

Winding conductors should be inspected for mechanical deformation and electrical damage. Special attention
should be given to conductors at the winding ends, crossovers, tapped sections, and that portion of the
winding in and opposite the core window area. Normally, inspection of windings of a transformer that has not
been disassembled will be limited to the outer phase windings.

12.6.2.1.3 Winding clamping system

The winding clamping should be inspected for looseness and relaxation in applied pressure. Where
applicable, before and after torque values on clamping bolts should be compared. Inspect all metal structures
for bending and deflection. Inspect the top and bottom insulating blocks and spacers for looseness. When
possible, ensure that clamping pressure is exerted on the inner winding conductors and not on winding
cylinders or vertical duct spacers.

12.6.2.1.4 Insulation systems

Inspect the vertical alignment of key spacers. Where visible, insulation collars and winding cylinders should
be inspected for cracks and evidence of crushing. If either is found, further disassembly may be warranted to
permit a more detailed inspection of inner insulating structures and windings.

12.6.2.1.5 Core

Inspect the core, where visible, for misaligned and temperature discolored laminations. The core ground strap
should be inspected for evidence of overheating.

12.6.2.2 Inspection of disassembled transformers

When specified by those responsible for the application of the transformer, or when warranted by damage
discovered during inspection of the unit, it will be necessary to disassemble the unit to permit a more detailed
visual inspection of components. Recommended items for inspection after removal of the outer phase
windings are as follows.

12.6.2.2.1 Cable leads

Inspect winding leads emanating from the inner windings for mechanical and electrical damage.

12.6.2.2.2 Windings

Inspect the inner winding conductors for mechanical deformation and electrical damage.
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12.6.2.2.3 Insulation systems

Inspect the vertical alignment of key spacers. Where visible, insulating collars and winding cylinders should
be inspected for damage. Inspect vertical duct spacers for uniform circumferential spacing and alignment.
Rods or other materials used for radial support at the core legs should be inspected for damage.

12.7 Proof of satisfactory performance

The transformer under test shall be judged to have performed satisfactorily if the visual inspection (see
12.6.2), dielectric tests (see 12.5.4), temperature test (see 12.4.11), impedance change (see 12.7.2), and
excitation current change (see 12.7.3) criteria have been met. Recommended terminal measurements that
may be made during the course of the tests but are not required to be made unless specified, are listed in
12.6.1. If the terminal measurements are made and the requirements of 12.6.1 and 12.6.2 have been met
following all tests, it is probable that the transformer has sustained no mechanical damage during the test
series. A composite evaluation of the degree to which all criteria of 12.6.1 through 12.6.2 have been met may
indicate the need for a greater or lesser degree of visual inspection to confirm satisfactory performance. The
evidence may be sufficient to permit a judgment of satisfactory performance to be made without complete
dielectric tests. A decision to waive all or parts of the visual inspection or dielectric test criteria must be based
on discussions and negotiation by all parties involved in specification and performance of short-circuit tests.

12.7.1 Waveshape of terminal voltage and current

No abrupt changes shall occur in the terminal voltage or short-circuit current waveshapes during any test.

12.7.2 Impedance

Impedance measured on a per-phase basis after the test series shall not differ from that measured before the
test series by more than the values specified below:

Category I: The allowable variation shall be a function of the transformer impedance (Zt) as follows:

Categories II or III: 5% allowable for noncircular concentric coils; 2% allowable variation for circular coils.

The measuring equipment must have the demonstrated capability of giving reproducible readings within an
accuracy of ±0.2%.

12.7.3 Excitation current

Excitation current measured after the test series shall not increase above that measured before the test series
by more than 5% for stacked-type cores. For transformers with wound-core construction, the increase shall
not exceed 25%. The measuring equipment must have demonstrated capability of giving reproducible
readings with an accuracy of ±0.5%.

12.7.4 Other diagnostic measurements

Other diagnostic measurements may be made during the course of the tests to evaluate whether there have
been any sudden or progressive changes in the mechanical condition of the transformer. Such results may be

Zt (per unit) Percentage variation

0.0299 or less 22.5–500 (Zt  )

0.0300 or more 7.5
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useful to the understanding of the response to short-circuit forces, but they shall not form part of the proof
criteria.

12.8 Required information for transformer short-circuit test reports

The information required for short-circuit test reports of transformers is as follows:

a) Date and location of short-circuit tests

b) Transformer description and ratings

c) Test circuit details and diagrams

d) Test fault type, connections, duration, and number

e) Test procedure details

f) Measurements prior to, during, and after short-circuit tests including oscillograms of the terminal
voltages and currents.

g) Test results and evaluation:

1) Electrical

2) Inspection details

h) Report and results of final routine and dielectric tests

13. Audible sound-level measurements

13.1 General

The audible sound generated by a transformer is composed of discrete tones, the frequencies of which are
even multiples of the transformer excitation frequency. The audible sound generated by auxiliary cooling
equipment, such as fans, has a more broadly and evenly distributed frequency composition. The A-weighted
measurement characteristic best relates how the human ear responds to the complex transformer-generated
sound, and it shall be used to determine the average sound-level performance of the transformer.

For some purposes, a frequency distribution of a transformer’s sound is desirable and, when specified, it shall
be measured in frequency bands (either octave or one-third octave) or as discrete frequencies, as specified.

13.2 Instrumentation

13.2.1 Sound level measurements

Sound level measurements shall be made with instrumentation that meets the requirements of ANSI S1.4-
1983  and ANSI S1.4a-1985  for type 2 meters.

13.2.2 Octave-band frequency measurements

Octave-band or one-third-octave-band frequency measurements, when specified, shall be made with
instrumentation that meets the requirements of ANSI S1.4a-1985 for type 2 meters together with the
requirements of ANSI S1.11-1986  for type E, class II performance, or their equal.
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13.2.3 Discrete-frequency measurements

Discrete-frequency measurements shall be made when specified or when test conditions necessitate. For a
discrete frequency application, see [B3]5. Instrumentation is not presently standardized; however, typical
analyzer bandwidth characteristics deemed suitable are one-tenth octave; 1%, 3%, or 10% of the selected
frequency; or 3 Hz, 10 Hz, or 50 Hz.

13.2.4 Use of wind screens

A suitable wind screen may be used where the air velocity, due to winds, prevailing drafts, or microphone
locations in the proximity of fans, cause the readings to be in error. Suitable corrections, if necessary, shall be
applied to readings taken with wind screens in place to ensure that only wind noise effects are negated.

13.3 Test conditions

13.3.1 Sound pressure level

Measurements should be made in an environment having an ambient sound pressure level at least 5 dB below
the combined sound pressure level of the transformer and the ambient sound pressure level. When the
ambient sound pressure level is 5 dB or more below the combined level of transformer and ambient, the
corrections shown in Table 4 shall be applied to the combined transformer and ambient sound pressure level
to obtain the transformer sound pressure level. When the difference between the ambient and the transformer
sound pressure level is less than 5 dB, and it is only desired to know the sound pressure that the transformer
does not exceed, a correction of –1.6 dB may be used. For one-third octave or narrow band measurements, the
5 dB difference shall apply to each frequency band in which measurements are being made.

When ambient sound conditions do not comply with the above, suitable corrections may be feasible when the
ambient sound conditions are steady and discrete frequency sound levels are measured. For this condition, the
details and method for making the measurements and the ambient corrections shall be agreed upon by those
responsible for the design and application of the transformer.

13.3.2 Location

The transformer shall be located so that no acoustically reflecting surface is within 3.0 m of the transformer,
other than the floor or ground.

Table 4—Ambient sound corrections

5The numbers in brackets correspond to those of the bibliography in Annex A.

Difference in dB between 
combined transformer and 

ambient sound pressure level and 
the ambient sound pressure level

Correction in dB to be added to the 
sound pressure level of the transformer 

and ambient level to obtain ambient 
corrected sound pressure level of the 

transformer

5 –1.6

6 –1.3

7 –1.0

8 –0.8

9 –0.6

10 –0.4

Over 10 –0.0
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13.3.3 Energize at rated voltage and frequency

The transformer shall be connected for and energized at rated voltage and frequency at no load, and tests shall
be made for the various ratings (AA, AA/FA, AFA, etc.) with fans operating, if appropriate, for the rating
being tested.

13.4 Microphone positions

13.4.1 Reference sound-producing surface

The reference sound-producing surface of a transformer is a vertical surface that follows the contour of a taut
string stretched around the periphery of the transformer or integral enclosure. This contour is to include
external cooling features, switch compartments, terminal compartments, etc., but excludes minor extensions
such as valves, gages, thermometers, conduit terminal boxes, and projections at or above cover height.

In consideration of safety and consistency of measurement, the reference sound producing surface near
unenclosed live parts of field-assembled items such as switches, switchgear, and terminal compartments shall
be moved outward from the taut string contour such as to be consistent with safe worker clearances as
determined by the manufacturer for the voltage class of the live parts termination involved.

13.4.2 Location points

The first microphone location point shall coincide with the nameplate. Additional points shall be located at
1.0 m intervals, proceeding clockwise in a horizontal direction, as viewed from above, along the reference
sound-producing surface defined in 13.4.1.

There shall be no fewer than four microphone location points, which may result in intervals of less than 1.0 m
for small transformers. The microphone shall be located on a straight line perpendicular to the reference
sound-producing surface at each microphone location point. The microphone shall be spaced 0.30 m from the
reference sound-producing surface, except that when fans are in operation, the microphone shall be spaced
2.0 m from any portion of the transformer external cooling feature cooled by forced air.

13.4.3 Measurement elevation

For transformers having an overall tank or enclosure height of less than 2.4 m, measurements shall be made
at half-height. For transformers having an overall tank or enclosure height of 2.4 m or more, measurements
shall be made at one-third and two-thirds height.

13.5 Sound level measurements

13.5.1 Test code conformance

Sound levels shall be measured in conformance with 13.2.1, 13.3, and 13.4 using the sound-level meter A-
weighted characteristic.

13.5.2 Average A-weighted sound level

The average A-weighted sound level is defined as the arithmetic mean of the respective A-weighted sound-
level measurements in dB(A) taken at each microphone location defined in this clause.

13.5.3 C-weighted measurements

When specified, measurements shall also be taken using the sound-level meter C-weighting characteristic.
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13.5.4 Discrete-frequency components

If ambient conditions necessitate, the sound level may be measured using discrete-frequency components
(see 13.6.1, [B3], and 13.6.4).

13.6 Optional-frequency analysis measurements

13.6.1 Frequency analysis

When specified, frequency analyses shall be made in accordance with 13.2, 13.3, and 13.4 from either octave,
one-third octave, or discrete-frequency measurements. For a discrete-frequency application see [B3]. A-
weighting, the C-weighting, or the flat response meter characteristic may be used. The weighting
characteristic used shall be reported with the data.

13.6.2 Frequencies

Octave-band or one-third-octave-band frequency analysis measurements shall cover the interval of midband
frequencies from 63 Hz through 4000 Hz, inclusive. Discrete-frequency-analysis measurements shall cover
the fundamental through the seventh harmonic component (fundamental component is twice the excitation
frequency).

13.6.3 Average level calculation

The average level for each frequency band measured shall be determined by taking the power average of the
individual readings about the transformer; thus

(42)

where

Lx is average level for the X frequency band,
Li is level in the X frequency band at the ith measurement point,
n is total number of measuring points.

If the components are with A-weighting, the average is then with A-weighting.

13.6.4 Calculation of A-weighted sound level

If the average sound level, dB(A) as defined in 13.5.2, is to be determined from the individual A-weighted
frequency band measurements at each microphone position, then an A-weighted sound level shall be
calculated for each microphone position from the band measurements as follows:

(43)

where

LA is calculated A-weighted sound level,
Lj is band level with A-weighting for the jth band,
n is total number of bands.
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Finally, the average sound level, dB(A), shall be determined as the arithmetic mean of the values of LA for all
microphone locations.

14. Mechanical design tests

Routine or design mechanical tests or analyses specified in IEEE Std C57.12.01-1998 shall be conducted as
described in this clause.

14.1 Components involved in lifting or moving

14.1.1 Lifting or moving transformers

Design tests of components involved in the lifting or moving of transformers shall be conducted on typical
components to verify that the designs conform to the safety standards in ANSI C57.12.50-1981, ANSI
C57.12.51-1981, ANSI C57.12.52-1981, and ANSI C57.12.57-1987.

NOTE—Such tests are normally performed on components only (arranged to simulate normal application conditions) in
mechanical testing machines rather than on complete transformers.

14.1.2 Lifting lugs

Tests of components such as lifting lugs shall be made with the test specimen arranged so that the angle of the
lifting cable with respect to vertical will be the maximum angle allowed in applicable standards.

14.1.3 Pulling eyes or lugs

Tests of components such as pulling eyes or lugs for rolling or skidding shall be made in two directions:

a) In a direction parallel to the long axis of the transformer

b) In a direction perpendicular to the long axis of the transformer

14.1.4 Jacking facilities

Tests of jacking facilities shall be made under conditions simulating typical applications.

14.2 Tests of sealed dry-type transformers

14.2.1 Leak test

A leak test shall be performed as a routine test to verify the adequacy of sealing the transformer.

14.2.2 Tank pressure tests

Design tests shall be made at 125% of maximum operating pressure to demonstrate that sealed dry-type tank
designs will withstand their maximum allowable pressure. This test pressure shall not produce permanent
deformation.
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15. Calculated data

15.1 Reference temperature

The reference temperature for determining total losses, voltage regulation, and efficiency shall be equal to the
sum of the highest rated winding temperature rise plus 20 °C.

15.2 Total losses

Total losses are the sum of the no-load losses at room temperature (25 °C) and the load losses at reference
temperature.

15.3 Efficiency

The efficiency of a transformer is the ratio of its useful power output to its total power input as follows:

(44)

When specified, efficiency shall be calculated on the basis of the reference temperature.

15.4 Voltage regulation

15.4.1 General

The voltage regulation of a transformer is defined in IEEE Std C57.12.80-1978. The regulation may be
expressed in percentage (or per unit) on the basis of the rated secondary voltage at full load.

15.4.2 Impedance wattage and impedance voltage

The tests for impedance wattage and impedance voltage for use in the computation of voltage regulation may
be measured at any convenient temperature and corrected using the correction factors applicable to the type
of conductor material in the windings (see 5.3 and 9.4).

15.4.3 Voltage regulation computation two-winding transformers

When specified, the voltage regulation shall be computed as in 15.4.3.1.

15.4.3.1 Computation

Exact formulas for the calculation of regulation are

(45)

(46)
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(47)

(48)

a) When the load is lagging

(49)

b) When the load is leading

(50)

where

p is the power factor of load,
q is the reactance factor of load,
r is the resistance factor of transformer,
x is the reactance factor of transformer,
z is the impedance factor.

The quantities p, q, x, z, and r are on a per-unit basis, so the result must be multiplied by 100 to get the
regulation in percent.

15.4.3.2 Three-phase to two-phase transformers

For the calculation of the regulation for three-phase to two-phase transformation, proceed as follows:

a) For the per unit regulation of the main phase, use the impedance of the main transformer for substi-
tution in the formula defined in 15.4.3.1.

b) For the per unit regulation of the teaser phase, use the sum of the impedance of the teaser trans-
former plus the interlacing impedance of the main transformer for substitution in the formula
defined in 15.4.3.1.

c) To determine the interlacing impedance, connect the two ends of the three-phase winding of the
main transformer together and impress between this common connection and the 50% tap, a voltage
sufficient to pass three-phase line current in the supply lines.

d) The voltage thus determined is the interlacing impedance voltage and is to be put on a per unit basis
by reference to the rated voltage of the teaser transformer on the 86.6% tap.

16. Minimum information to be included in certified test data

The test report shall include the following minimum information if certified test data is required.

16.1 Order data

a) Purchaser

b) Purchaser’s order number

c) Manufacturer’s serial number

d) Date of test

x z2 r2–( )
1 2⁄

=

z
impedance (kW)

rated (kVA)
----------------------------------------=

reg r p+( )2 x q+( )2+[ ]
1 2⁄

1–=

reg r p+( )2 x q–( )2+[ ]
1 2⁄

1–=



IEEE
Std C57.12.91-2001 IEEE STANDARD TEST CODE FOR DRY-TYPE

74 Copyright © 2001 IEEE. All rights reserved.

16.2 Rating data

a) Cooling class

b) Number of phases

c) Frequency

d) Insulation medium

e) Average winding temperature rise

f) Hottest spot temperature rise

g) Polarity

h) Winding ratings (kVA, V, insulation temperature class)

16.3 Test data

The results of all routine tests as defined in IEEE Std C57.12.01-1998 shall be included for each individual
unit (by individual serial number). In addition, the results of all other tests as required by the customer order,
either design or other, shall also be included, for each individual unit.

The most common data required is listed in the following:

a) Winding resistances

b) Losses: no-load, load, total

c) Impedance

d) Average temperature rise (when test is performed)

e) Hottest spot temperature rise (unless determined by calculation)

f) Applied-voltage test data

g) Induced-voltage test data

h) Impulse test data (when test is performed)

i) Sound level (when test is performed)

NOTE—All reported data should be corrected to reference temperature in accordance with 15.1.

16.4 Calculated data

a) Efficiency

b) Regulation (if specified)

c) Hottest spot temperature rise (unless determined by test)

16.5 Certification statement and approval
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IEEE Standard Requirements for 
Instrument Transformers

1. Scope

This standard is intended for use as a basis for performance, interchangeability, and safety of equipment covered, and
to assist in the proper selection of such equipment.

This standard covers certain electrical, dimensional, and mechanical characteristics, and takes into consideration
certain safety features of current and inductively coupled voltage transformers of types generally used in the
measurement of electricity and the control of equipment associated with the generation, transmission, and distribution
of alternating current.

2. References

This standard shall be used in conjunction with the following publications. When the following publications are
superseded by an approved revision, the revision shall apply.

ANSI C37.06-1987, Preferred Ratings and Related Required Capabilities for AC High-Voltage Circuit Breakers Rated
on a Symmetrical Current Basis.1 

IEEE Std C37.04-1979 (Reaff 1988), IEEE Standard Rating Structure for AC High-Voltage Circuit Breakers Rated on
a Symmetrical Current Basis (ANSI).2 

IEEE Std C37.09-1979 (Reaff 1988), IEEE Standard Test Procedure for AC High-Voltage Circuit Breakers Rated on
a Symmetrical Current Basis (ANSI). 

IEEE Std C57.12.00-1993, IEEE General Requirements for Liquid-Immersed Distribution, Power, and Regulating
Transformers. 

1ANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor, New York,
NY 10036, USA.
2IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-
1331, USA.
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IEEE Std C57.12.90-1993, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and Regulating
Transformers and IEEE Guide for Short-Circuit Testing of Distribution and Power Transformers. 

IEEE Std 4-1978, IEEE Standard Techniques for High Voltage Testing (ANSI). 

IEEE Std 21-1976, General Requirements and Test Procedures for Outdoor Apparatus Bushings. 

IEEE Std 100-1992, The New IEEE Standard Dictionary of Electrical and Electronics Terms (ANSI). 

NEMA SG 4-1975 (R 1980), Alternating-Current High-Voltage Circuit Breakers.3

3. Definitions

All definitions, except as specifically covered in this standard, shall be in accordance with IEEE Std 100-1992. 4

3.1 bar-type current transformer: One that has a fixed and straight single primary winding turn passing through the
magnetic circuit. The primary winding and secondary winding(s) are insulated from each other and from the core(s)
and are assembled as an integral structure.

3.2 basic lightning impulse insulation level (BIL): A specific insulation level expressed in kilovolts of the crest value
of a standard lightning impulse.

3.3 burden of an instrument transformer: That property of the circuit connected to the secondary winding that
determines the active and reactive power at the secondary terminals.

NOTE  —  The burden is expressed either as total ohms impedance with the effective resistance and reactance components, or as the
total voltamperes and power factor at the specified value of current or voltage, and frequency.

3.4 bushing-type current transformer: One that has an annular core and a secondary winding insulated from and
permanently assembled on the core but has no primary winding and no insulation for a primary winding. This type of
current transformer is for use with a fully insulated conductor as the primary winding. A bushing-type current
transformer usually is used in equipment where the primary conductor is a component pan of other apparatus.

3.5 cascade-type voltage transformer: A voltage transformer that has an insulated-neutral or grounded-neutral
terminal and that has the primary winding subdivided into two or more (usually equal) series connected sections,
mounted on one or more magnetic cores, and that has the secondary winding located about the core at the neutral end
of the primary winding. The sections of the primary winding are coupled by “coupling windings.” The cores, if more
than one, are insulated from each other and connected to definite voltage levels along the primary winding.

3.6 continuous thermal current rating factor (RF): The number by which the rated primary current of a current
transformer is multiplied to obtain the maximum primary current that can be carried continuously without exceeding
the limiting temperature rise from 30 °C average ambient air temperature. The RF of tapped-secondary or multi-ratio
transformers applies to the highest ratio, unless otherwise stated. (When current transformers are incorporated
internally as parts of larger transformers or power circuit breakers, they shall meet allowable average winding and hot
spot temperature limits under the specific conditions and requirements of the larger apparatus.)

3.7 current transformer (CT): An instrument transformer intended to have its primary winding connected in series
with the conductor carrying the current to be measured or controlled.

3.8 double-secondary current transformer: One that has two secondary windings each on a separate magnetic
circuit with both magnetic circuits excited by the same primary winding.

3.9 double-secondary voltage transformer: One that has two secondary windings on the same magnetic circuit with
the secondary winding insulated from each other.

3NEMA publications are available from the National Electrical Manufacturers Association, 2101 L Street NW, Washington, DC 20037, USA.
4Information on references can be found in clause 2.
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3.10 excitation losses for an instrument transformer: The power (usually expressed in watts) required to excite the
transformer at its primary terminals.

NOTE  —  Excitation losses include core, dielectric, and winding losses due to the excitation current.

3.11 fused-type voltage transformer: One that is provided with means for mounting one or more fuses as integral
parts of the transformer in series with the primary winding.

3.12 grounded-neutral terminal type voltage transformer: One that has the neutral end of the primary winding
connected to the case or mounting base in a manner not intended to facilitate disconnection.

3.13 indoor current (or voltage) transformer: One that, because of its construction, must be protected from the
weather.

3.14 instrument transformer: One that is intended to reproduce in its secondary circuit, in a definite and known
proportion, the current or voltage of its primary circuit with the phase relations substantially preserved.

3.15 insulated-neutral terminal type voltage transformer: One that has the neutral end of the primary winding
insulated from the case or base and connected to a terminal that provides insulation for a lower voltage than required
for the line terminal. (The neutral may be connected to the case or mounting base in a manner intended to facilitate
temporary disconnection for dielectric testing.)

3.16 leakage flux: Any magnetic flux, produced by current in an instrument transformer winding, which does not link
all turns of all windings.

3.17 low remanence current transformer: One with a remanence not exceeding 10% of maximum flux.

3.18 marked ratio: The ratio of the rated primary value to the rated secondary value as stated on the nameplate.

3.19 multiple-secondary current transformer: One that has three or more secondary windings, each on a separate
magnetic circuit, with all magnetic circuits excited by the same primary winding.

3.20  multi-ratio current transformer: One with three or more ratios obtained by the use of taps on the secondary
winding.

3.21  nominal ratio: See:marked ratio

3.22  outdoor current (or voltage) transformer: One of weather-resistant construction, suitable for service without
additional protection from the weather.

3.23 percent ratio correction: The difference between the ratio currection factor and unity, expressed in percent
[(RCF − 1) × 100] See: ratio correction factor

3.24 phase angle of an instrument transformer (PA): The phase displacement, in minutes or radians, between the
primary and secondary values. The phase angle of a current transformer is designated by the Greek letter beta (β) and
is positive when the current leaving the identified secondary terminal leads the current entering the identified primary
terminal. The phase angle of a voltage transformer is designated by the Greek letter gamma (γ) and is positive when the
secondary voltage from the identified to the unidentified terminal leads the corresponding primary voltage.

3.25 phase angle correction factor (PACF): The ratio of the true power factor to the measured power factor. It is a
function of both the phase angles of the instrument transformers and the power factor of the primary circuit being
measured.

NOTE  —  The phase angle correction factor corrects for the phase displacement of the secondary current or voltage, or both, due
to the instrument transformer phase angle(s).

For a current transformer, the phase angle correction factor:
PACF = cos (θ2 + β)/ cos (θ2)

For a voltage transformer, the phase angle correction factor:
PACF = cos (θ2 − β)/ cos (θ2)

When both voltage and current transformers are used, the combined phase angle correction:
PACF = cos (θ2 + β − γ)/ cos (θ2)
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θ2 is the apparent power factor angle of the circuit being measured.

3.26 polarity: The relative instantaneous directions of the currents entering the primary terminals and leaving the
secondary terminals during most of each half cycle.

NOTE  —  Primary and secondary terminals are said to have the same polarity when, at a given instant during most of each half
cycle, current enters the primary terminal and leaves the secondary terminal in the same direction as though there was a
continuous circuit between the two terminals.

3.27 primary winding: The winding intended for connection to the circuit to be measured or controlled.

3.28 rated current: The primary current upon which the performance specifications are based.

3.29 rated secondary current: The rated current divided by the marked ratio.

3.30 rated secondary voltage: The rated voltage divided by the marked ratio.

3.31 rated voltage: The primary voltage upon which the performance specifications of a voltage transformer are
based.

3.32 ratio correction factor (RCF): The ratio of the true ratio to the marked ratio. The primary current or voltage is
equal to the secondary current or voltage multiplied by the marked ratio times the ratio correction factor.

3.33 secondary winding: The winding intended for connection to the measuring, protection, or control devices.

3.34 series-parallel primary current transformer: One that has two insulated primary windings that are intended for
connection in series or parallel to provide different rated currents.

3.35 tapped-secondary current or voltage transformer: One with two ratios obtained by use of a tap on the
secondary winding.

3.36 thermal burden rating of a voltage transformer: The voltampere output that the voltage transformer will
provide continuously at rated secondary voltage without exceeding the specified temperature limits.

3.37 three-wire type current transformer: One that has two insulated primary windings and one secondary winding
and is for use on a three-wire, single-phase service.

NOTE  —  The primary windings and the secondary winding are permanently assembled on the core as an integral structure. The
secondary current is proportional to the phasor sum of the primary currents.

3.38 transformer correction factor (TCF): The ratio of the true watts or watthours to the measured secondary watts
or watthours, divided by the marked ratio.

NOTE  —  The transformer correction factor for a current or voltage transformer is the ratio correction factor multiplied by the
phase angle correction factor for a specified primary circuit power factor.

The true primary watts or watthours are equal to the watts or watthours measured, multiplied by the transformer
correction factor and the marked ratio.

The true primary watts or watthours, when measured using both current and voltage transformers, are equal to the
current transformer ratio correction factor multiplied by the voltage transformer ratio correction factor multiplied by
the marked ratios of the current and voltage transformers multiplied by the observed watts or watthours. It is usually
sufficiently accurate to calculate true watts or watthours as equal to the product of the two transformer correction
factors multiplied by the marked ratios multiplied by the observed watts or watthours.

3.39 true ratio: The ratio of the root-mean-square (rms) primary voltage or current to the rms secondary voltage or
current under specified conditions.

3.40 turns ratio of a current transformer: The ratio of the secondary winding turns to the primary winding turns.

3.41 turns ratio of a voltage transformer: The ratio of the primary winding turns to the secondary winding turns.

3.42 voltage transformer (VT): An instrument transformer intended to have its primary winding connected in shunt
with the voltage to be measured or controlled.
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3.43 window-type current transformer: One that has a secondary winding insulated from and permanently
assembled on the core, but has no primary winding as an integral part of the structure. Primary insulation is provided
in the window, through which one turn of the line conductor can be passed to provide the primary winding.

3.44 wound-type current transformer: One that has a primary winding consisting of one or more turns mechanically
encircling the core or cores. The primary winding(s) and secondary winding(s) are insulated from each other and from
the core(s) and are assembled as an integral structure.

4. General requirements

4.1 Service conditions

4.1.1 Usual temperature and altitude service conditions

Instrument transformers conforming to this standard shall be suitable for operation at their thermal ratings, provided
that the altitude does not exceed 1000 m (3300 ft).

4.1.1.1 30 °°C average ambient temperature

If the transformers are air cooled, the ambient temperature of the cooling air does not exceed 40 °C and the average
ambient temperature of the cooling air for any 24-hour period does not exceed 30 °C.5

4.1.1.2 55 °°C average ambient temperature

Instrument transformers may also be given ratings for operation in 55 °C average ambient temperature, with maximum
ambient air temperature not exceeding 65 °C.

4.1.2 Unusual temperature and altitude service conditions

Instrument transformers may be applied at higher altitudes or higher ambient temperatures than specified in 4.1.1, but
the performance may be affected and special consideration should be given to these application (see 4.4).

4.1.3 Other conditions that may affect design and application

Where unusual conditions other than those discussed in 4.1.1 or 4.1.2 exist, they should be brought to the attention of
those responsible for the design and application of instrument transformers. Examples of these conditions are:

a) Damaging fumes or vapors, excessive or abrasive dust, explosive mixtures of dust or gases, steam, salt spray,
excessive moisture or dripping water, etc.

b) Abnormal vibrations, shocks, or tilting
c) Ambient temperatures above 55 °C or below −30 °C
d) Unusual transportation or storage conditions
e) Unusual space limitations or restricted ventilation
f) Unusual duty, frequency of operation, difficulty of maintenance, poor wave form, unbalanced voltage, special

insulation requirements, etc.
g) Applications in switchgear assemblies including metal enclosed bus
h) Applications with high-voltage power circuit breakers
i) Applications with power transformers
j) Applications with outdoor bushings

5It is recommended that the average temperature of the cooling air be calculated by averaging 24 consecutive hourly readings. When the outdoor air
is the cooling medium, the average of the maximum and minimum daily temperature may be used. The value that is obtained in this manner is
usually higher than the true daily average by not more than 1/2 °C.
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4.2 Effect of air density on flashover voltage

The effect of decreased air density is to decrease the flashover voltage for a given flashover distance. See IEEE Std 4-
1978 , for use of a correction factor with sphere gaps.

The dielectric strength of air decreases as altitude increases. Dielectric strength that depends on air.should be
multiplied by the proper altitude correction factor to obtain the dielectric strength at the required altitude (see table 1).

Table 1— Dielectric strength correction factors for altitudes greater than 1000 m (3300 ft)

4.3 Frequency

Instrument transformers shall be designed and rated for operation at a frequency of 60 Hz.

4.4 Effect of altitude on temperature rise and effect of ambient temperature on permissible 
loading

4.4.1 Loading of current transformers at less than rated current at high altitudes

Current transformers may be operated at altitudes greater than 1000 m without exceeding established temperature
limits provided the current is reduced below rated (or below rated times continuous thermal current rating factor) by
0.3% for each 100 m that the altitude exceeds 1000 m.

4.4.2 Operation of current transformers at other than 30 °°C ambient temperature

Current transformers designed for 55 °C temperature rise above 30 °C average ambient air temperature may be loaded
in accordance with the curves shown in figure 1 for any given average cooling air temperature and continuous thermal
current rating factor. The percent of rated primary current that can be carried continuously without causing established
temperature limits to be exceeded is given by the curves. For example, a transformer with a continuous thermal current

≥≥ 1000 m ≥≥ 3300 ft
Altitude correction
factor for dielectric

strength

1000 3300 1.00

1200 4000 0.98

1500 5000 0.95

1800 6000 0.92

2100 7000 0.89

2400 8000 0.86

2700 9000 0.83

3000 10 000 0.80

3600 12 000 0.75

4200 14 000 0.70

4500 15 000 0.67

NOTE  —  Altitude of 4500 m is considered a maximum for instrument 
transformers conforming to this standard.
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rating factor (RF) of 2.0 at 30 °C ambient temperature can be used at approximately 150% of rated current at an
ambient temperature of 55 °C.

Figure 1— 55 °°C rise current transformer basic loading characteristics (In air)

NOTE  —  These curves are based on the assumption that average winding temperature rise is proportional to current squared.
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4.4.3 Loading of voltage transformers at higher altitudes or higher ambient temperatures

Voltage transformers can be safely operated at higher altitudes or higher ambient temperatures only after consultation
with the manufacturer, because a large percentage of the temperature rise may be due to iron loss, which varies widely
with design.

4.5 Basic impulse insulation levels, dielectric tests, and outdoor instrument transformer 
creepage distance and wet tests

An instrument transformer shall be assigned a basic impulse insulation level (BIL) to indicate the factory dielectric
tests that the transformer is capable of withstanding.

With the following exceptions, basic impulse insulation voltages, applied voltage test voltages for primary winding
insulation, and creepage distances and wet tests for outdoor instrument transformers are listed in table 2 and table 3:

a) Applied voltage tests for primary winding insulation are not required on grounded-neutral terminal type
voltage transformers.

b) For insulated-neutral terminal type voltage transformers, the applied voltage test for primary winding
insulation shall be 19 kV on outdoor types with BILs greater than 110 kV. On indoor types, and on outdoor
types with BILs of 110 kV or less, the test shall be 10 kV.

c) There is no BIL requirement on the neutral terminal of grounded-neutral or insulated-neutral terminal type
voltage transformers.

d) The applied voltage test for secondary winding insulation and between multiple secondary windings shall be
2.5 kV.

e) The applied voltage test for autotransformers for use in the secondary circuits of instrument transformers
shall be 2.5 kV.

f) The applied voltage test for the primary insulation of auxiliary instrument transformers (for use in the
secondary circuits of instrument transformers) shall be 2.5 kV.

g) The applied voltage test between primary windings of three-wire type current transformers with l0 kV BIL
shall be 4 kV.

4.6 Temperature rise

The limits of observable temperature rise in instrument transformers when tested in accordance with their ratings shall
be as given in table 4, and the transformers shall be designed so that the hottest-spot winding temperature rise above
ambient will not exceed the values given in table 4.

4.7 Tests

4.7.1 Instrument transformer tests

These are the routine, type, and other tests that are necessary to assure that the design and construction of the
transformer are adequate to meet the specified requirements. The method of making tests shall be as described in
clause 8., except as otherwise required in table 3, or by equivalent alternate methods.

4.7.2 Routine tests

Each instrument transformer shall receive the following routine tests at the factory. These tests shall be made on the
instrument transformer after complete assembly, where feasible.
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a) Applied voltage dielectric tests between windings and between windings and ground (with the exception
there is no primary insulation test for bushing type, split-core, or any current transformer designed with
incomplete insulation for the primary conductor)

b) Induced voltage tests
c) Accuracy tests
d) Polarity test

4.7.3 Type tests (design tests)

Type tests shall be performed on at least one transformer of each design group that may have a different characteristic
in the specific test. Transformers subjected to type tests shall withstand the applicable routine tests before and after the
type tests. It is not necessary to conduct more than one type test on the same unit.

Type tests for voltage transformers shall include:

a) Impulse (BIL) test
b) Wet 60 Hz 10 s withstand test
c) Short-time mechanical withstand test
d) Temperature rise test to verify the rating factor
e) Accuracy test to verify quoted accuracy ratings

Type tests for current transformers shall include:

a) Impulse (BIL) test
b) Wet 60 Hz 10 s withstand test
c) Short-time mechanical current rating test
d) Temperature rise test to verify the thermal burden rating
e) Accuracy test to verify quoted accuracy ratings
f) Switching impulse test, if applicable (see table 3)

4.7.4 Other tests

Other tests are additional tests made for application information, for provision of specific data requested by users, for
verification of type capability, etc. Examples of other tests are:

a) Special accuracy tests
b) Open-circuit secondary voltage magnitude or withstand capability on current transformers
c) Voltage transformer capabilities in respect to 125%, 140%, and 173% overvoltage characteristics required
d) Radio influence voltage test (RIV)
e) Partial discharge test
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Table 2— Basic impulse insulation levels and dielectric tests

See table 3 for current transformers with the same dielectric test requirements as power circuit breakers. See clause 8.
for test methods.

Maximum
system
voltage 

(kV)

Nominal
system
voltage 

(kV)

BIL and 
full-

wave crest
(kV)*

*The selection of the lower BIL for a given nominal system voltage, or for a marked ratio in tables 10–14, also reduces other requirements
as tabulated above. The acceptability of these reduced requirements should be evaluated for the specific instrument transformer design and
application.

Chopped
wave

minimum
time to crest

flashover
(kV) & (us)

Power
frequency

applied
voltage test
(kV rms)

Wet 60 Hz
10 s

withstand
(kV rms)†

†For test procedures, see IEEE Std 21-1976. 

Minimum
creepage
distance

(mm) & (in)

0.66 0.60 10 12 — 4 — — —

1.20 1.20 30 36 1.50 10 6‡

‡These values are requirements for distribution transformer bushings that are in IEEE Std C57.12.00-1993. 

— —

2.75 2.40 45 54 1.50 15 13§ — —

5.60 5.00 60 69 1.50 19 20§ — —

9.52 8.70 75 88 1.60 26 24§ — —

15.50 15.00 95 110 1.80 34 30§ — —

15.50 15.00 110 130 2.00 34 34 279 11

25.50 25.00 125 145 2.25 40 36§ 381 15

25.50 25.00 150 175 3.00 50 50 432 17

36.50 34.50 200 230 3.00 70 70 660 26

48.30 46.00 250 290 3.00 95 95 890 35

72.50 69.00 350 400 3.00 140 140 1220 48

121.00 115.00 450 520 3.00 185 185 1680 66

121.00 115.00 550 630 3.00 230 230 2010 79

145.00 138.00 650 750 3.00 275 275 2340 92

169.00 161.00 750 865 3.00 325 315 2900 114

242.00 230.00 900 1035 3.00 395 350 3560 140

242.00 230.00 1050 1210 3.00 460 445 4320 170

362.00 345.00 1300 1500 3.00 575 5210 205

550.00 500.00 1675 1925 3.00 750 8080 318

550.00 500.00 1800 2070 3.00 800 8080 318

800.00 765.00 2050 2360 3.00 920 11 200 442
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Table 3— 

Table 4— 

Basic impulse insulation levels and dielectric tests for current transformers with the same dielectric 
test requirements as outdoor power circuit breakers*

*See IEEE Std C37.09-1979  for impulse and applied potential test procedures.

Low frequency (kV, rms) Impulse test 1.2 ×× 50 µµs wave (kV, crest)†

†No flashovers are permitted on current transformers.

Minimum
creep

distance

Rated
max

1 min
dry

10 s 
wet

Full wave
withstand

Interrupter
full wave

2 µµs
withstand

3 µµs
withstand

Switching
impulse

insulation
level

(mm) & (in)

121 260 230 550B‡

‡The letter “B” values are established by ANSI C37.06-1987  for current transformers that have the same requirements as power circuit breakers.

412 710 632 Not req'd 1780 70

145 310 275 650B 488 838 748 Not req'd 2130 84

169 365 315 750B 552 968 862 Not req'd 2490 93

242 425 350 900B 675 1160 1040 Not req'd 3560 140

362 555 Not 
req'd

1300B 975 1680 1500 825 5310 209

550 860 Not 
req'd

1800B 1350 2320 2070 1175 8080 318

800 960 Not 
req'd

2050B 1540 2640 2360 1425 11 200 442

Limits of temperature rise*

*Temperature rise of current transformers that are a part of high-voltage power circuit breakers or power transformers shall
be in accord with IEEE Std C37.04-1979  or IEEE Std C57.12.00-1993,  respectively.

30 °°C ambient 55 °°C ambient

Type of instrument
transformer

Avg. winding 
temp.

rise determined 
by

resistance 
method

(°°C)

Hottest-spot
winding temp. 

rise
(°°C)†

†Temperature rise of other metallic parts shall not exceed these values.

Avg. winding temp.
rise determined by

resistance 
method(°°C)

Hottest-spot
winding temp. 

rise
(°°C)

55 °C rise 55‡

‡Temperature rise at the top of the oil in sealed transformers shall not exceed these values.

65 30 40

65 °C rise 65‡ 80 40 55

80 °C rise dry-type 80 110 55 85
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4.8 Construction

4.8.1 Polarity and terminal marking

The relative instantaneous polarity of terminals or leads shall be clearly indicated by permanent markings that cannot
easily be obliterated.

When the polarity is indicated by letters, the letter H shall be used to distinguish the leads or terminals connected to the
primary winding and the letter X (also Y and Z, etc., if multiple secondary windings are provided) shall be used to
distinguish the leads or terminals connected to the secondary winding. In addition, each lead shall be numbered, for
example, H1, H2, X1, X2. If more than three secondary windings are provided they shall be identified as X, Y, Z, and
W for four secondary windings; X, Y, Z, W, and V for five secondary windings; X, Y, Z, U, W, and V for six secondary
windings, etc. H1 and X1 (also Y1 and Z1, etc., if provided) shall be of the same polarity.

When multiple primary windings are provided, the leads or terminals shall be designated by the letter H together with
consecutive pairs of numbers (H1, H2, H3, H4, etc.). The odd-numbered leads or terminals shall be of the same polarity.

When taps or leads are provided on the secondary winding(s), the leads or terminals shall be lettered as required above
and numbered X1, X2, X3, etc., or Y1, Y2, Y3, etc., with the lowest and highest numbers indicating the full winding and
the intermediate numbers indicating the taps in their relative order. When X1 is not in use, the lower number of the two
leads in use all be the polarity lead.

4.8.2 Symbols

Instrument transformer symbols are given in table 5.

Table 5— Instrument transformer symbols

Symbol Voltage transformers Current transformers

:
(colon)

Ratio expression, only to show ratio between 
primary and secondary amperes voltages or 
between primary and tertiary voltages
Example: Voltage transformers with one primary 
winding and one secondary winding

14 400:120 V
Ratio 120:1

Ratio between primary and secondary amperes
Example: Current transformer with one 
primary winding and one secondary winding

Current ratio
100:5A

×
(multiplication 
sign)

Voltage ratings or ratios of transformer with a 
primary or secondary winding having two or more 
coils for series or parallel connection
Example: Voltage transformer with primary 
winding in two coils for series or parallel 
connection for two ratings

2400 × 4800 V
Ratio 20 × 40:1

Current ratings of transformer with a primary 
or secondary winding having two or more coils 
for series or parallel connection
Example: Current transformer with two 
primary windings in two coils for series 
orparallel connection for two ratios

Current ratio
100 × 200:5A

//
(double slant 
line)

(Not used) Ampere rating of separate secondary windings 
each having an independent core
Example: Current transformer with two 
separate secondary windings and two cores

Current ratio
100:5//5A
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&
(ampersand)

Voltage ratings or ratios of separate secondary 
windings on one core
Example: Voltage transformer for connection line-
to-ground, with one primary winding and two 
secondary windings

14 400:120 & 72 V
Ratio 120 & 200:1

Ampere ratings of separate primary windings 
on one core (When all primary current ratings 
are the same, the transformer shall produce 
rated secondary current when each primary 
winding carries rated current and the primary 
currents are in phase.When all primary 
currents are not the same, the transformer shall 
produce rated secondary current when the only 
primary current is rated current in only one 
primary winding.)
a) Transformer with two or more primary 
windings designed to be used individually 
Example: Current transformer with two 
primary windings

Current ratio
100 & 600:5 A

b) Totalizing transformer with two or more 
primary windings that can be used 
simultaneously and connected in different 
circuits Example: Totalizing current 
transformer with three primary windings

Current ratio
5 & 5 & 5:5 A

c) Transformer for three-wire single-phase 
circuit with two separate primary windings 
Example: Current transformer for three-wire 
single-phase circuit

Current ratio
100 & 100:5 A

/
(single slant 
line)

Two or more primary or secondary voltage ratings 
obtained by taps in the secondary winding.
Example: Voltage transformer with taps in the 
secondary winding for additional primary voltage 
ratings

8400/12 000/14 400 V
Ratio 70/100/120:1

Example: Voltage transformer with a tap in the 
secondary winding for additional secondary 
voltage ratings

14 000 V
Ratio 120/200:1

Different primary current ratings obtained by 
taps in the secondary taps in the secondary 
winding.
Example: Current transformer with taps in the 
secondary winding for additional ratios

Current ratio
300/400/600:5A

E

(E/E1 Y)

(E1GrdY/E)

Designation of primary voltage ratings
Example: Voltage transformer with E-rated 
voltage for connection on an E voltage system

14 000
(E)

Example: Voltage transformer with E-rated 
voltage that is suitable for connection on an E 
voltage system or for Y connection on an E1 
voltage system

2400/4160Y
(E/E1Y)

Example: Voltage transformer with E-rated 
voltage with reduced insulation at neutral end, for 
line-to-ground connection on an E1 voltage system

12 470GrdY/7200
(E1GrdY/E)

(Not used directly)

Table 5— Instrument transformer symbols (Continued)

Symbol Voltage transformers Current transformers
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5. Accuracy classes for metering

5.1 Basis for accuracy classes

Accuracy classes for revenue metering are based on the requirement that the transformer correction factor (TCF) of the
voltage transformer or of the current transformer shall be within specified limits when the power factor (lagging), of
the metered load has any value from 0.6 to 1.0, under specified conditions as follows:

a) For current transformers, at the specified standard burden (see 6.2 for standard burdens) at 10% and at 100%
of rated primary current (also at the current corresponding to the rating factor (RF) if it is greater than 1.0).
The accuracy class at a lower standard burden is not necessarily the same as at the specified standard burden.

b) For voltage transformers, for any burden in voltamperes from zero to the specified standard burden, at the
specified standard burden power factor (see 7.2 for standard burdens) and at any voltage from 90% to 110%
of the rated voltage. The accuracy class at a lower standard burden of different power factor is not necessarily
the same as at the specified standard burden.

5.2 Expression of TCF at 0.6 power factor (lagging) of metered load

It can be shown6 that a TCF at 0.6 power factor (lagging) of the metered load is:

a) For voltage transformers TCF = RCF + γ/2600
b) For current transformers, TCF = RCF − β/2600

where

RCF = ratio correction factor
γ, β = phase angle in minutes, for voltage transformers and current transformers respectively

5.3 Standard accuracy classes

The limits of transformer correction factor in standard accuracy classes shall be as shown in table 6.

Table 6— Standard accuracy class for metering service and corresponding limits of transformer 
correction factor [0.6 to 1.0 power factor (lagging) of metered load]

6This is true for errors within the range of the standard metering accuracy classes.

Metering
accuracy

class

Voltage transformers (at
90% to 100% rated 

voltage) Current transformers

Minimum Maximum At 100% rated current*

*For current transformers the 100% rated current limit also applies to the current corresponding to the continuous thermal current rating
factor.

At 10% rate current

Minimum Maximum Minimum Maximum

0.3 0.997 1.003 0.997 1.003 0.994 1.006

0.6 0.994 1.006 0.994 1.006 0.988 1.012

1.2 0.988 1.012 0.988 1.012 0.976 1.024
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5.4 Limiting values of RCF and phase angle for standard accuracy classes

The limiting values of RCF are the same as those for TCF (see 5.2). For any known value of RCF for a given
transformer the limiting values7 of the angles derived from the expression in 5.2 are given by:

a) For voltage transformers, γ = 2600 (TCF - RCF)
b) For current transformers, β = 2600 (RCF - TCF)

in which TCF is taken as the maximum and minimum values, given in table 6, for the specified accuracy class.

These relations are shown graphically in figure 2 for current and in figure 3 for voltage transformers.

Figure 2— Limits of accuracy classes for current transformers for metering

NOTE  —  The accuracy requirements for 100% rated current also apply at the continuous thermal current rating of the transformer.

7This is true of errors within the range of the standard metering accuracy classes.
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Figure 3— Limits of accuracy classes for voltage transformers for metering

NOTE  —  The transformer characteristics shall lie within the limits of the parallelogram for all voltages between 90% to 110% of
rated voltage.

6. Current transformers

6.1 Terms in which ratings shall be expressed

The ratings of a current transformer shall include:

a) Basic impulse insulation level in terms of full-wave test voltage (see tables 2 and 3)
b) Nominal system voltage, or maximum system voltage (see tables 2 and 3)
c) Frequency (in Hertz)
d) Rated primary and secondary currents (see tables 7 and 8)
e) Accuracy classes at standard burdens (see 6.3, 6.4, and tables 6 and 9)
f) Continuous thermal current rating factor based on 30 °C average ambient air temperature (see 6.5)
g) Short-time mechanical current rating and short-time thermal current rating (see 6.6)

6.2 Standard burdens

Standard burdens for current transformers with 5 A rated secondary current shall have resistance and inductance
according to table 9.
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6.3 Accuracy ratings for metering

A current transformer for metering shall be given an accuracy rating for each standard burden for which it is rated. For
example, the accuracy ratings assigned to a current transformer might be 0.3 B-0.1 and B-0.2, 0.6 B-0.5.

Table 7— Ratings for the current transformers with one or two ratios
Current ratings (A)

Single ratio Double ratio with series-
parallel primary windings

Double ratio with taps in
secondary winding

10:5 800:5 25 × 50:5 25/50:5

15:5 1200:5 50 × 100:5 50/100:5

25:5 1500:5 100 × 200:5 100/200:5

40:5 2000:5 200 × 400:5 200/400:5

50:5 3000:5 400 × 800:5 300/600:5

75:5 4000:5 600 × 1200:5 400/800:5

100:5 5000:5 1000 × 2000:5 600/1200:5

200:5 6000:5 2000 × 4000:5 1000/2000:5

200:5 8000:5 1500/3000:5

400:5 12 000:5 2000/4000:5

600:5

Table 8— Current transformer ratings, multi-ratio type

Current
ratings (A)

Secondary
taps

Current
ratings (A)

Secondary
taps

600:5 3000:5

50:5 X2 − X3 300:5 X3 − X4

100:5 X1 − X2 500:5 X4 − X5

150:5 X1 − X3 800:5 X3 − X5

200:5 X4 − X5 1000:5 X1 − X2

250:5 X3 − X4 1200:5 X2 − X3

300:5 X2 − X4 1500:5 X2 − X4

400:5 X1 − X4 2000:5 X2 − X5

450:5 X3 − X5 2200:5 X1 − X3

500:5 X2 − X5 2500:5 X1 − X4

600:5 X1 − X5 3000:5 X1 − X5

1200:5 4000:5

100:5 X2 − X3 500:5 X1 − X2

200:5 X1 − X2 1000:5 X3 − X4

300:5 X1 − X3 1500:5 X2 − X3

400:5 X4 − X5 2000:5 X1 − X3



18 Copyright © 1994 IEEE All Rights Reserved

IEEE Std C57.13-1993 IEEE STANDARD REQUIREMENTS

Table 9— 

500:5 X3 − X4 2500:5 X2 − X4

600:5 X2 − X4 3000:5 X1 − X4

800:5 X1 − X4 3500:5 X2 − X5

900:5 X3 − X5 4000:5 X1 − X5

1000:5 X2 − X5

1200:5 X1 − X5

2000:5 5000:5

300:5 X3 − X4 500:5 X2 − X3

400:5 X1 − X2 1000:5 X4 − X5

500:5 X4 − X5 1500:5 X1 − X2

800:5 X2 − X3 2000:5 X3 − X4

1100:5 X2 − X4 2500:5 X2 − X4

1200:5 X1 − X3 3000:5 X3 − X5

1500:5 X1 − X4 3500:5 X2 − X5

1600:5 X2 − X5 4000:5 X1 − X4

2000:5 X1 − X5 5000:5 X1 − X5

Standard burdens for current transformers with 5 A secondary windings*

*If a current transformer secondary winding is rated at other than 5 A, ohmic burdens for specification and rating shall be derived
by multiplying the resistance and inductance of the table [5/(ampere rating)]2, the VA at rated current, the power factor, and the
burden designation remaining the same.

Burdens
Burden

designation†

†These standard burden designations have no significance at frequencies other than 60 Hz.

Resistance
(ΩΩ)

Inductance
(mH)

Impedance
(ΩΩ)

Voltamperes
(at 5 A)

Power
factor

Metering 
burdens

B-0.1 0.09 0.116 0.1 2.5 0.9

B-0.2 0.18 0.232 0.2 5.0 0.9

B-0.5 0.45 0.580 0.5 12.5 0.9

B-0.9 0.81 1.040 0.9 22.5 0.9

B-1.8 1.62 2.080 1.8 45.0 0.9

Relaying 
burdens

B-1 0.50 2.300 1.0 25.0 0.5

B-2 1.00 4.600 2.0 50.0 0.5

B-4 2.00 9.200 4.0 100.0 0.5

B-8 4.00 18.400 8.0 200.0 0.5

Table 8— Current transformer ratings, multi-ratio type (Continued)

Current
ratings (A)

Secondary
taps

Current
ratings (A)

Secondary
taps
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6.3.1 Tapped-secondary or multiple-ratio current transformer accuracy rating

The metering accuracy rating applies to the full secondary winding, unless otherwise specified.

6.4 Accuracy ratings for relaying

A current transformer for relaying shall be given an accuracy rating according to 6.4.1.

6.4.1 Basis for relaying accuracy ratings

For relaying accuracy ratings, the ratio correction shall not exceed 10%. Relaying accuracy ratings shall be designated
by a classification and a secondary terminal voltage rating as follows:

a) C, K, or T, classification. C or K classification covers current transformers in which the leakage flux in the
core of the transformer does not have an appreciable effect on the ratio or ratios within the limits of current
and burden outlined in this subclause, so that the ratio can be calculated in accordance with 8.1.10. Current
transformers with K classification shall have a knee-point voltage (see 6.10.2) at least 70% of the secondary
terminal voltage rating.
T classification covers current transformers in which the leakage flux in the core of the transformer has an
appreciable effect on the ratio within the limits specified in item b.
An appreciable effect is defined as a 1% difference between the values of actual ratio correction and the ratio
correction calculated in accordance with 8.1.10.

b) Secondary terminal voltage rating. This is the voltage the transformer will deliver to a standard burden at 20
times rated secondary current without exceeding 10% ratio correction. Furthermore, the ratio correction shall
be limited to 10% at any current from 1 to 20 times rated secondary current at the standard burden or any
lower standard burden used for secondary terminal voltage ratings. For example, on a current transformer
with 5 A rated secondary current, relay accuracy rating C100 means that the ratio can be calculated and that
the ratio correction will not exceed 10% at any current from 1 to 20 times rated secondary current with a
standard 1.0 ohm burden (1.0 Ω × 5 A × 20 × rated secondary current = 100 V).

Secondary terminal voltage ratings are based on a rated secondary current of 5 A (100 A at 20 times rated) and
standard burdens. The voltage ratings and their associated burdens are as follows:

If a current transformer secondary winding is rated at other than 5 A, appropriate voltage rating values shall be derived
by multiplying the standard voltage rating values by 5/(amperes rating). For such transformers, the burden will be
derived as in table 11 and the secondary terminal voltage rating will be the resulting value at 20 times rated secondary

Secondary terminal
voltage

Standard burden
(see table 9)

10 B-0.1

20 B-0.2

50 B-0.5

100 B-1

200 B-2

400 B-4

800 B-8
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current. For example, if the rated secondary current is 1 A, the burden corresponding to B-2.0 will be 2.0 × 25, or 50 Ω
(at 0.5 power factor); and the corresponding secondary terminal voltage rating will be 50 × 20 × 1 = 1000 V. In this
example, the relay accuracy rating would be C1000, K1000, or T1000 as applicable.

6.4.2 Tapped-secondary or multi-ratio current transformer

The relay accuracy class applies only to the full winding, unless otherwise specified. If transformers have C or K
classification on the full winding, all tapped sections shall be arranged so that the ratio can be calculated in accordance
with 8.1.10 [see 6.4.1 item a)].

6.5 Continuous thermal current rating factors based on 30 °°C average ambient air 
temperature

The thermal current rating factors shall be 1.0, 1.33, 1.5, 2.0, 3.0, or 4.0.

6.6 Short-time current ratings

The short-time thermal current and short-time mechanical capabilities are not independent.

6.6.1 Short-time mechanical current rating

The short-time mechanical current rating shall be the rms value of the ac component of a displaced (asymmetrical)
primary current wave that the transformer is capable of withstanding with the secondary winding short-circuited.
“Capable of withstanding” shall be interpreted to mean that if subjected to this duty, the current transformer shall show
no damage and shall be capable of meeting the other applicable requirements of this standard.

6.6.2 Short-time thermal current rating

The 1 s thermal current rating of a current transformer is the rms symmetrical primary current that can be carried for
1 s with the secondary winding short-circuited without exceeding in any winding the limiting temperature. The
temperature of a conductor in the windings of a current transformer shall be determined from calculation using
methods specified in 8.6.2.

The limiting temperature shall be 250 °C for copper conductor, or 200 °C for EC aluminum conductor. A maximum
temperature of 250 °C shall be allowed for aluminum alloys that have resistance to annealing properties at 250 °C
equivalent to EC aluminum at 200 °C, or for applications of EC aluminum where the characteristics of the fully
annealed material satisfy the mechanical requirements.

If the 1 s rating is not dependent on core saturation (see 8.6.3), the short-time thermal current rating for any time up to
5 s may be determined from the 1 s rating by dividing the current for I s by the square root of the specified number of
seconds. For example, the 3 s thermal current rating is equal to the I s current rating divided by the square root of 3, or
58% of the one second rating. This calculation includes the assumption that the primary current is symmetrical during
the time interval.

6.6.3 Short-time and continuous current ratings of window-type or bushing-type current 
transformers

Such current transformers, in which the primary conductor is not an integral part of the current transformers, shall be
rated in terms of primary current, even though the short-time mechanical and thermal limitations and the continuous
thermal limitations arc those of the secondary winding only. Such ratings specified for current transformers of this
construction should not be considered to be applicable to the conductor used for the primary winding of these
transformers, as such conductor may be a component of other apparatus or bus work having different limitations.
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6.7 Secondary winding induced voltages

6.7.1 Operation with secondary circuit open

Current transformers should never be operated with the secondary circuit open because hazardous crest voltages may
result. Transformers conforming to this standard shall be capable of operating under emergency conditions for 1
minute with rated primary current times the rating factor with the secondary circuit open if the open-circuit voltage
does not exceed 3500 V crest.

6.7.2 Induced voltage test

(Not required for window-type or bar-type 10 kV BIL current transformers rated 600 A and below and having no relay
accuracy rating.)

The one minute test voltage applied to the secondary terminals with the primary winding open shall be twice the relay
rated voltage given in 6.4.1, item b), but not under 200 V.

Transformers with no relay voltage classification shall be tested at 200 V. If a frequency higher than 60 Hz is necessary
to avoid excessive exciting current, see 8.8.4 for reduced time of application. If the voltage cannot be induced
sinusoidally even at 400 Hz without core saturation, no test is required.

6.8 Nameplates

Nameplates shall include, as a minimum, the following:

a) Manufacturer's name or trademark
b) Manufacturer's type
c) Manufacturer's serial number (SER)
d) Rated primary and secondary current
e) Nominal system voltage (NSV) or maximum system voltage (MSV) (None for bushing CTs)
f) Basic impulse insulation level (BIL kV) (None for bushing CTs)
g) Rated frequency (Hz)
h) Continuous thermal current rating factor (RF)
i) Accuracy rating

1) Metering accuracy class at a specified standard burdens: as a minimum, the burdens at which the
transformer is rated 0.3 accuracy class

2) Relaying accuracy rating on transformers intended primarily for relaying applications

NOTE  —  See IEEE Std C37.04-1979  and NEMA SG 4.1975 for nameplate requirements in high-voltage circuit breakers.

6.9 Terminals

Primary terminals of wound-type and bar-type current transformers shall be suitable for use with either aluminum or
copper conductors. Secondary terminals and voltage terminals, where provided, shall be suitable for use with copper
conductors.

6.10 Application data

The following characteristic data suitable for portraying or calculating performance shall be made available.



22 Copyright © 1994 IEEE All Rights Reserved

IEEE Std C57.13-1993 IEEE STANDARD REQUIREMENTS

6.10.1 Data for metering applications

These data shall consist of the following:

a) Typical ratio correction factor and phase angle curves, for the standard burdens for which metering accuracy
ratings are assigned, plotted over the range of current from 0.1 times rated current to the maximum
continuous thermal current rating. These curves shall be plotted on rectangular coordinate paper and need not
be drawn where the errors exceed the limits of the 1.2 accuracy class.

b) Short-time mechanical and short-time thermal current ratings, as defined in 6.6.1 and 6.6.2 respectively.

6.10.2 Data for relaying applications

These data shall consist of the following:

a) Relaying accuracy rating, as defined in 6.4
b) Short-time mechanical and short-time thermal current ratings, as defined in 6.6.1 and 6.6.2, respectively.
c) Resistance of the secondary winding between the secondary terminals at a specified temperature given in

such a way that the value for each published ratio may be determined.
d) For C or K class transformers, typical excitation curves on log-log coordinate paper, with square decades,

plotted between excitation current and induced secondary voltage for each published ratio, extending from
1% of the relay accuracy rating secondary terminal voltage to a voltage that will cause an excitation current
of five times rated secondary current.
Curves shall also show the knee of the curve. For current transformers with nongapped cores, the knee is
defined as the point where the tangent is at 45 degrees to the abscissa. For current transformers with gapped
cores, the knee is defined as the point where the tangent is at 30 degrees to the abscissa. For current
transformers conforming to this standard, it shall be possible to draw the above tangents to the excitation
curves. The maximum tolerance of excitation values above and below the knee shall be as shown (see figure
4), for both gapped and nongapped cores.
NOTE  —  The 45 degree and the 30 degree tangents were established from experience using conventional magnetic

materials. The significance of these tangent points will be dependent on the magnetic material in use.
e) For T class transformers, typical overcurrent ratio curves on rectangular coordinate paper plotted between

primary and secondary current over the range from 1 to 22 times rated primary current for all the standard
burdens8 up to the standard burden which causes a ratio correction of 50% (see figure 5).

8Except B = 0.9 and 1.8
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Figure 4— Typical excitation curves for multi-ratio C or K class current transformers
 with nongapped cores

Figure 5— Typical overcurrent ratio curve
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6.11 Routine accuracy tests

Tests for current transformers with metering accuracy ratings shall be made on each transformer, and shall consist of
measurement of ratio and phase angle at 100% and at 10% of rated current, when energized at rated frequency. The
burden shall be the maximum standard burden for which the transformer is rated at its best accuracy class.

Routine accuracy tests for current transformers with only a relaying accuracy rating shall be made on each transformer
and shall consist of a turns ratio check and a measurement of exciting current at the voltage at which the typical
excitation curve (see figure 4) has a 45 degree tangent (for nongapped cores) or a 30 degree tangent (for gapped cores).
The exciting current shall not exceed 125% of the typical curve value.

7. Voltage transformers

7.1 Terms in which ratings shall be expressed

The ratings of a voltage transformer shall include:

a) Basic impulse insulation level in terms of full-wave test voltage (see tables 10–14 and figures 6a–6h)
b) Rated primary voltage and ratio (see tables 10–14 and figures 6a–6h)
c) Frequency (in Hertz)
d) Accuracy ratings (see 5.3)
e) Thermal burden rating (see 7.4)

NOTE  —  In tables 10 through 13 voltage transformers connected line-to-ground on an ungrounded system cannot be considered
grounding transformers and shall not be operated with the secondary windings in closed delta because excessive currents
may flow in the delta.
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Table 10— 

Figures 6a and 6b —Typical primary connections

Ratings and characteristics of group 1* voltage transformers

*Group 1 voltage transformers are for application with 100% of rated primary voltage across the primary
winding when connected line-to-line or line-to-ground. (For typical connections, see figures 6a and 6b.)
Group 1 voltage transformers shall be capable of operations at 125% of rated voltage on an emergency basis
(this capability does not preclude the possibility of ferroresonance), provided the burden, in voltamperes at
rated voltage, docs not exceed 64% of the thermal burden rating, without exceeding the following average
winding temperatures: 105 °C for 55 °C rise types, 115 °C for 65 °C rise types, and 130 °C for 80 °C rise
types. This will result in reduction of life expectancy.

Rated voltage (V) Marked ratio
Basic impulse insulation level

(kV crest)

120 / 208Y 1:1 10

240 / 416Y 2:1 10

300 / 520Y 2.5:1 10

120 / 208Y 1:1 30

240 / 416Y 2:1 30

300 / 520Y 2.5:1 30

480 / 832Y 4:1 30

600 / 1040Y 5:1 30

2400 / 4160Y 20:1 60

4200 / 7270Y 35:1 75

4800 / 8320Y 40:1 75

7200 / 12 470Y 60:1 110 or 95

8400 for 14 400Y 70:1 110 or 95

12 000 / 20 750Y 100:1 150 or 125

14 400 / 24 940Y 120:1 150 or 125
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Table 11— 

Figures 6c and 6d —Typical primary connections

Ratings and characteristics of group 2* voltage transformers

*Group 2 voltage transformers are primarily for line-to-line services, and may be applied line-to-ground or
line-to-neutral at a winding voltage equal to the primary voltage rating divided by the square root of 3. (For
typical connections see figures 6c and 6d.) Note that the thermal burden capability will be reduced at this
voltage.

Rated voltage (V) Marked ratio
Basic impulse insulation level

(kV crest)

120 1:1 10

240 2:1 10

300 2.5:1 10

480 4:1 10

600 5:1 10

2400 20:1 45

4800 40:1 60

7200 60:1 75

12 000 100:1 110 or 95

14 000 1201 110 or 95

24 000 200:1 150 or 125

34 500 300:1 200 or 150

46 000 400:1 250

69 000 600:1 350
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Table 12— 

Figure 6e —Typical primary connections

Ratings and characteristics of group 3* outdoor voltage transformers

*Group 3 voltage transformers are for line-to-ground connection only and have two secondary windings. They may be insulated-neutral
or grounded,neutral terminal type. Ratings through 161 000 Grd Y/92 000 shall be capable of the square root of 3 times rated voltage
(this capability does not preclude the possibility of ferroresonance) for 1 min without exceeding 175 °C temperature rise for copper
conductor or 125 °C rise for EC aluminum. Ratings 230 000 Grd Y/138 000 and above shall be capable of operation at 140% of rated
voltage with the same limitation of time and temperature. (For typical connections, see figure .) Group 3 transformers shall be capable
of continuous operation at 110% of rated voltages, prodded the burden in voltamperes at this voltage does not exceed the thermal burden
rating.

Rated voltage (V) Marked ratio
Basic impulse insulation level

(kv crest)

24 940 Grd Y/14 400 120/200 & 120/200:1 150 or 125

34 500 Grd Y/20 125 175/300 & 175/300:1 200

46 000 Grd Y/27 600 240/400 & 240/400:1 250

69 000 Grd Y/40 250 350/600 & 350/600:1 350

115 000 Grd Y/69 000 600/1000 & 600/1000:1 550 or 450

138 000 Grd Y/80 500 700/1200 & 700/1200:1 650 or 550

161 000 Grd Y/92 000 800/1400 & 800/1400:1 750 or 650

230 000 Grd Y/138 000 1200/2000 & 1200/2000:1 1050 or 900

345 000 Grd Y/207 000 1800/3000 & 1800/3000:1 1300 or 1175

500 000 Grd Y/287 500 2500/4500 & 2500/4500:1 1800 & 1675

750 000 Grd Y/431 250 3750/6250 & 3750/6250:1 2050

NOTE  —  The double voltage ratio is usually achieved by a tap in the secondary winding. In such cases the 
nonpolarity terminal of the winding shall be the common terminal.
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Table 13— 

Figures 6f and 6g —Typical primary connections

Ratings and characteristics of group 4* indoor voltage transformers

*Group 4 voltage transformers are for line-to-ground connection only. They may be insulated-neutral or grounded-
neutral terminal type. (For typical connections of Group 4A, see figure 6f. For typical connections of Group 4B, see
figure 6g.) Group 4 transformers shall be capable of continuous operation at 110% of rated voltages, provided the
burden in voltamperes at this voltage does not exceed the thermal burden rating. Group 4A voltage transformers shall
be capable of operation at 1257percnt; of rated voltage on an emergency basis (this capability does not preclude the
possibility of ferroresonance), provided the burden, in voltamperes at rated voltage, does not exceed 64% of the
thermal burden rating, without exceeding the following average winding temperatures: 105 °C for 55 °C rise types,
115 °C for 65 °C rise types and 130 °C for 80 °C rise types. (This will result in a reduction of normal life expectancy.)

Group Rated voltage (V) Marked ratio
Basic impulse

insulation level
(kV crest)

Group 4A: For 
operations at 

approximately 100% 
of rated voltage (see 

figure 6b)

4160 Grd Y/2400 20:1 60

7200 Grd Y//4200 35:1 75

8320 Grd Y/4800 40:1 75

12 470 Grd Y/7200 60:1 110 or 95

14 400 Grd Y/8400 70:1 110 or 95

Group 4B: For 
operation at 

approximately 
587percnt; of rated 

voltage (see figure 6d)

4160 Grd Y/2400 35:1 60

4800 Grd Y/4800 40:1 60

7200 Grd Y/7200 60:1 75

12 000 Grd Y/12 000 100:l 110 or 95

14 400 Grd Y/14 400 120:1 1l0 or 95
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Table 14— 

Figure 6h —Typical primary connections

Ratings and characteristics of group 5* indoor voltage transformers

*Group 5 voltage transformers are for line-to-ground connection only, and are for use outdoors on
grounded systems. They may be insulated-neutral or grounded-neutral terminal type. They shall be
capable of operation at 140% of rated voltage for 1 min without exceeding 175 °C temperature rise for
copper conductor or 125 °C rise for EC aluminum conductor. (This will result in a reduction of normal
life expectancy.) Group 5 voltage transformers shall be capable of continuous operation at 110% of
rated voltage, provided the burden, in voltamperes at this voltage, does not exceed the thermal burden
rating. This capability does not preclude the possibility of ferroresonance.

Rated voltage (V) Marked ratio
Basic impulse insulation

level (kV crest)

12 470 Grd Y/7200 60:1 110

14 000 Grd Y/8400 70:1 110

20 780 Grd Y/12 000 100:1 150 or 125

24 940 Grd Y/14 400 120:1 150 or 125

34 500 Grd Y/20 125 175:1 200 or 150
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7.2 Standard burdens

Standard burdens for voltage transformers for rating purposes are shown in table 15.

Table 15— Standard burdens for voltage transformers

7.3 Accuracy ratings

7.3.1 Assignment of accuracy ratings

A voltage transformer shall be assigned an accuracy rating for each of the standard burdens for which it is rated. For
example, an accuracy rating might be 0.3W and X, 0.6Y, 1.2Z.

7.3.2 Accuracy classification for voltage transformers with two secondary windings or tapped-
secondary windings

The burden on any two secondary terminals affects the accuracy on all other terminals. The burden stated in the
accuracy ratings is the total burden on the transformer. The accuracy class shall apply with the burden divided between
the secondary outputs in any manner.

Characteristics on 
standard
burdens*

*These burden designations nave no significance except at 60 Hz.

Characteristics on 120 V 
basis

Characteristics on 69.3 V 
basis

Desig
nation

VA Power
factor

Resist
ance
(Ω)

Inducta
nce

Imped
ance
(Ω)

Resist
ance
(Ω)

Inducta
nce

Imped
ance
(Ω)

W 12.5 0.10 115.2 3.0400 1152 38.4 1.0100 384

X 25.0 0.70 403.2 1.0900 576 134.4 0.3640 192

M 35.0 0.20 82.3 1.0700 411 27.4 0.3560 137

Y 75.0 0.85 163.2 0.2680 192 54.4 0.0894 64

Z 200.0 0.85 61.2 0.1010 72 20.4 0.0335 24

ZZ 400.0 0.85 30.6 0.0503 36 10.2 0.0168 12

NOTE  —  For rated secondary voltages from 108 Vthrough 132 V or from 62.4 V through 
76.2 V, the standard burdens for accuracy tests within ±10% of rated voltage are 
defined by the characteristic burden impedances at 120 V or 69.3 V respectively. 
For other rated secondary voltages, the standard burdens for accuracy tests 
withing ±10% of rated voltage are defined by the characteristic burden 
voltamperes and power factor. The characteristic voltamperes apply at rated 
secondary voltage and appropriate impedances are required. When transformers 
with rated secondary volts from 108 V through 132 V are tested at secondary 
voltages within ±10% of 1/2 times rated voltage, the standard burdens for 
accuracy test are defined by the characteristic burdens impedances at 69.3 V. 
When transformers with other rated secondary volts are to be tested at secondary 
voltages within ±10% of 1/13 times rated voltage, the standard burdens for 
accuracy test are defined by the characteristic burden voltamperes and power 
factor. The characteristic voltamperes apply at 1/13 times rated voltage, for a 
given standard burden, the burden impedances are lower and the changes in 
accuracy resulting from burden current are greater than at rated voltage.
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7.4 Thermal burden ratings

The thermal burden rating of a voltage transformer shall be specified in terms of the maximum burden in voltamperes
that the transformer can carry at rated secondary voltage without exceeding the temperature rise given in table 4.

If no thermal burden in voltamperes rating is given, the thermal burden rating in voltamperes shall be the same as the
maximum standard burden for which an accuracy rating is given.

Each winding, including the primary winding, of a multiple-secondary transformer shall be given a thermal burden
rating. If only one thermal burden rating is specified, it shall be applicable to any distribution of secondary
voltamperes, including the use of taps.

7.5 Nameplates

Voltage transformers shall be provided with nameplates that shall include, as a minimum, the following information
(see table 5):

a) Manufacturer's name or trademark
b) Manufacturer's type
c) Manufacturer's serial number (SER), numerals only
d) Rated voltage (PRI)
e) Ratio or ratios
f) Basic impulse insulation level (BIL kV)
g) Rated frequency (in Hertz)
h) Thermal burden rating or ratings at ambient temperature or temperatures, in voltamperes in degrees Celsius
i) Accuracy rating: maximum standard burden at which the accuracy rating is 0.3 class, as a minimum.

7.6 Terminals

Primary terminals shall be electrically and mechanically suitable for use with either copper or aluminum conductors.
Secondary terminals shall be electrically and mechanically suitable for use with copper conductors.

7.7 Short-circuit capability

Voltage transformers shall be capable of withstanding for 1 s the mechanical and thermal stresses resulting from a
short circuit on the secondary terminals with full voltage maintained on the primary terminals. “Capable of
withstanding” shall be interpreted to mean that, if subjected to this duty, the voltage transformer shall show no damage
and shall be capable of meeting the other applicable requirements of this standard. The temperature of the conductors
in the windings of voltage transformers under short-circuit conditions shall be determined from calculations using the
methods specified in 8.6.4. The limiting temperature shall be 250 °C for copper conductors, or 200 °C for EC
aluminum conductors. A maximum temperature of 250 °C shall be allowed for aluminum alloys that have resistance
to annealing properties at 250 °C equivalent to EC aluminum at 200 °C, or for applications of EC aluminum where the
characteristics of the fully annealed material satisfy the mechanical requirements.

7.8 Application data

Characteristic data shall be made available by the manufacturer as follows:

a) Typical ratio correction factor and phase angle curves for rated primary voltage (and, when specified, for
rated primary voltage divided by the square root of 3), plotted for the standard burdens from 0 VA to the
voltamperes of the burden, and also plotted for unity power factor burden from 0 VA to the voltamperes of the
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largest standard burden plotted. Ratio correction factor and phase angle data for other burdens may be
calculated by methods outlined in clause 8.

b) Accuracy ratings for all standard burdens up to and including the maximum standard burden rating of the
transformer.

7.9 Induced voltage test

The test voltage shall be as follows:

a) For transformers with two fully insulated primary terminals, the test voltage shall be twice the rated voltage
of the windings.

b) For insulated-neutral or grounded-neutral terminal type transformers, the test voltage shall be equal to the
applied voltage test kilovolts specified in table 2 for the BIL. (If the routine factory applied voltage test on
insulated-neutral terminal type transformers is made at the applied voltage test kilovolts specified in table 2
for the BIL, then the induced voltage test shall be at twice the rated voltage

7.10 Routine accuracy tests

These tests shall be made on each transformer and shall consist of ratio and phase angle tests at 100% of rated primary
voltage at rated frequency with zero burden, and with the maximum standard burden for which the transformer is rated
at its best accuracy class.

8. Test code

This clause describes methods for performing tests specified in the other clauses of this standard. The subjects covered
herein are as follows:

a) Ratio and phase angle measurement and calculation
b) Demagnetization
c) Impedance and excitation measurements
d) Polarity
e) Resistance measurements
f) Short-time characteristics
g) Temperature rise tests
h) Dielectric tests
i) Measurement of open-circuit voltage of current transformers

Many references are available as sources for the material in this clause. Those referred to specifically are listed by
number in clause 9. Other references, which may be of general utility to the user of this clause, or of the complete
standard, are also included in clause 9.

CAUTION — Many of the tests called for in this clause involve high voltage. Therefore, they should be performed
only by experienced personnel familiar with any dangers that may exist in the test set-ups and test
procedures. While some dangers are specifically pointed out herein, is impractical to list all necessary
precautions.
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8.1 Ratio and phase angle measurement and calculations

8.1.1 Uncertainty limits

The maximum uncertainties for test and calculation shall be:

a) Revenue metering applications: ±0.1% for ratio and ±0.9 mrad (3min) for phase angle.
b) Other applications: ± 1.2% for ratio and ± 17.5 mrad (1 degree) for phase angle.

In selecting the measurement method to use from those listed in this clause, the maximum uncertainty should be
considered. For example, item b) above includes relaying, load control, and similar applications. For these
applications, acceptable, uncertainty is usually obtainable with nonprecise methods not discussed herein.

8.1.2 General

Instrument transformers considered herein are designed either for metering or for relaying applications. The ratio of a
transformer can be described by the expression

Q1/Q2 = N0(1 + a)e-jb

where Q1 and Q2 are the primary and secondary phasors, respectively, and N0 is their nominal ratio. The quantity a is
the correction to the nominal ratio of the phasors and b is the phase angle (in radians) between phasors (positive when
the secondary phasor leads the primary phasor). The expression in Cartesian form is closely enough,

Q1/Q2 = N0(1 + a − jb)

where (1 + a) is identified as the ratio correction factor (RCF).

If the transformer is to be used for revenue metering, the method of calibration must permit the determination of both
the ratio and phase angle to the uncertainties prescribed in 8.1.1. If the transformer is to be used only for relaying, only
the ratio needs to be determined. This may be achieved either experimentally or by computation.

8.1.3 Special considerations in calibration for metering purposes

The circuit must be arranged to avoid or minimize spurious magnetic coupling and the consequent generation of
unknown electromotive forces. Thus the measuring network should be as far removed as is practical from conductors
carrying large currents, and twisted bifilar or coaxial leads must be used to minimize effects from loops.

Proper location of grounds and the proper use of electrostatic shielding and guarding networks is critical. These
locations are governed by the type of circuit and cannot be uniquely prescribed. The controlling criterion is arranged
so that spurious capacitance current cannot enter or leave the measuring circuit. The arrangement must eliminate these
leakage paths or otherwise control them so that the capacitance effects are negligible or adequately calculable.

The error of an instrument transformer is a function of current (or voltage), burden, and frequency. For the minimum
uncertainty, the calibration must be made under the conditions the transformer will encounter in service. This
requirement is appreciably more stringent for current transformers (CTs) than for voltage transformers (VTs), since
the excitation of the CT core varies over wide limits. The voltage normally applied to the VT is nearly constant so that
its excitation varies over a limited range. Also, the error of a voltage transformer at a given voltage can be computed
for any burden at any power factor if the errors are known for zero burden and for another burden at known power
factor.

The effect of waveform on the ratio and phase angle of instrument transformers has received little experimental
attention. It is probable that uncertainties from waveform distortion are negligible under most test conditions.
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The errors of a current transformer may be influenced by its location and orientation relative to nearby high-current
conductors. To achieve reproducible results, such conductors should be arranged to minimize current transformer
errors.

To further ensure meaningful results, the current transformer must be demagnetized prior to calibration. Even after
demagnetization, stray direct currents present in the test circuit, e.g., from rectifying action of oxidized contacts, may
remagnetize the transformer and introduce errors that will not permit reproducible results. Therefore, all contacts must
be clean and tight.

The errors of a voltage transformer that is not completely enclosed within a shielded structure, such as a metal tank,
can be influenced by the proximity of nearby objects. However, except for high-precision laboratory measurements,
this effect is usually negligible.

Heating effects are also of particular importance in accuracy testing of current transformers. Where relatively high
magnitudes of primary or secondary current, or both, are involved, the test equipment should have sufficient thermal
capacity to permit making the necessary measurements without significant heating. In making overcurrent accuracy
tests, such as for relaying application, care should be exercised to insure that a) the short-time thermal current rating
of the transformer under test is not exceeded, and b) self-heating during the measurements does not materially alter the
characteristics being measured.

8.1.4 Classification and recommended use of calibration methods

Instrument transformer calibration methods may be divided into two general groups—null and deflection.

Null methods make use of networks in which appropriate phasor quantities are balanced against each other or in which
their small differences are cancelled by the injection of an appropriate voltage or current. The phasor quantities may be
either the currents (or voltages) of the transformer (or transformers) involved, or parameters that are known functions
of these. The condition of balance or compensation is indicated by a null detector. Null methods are capable of very
high precision and low uncertainty and are recommended for use in revenue metering application calibrations.

Deflection methods make use of the deflections of suitable instruments to measure quantities related to the phasors
under consideration or to their difference. Most deflection methods are quite simple and straightforward but have
higher uncertainty than the null methods and often impose serious restrictions on the test conditions. For these reasons
deflection methods are not recommended and will not be discussed here.

Null methods may be further divided into direct-null and comparative-null classifications, either of which may be used
in metering applications. Numerous calibration circuits are available for each classification and a partial list is given in
the references. Several methods, arranged essentially in the order of minimum uncertainty, are set forth in 8.1.5 for
current transformers and in 8.1.6 for voltage transformers. Although the choice of method depends primarily on the
measurement uncertainty required, it is recommended that a laboratory select a method that will lead to an
improvement in its measurement capability.

In the direct-null method the ratio and phase relation of the primary and secondary phasors (current or voltage) are
determined primarily from the impedances of the measuring network, whose associated voltages (or currents) are
precise functions of the primary and secondary quantities being considered.

In the comparative-null method, the transformer under test is compared with a ratio standard through an impedance
network. A reference transformer serves as the ratio standard in the test of a voltage transformer while either a current
transformer or current comparator may play a comparable role in the test of a current transformer. In any case, the ratio
and phase angle of the reference standard must be known, in addition to the values of the critical impedance
parameters.
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8.1.5 Methods for current transformers

Comparative-null methods that measure, either directly or indirectly through magnetic effects, the small difference
current between the output of a ratio standard and that of a test transformer offer the minimum uncertainty in the
measurement of ratio and phase angle. This must be qualified, however, if the ratio standard lacks sufficient stability
or has had its parameters measured by a method of higher uncertainty. A current comparator (ampere-turn balance),
when properly designed, is the most stable and accurately known ratio standard, with errors reducible to less than one
part per million (1 ppm)9 (see [B10] , [B12] , [B13] , [B15] , and [B19] ).10 Hence, the difference method (see 8.1.5.1)
with a current comparator as the standard provides the lowest uncertainty. If current transformers of comparable
stability and accuracy were available, they would serve equally well and the same method would yield comparably low
uncertainty.

The initial design of a current comparator measuring system is generally in the province of the national laboratory, but
this does not preclude its duplication in other laboratories if maximum advantage of the method is desired. However,
current comparator-based test sets with only slightly greater uncertainty are commercially available. These are
recommended on the basis of flexibility and ease of operation.

Direct-null methods, wherein the ratio and phase angle are determined from impedances, are limited to a minimum
uncertainty of 100 ppm under the most favorable conditions, and 200 ppm under ordinary conditions. A comparable
limitation exists in a comparative-null method where the outputs of the ratio standard and test transformer are
compared through impedances inserted in their respective secondary circuits. These methods and those of commercial
test sets of comparable or lesser capability are useful when the measurement need justifies a higher uncertainty.

The methods discussed below are presented approximately in order of increasing uncertainty.

8.1.5.1 Current comparator method (difference network)

This method, or its equivalent, can yield a minimum measurement uncertainty of 1 ppm to 20 ppm in ratio and phase
angle, depending on the magnitude of the differences being measured. The current comparator serves as the standard
whose output looks into that of the transformer under test while a parallel branch carries the “difference” current
between the two outputs.

The current comparator, unlike the current transformer, operates under the condition of ampere-turn balance, hence
with zero average flux in its magnetic core. Therefore, the principal source of error inherent in the current transformer
is essentially eliminated in the current comparator.

The comparator in figure 7, embodying a simple measuring network, is commonly referred to as a compensated
current comparator. A toroidal core of high permeability carries a uniformly distributed detection winding (point d in
figure 7) that adequately samples the flux in the core and indicates its zero state through a detector connected across
the winding terminals. Following an electrostatic shield (not shown) is compensation winding (point c in figure 7)
uniformly distributed on the core; and the composite array is nested within a magnetic shield of suitable dimensions.
Secondary and primary windings are placed over the shield, thereby enclosing both core and shield.

The shield functions as a second magnetic core. This core, with the primary and secondary windings, forms a current
transformer that in turn becomes the first stage of a two-stage electromagnetic network with power transfer capability.
The compensation winding, located inside the shield, has the same number of turns as the secondary winding and,
when connected across the secondary branch (with its burden), provides a path for the error current of the first stage.
Thus, when the comparator is properly designed, the summation of ampere turns applied to the core is zero and the
detector indicates null. In addition, the two-stage combination appears essentially as a short circuit to the secondary
winding of the current transformer connected across its terminals and imposes no burden on the transformer under test.

9In this standard, designation of ppm is identical to µrad when referring to phase angle.
10The numbers in brackets correspond to those of the bibliographical references in clause 9.
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With the secondary winding of the transformer thus connected and with its primary winding in series with that of the
comparator, ampere-turn balance is maintained if the transformer under test has zero error; otherwise, its error current
enters the comparator and upsets the balance. The resistor capacitor (RC) network, arranged to carry the “difference”
in current (injected by way of a small voltage available from either or both resistors), is adjusted to restore balance.
Under these conditions, the error of the current transformer11 under test is given by:

∈ = ±(r/R + jwrC)

where the real term equals ratio error (r/R) and the imaginary term (jwrC) equals phase angle error. If the comparator
exhibits an error (∈s), this must be included. However, as stated earlier, a properly designed comparator will generally
have errors less than 1 ppm. Connection of the RC network to points a or b in figure 7 permits measurement of both
positive and negative ratio and phase angle errors.

Figure 7 —Current transformer accuracy test (comparative-null) compensated current comparator

11The error of a transformer, rather than the correction, appears frequently. It is the negative of the correction and is ascribed to the ratio 1 s11p.
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Figure 8 —Current transformer accuracy test (comparative-null) composite current comparator

The composite current comparator in figure 8 is relatively simple to construct and offers greater flexibility in its
application [B19] . The comparator in combination with an auxiliary transformer of the same nominal ratio operates on
the same principle as that of the compensated current comparator [B4] . The auxiliary transformer replaces, in effect,
the first stage (the transformer section) of the compensated comparator and provides for the transfer of power. Its ratio
and phase angle need not be known to better than 1%. The three current-carrying windings lie outside a magnetic
shield whose sole function is to shield the core and sensing elements from extraneous magnetic fields. The balancing
procedure and equations are the same as those indicated for the circuit of figure 7.

Figure 9 emphasizes a second mode of operation for the current comparator of figure 8 in conjunction with another
type of measuring network. The comparator is made self-balancing by using an operational amplifier to supply the
current in its error winding. The measuring network includes, in addition to the familiar RC branch, a simple current
comparator of adjustable ratio for sensing the error current (Ix) of the test transformer. The detector, originally
connected to the detection winding of the standard, figure 8, occupies a comparable position in the measuring
comparator.

8.1.5.2 Standard current transformer (direct-null difference network)

The uncertainty of this method is governed by the current transformer that serves as the ratio standard. However, it may
yield an uncertainty comparable to that described in 8.1.5.1, provided the standard is sufficiently stable and has been
appropriately calibrated.

The difference circuit indicated in figure 10 is cited as an example of the method because of its versatility and the ease
with which low uncertainty is obtained [B19] . (A comparable circuit might, for example, employ electrical coupling
between the secondary windings of the transformer and provide a path for the error current and circuitry for making
the difference measurement.)

The circuit of figure 10 incorporates a simple and easily constructed current comparator that magnetically links the
two secondary circuits and forms part of the measuring network. With the primary windings of the transformers in
series, the secondary winding of the standard current transformer is connected in series with a comparator winding of
ns turns through a resistor 2r tapped at its midpoint. The secondary winding of the test transformer is connected in
series with a second comparator winding of nx tums. The comparator windings are oriented so that their ampere-turns
act in opposition on the comparator core and at balance satisfy the relation
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Iss × ns = Isx × nx

where Iss and Isx are the nominal secondary currents of the standard and test transformers, respectively.

In figure 10 an error winding of ne turns, distributed on the comparator core, is connected across either or both of the
r segments (depending on the relative errors of the two transformers) through an RC network, and null balance is
obtained on the comparator's detection winding by adjusting R and C. The error of the transformer under test is given
by

∈ = ∈s ± (ne/ns) ((r/R) + jwrC),

where ∈s is the error of the standard current transformer. The self-balancing feature and measuring network of figure
9 are equally applicable. A simple, single-stage comparator with the detection winding enclosed in a thin magnetic
shield is adequate. Unlike many equivalent methods, the standard and test transformers need not have the same
nominal ratio. Furthermore, the comparator can be designed so that a transformer can be calibrated at up to four times
rated current against a standard current transformer operating at rated current.

Figure 9 —Current transformer accuracy test (comparative-null) composite current
 comparator and operational amplifier
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Figure 10 —Current transformer accuracy test (comparative-null) composite current comparator 
and standard current transformer

8.1.5.3 Two-impedance method (direct-null network)

The method indicated in figure 11 serves solely as an example of the various direct-null networks available.
Alternative methods may employ, for example, two resistors and an adjustable capacitor or two mutual inductors with
a small resistance for quadrature balance. The minimum uncertainty from any of these networks is about 100 ppm.
This limit is set primarily by the difficulty encountered in designing stable impedance elements and in determining
their characteristics.

Figure 11 —Current transformer accuracy test with direct-null network

Referring to figure 11, the primary winding of the transformer is connected in series with a fixed four-terminal
noninductive resistor (R1) that must carry the large primary current without incurring excessive changes from self-
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heating. (With published designs the current limit is about 2500 A.) The secondary winding is connected in series with
an adjustable four-terminal resistor (R2) and the primary winding of a mutual inductor (M). The potential terminals of
the resistors are connected in voltage opposition through a suitable detector in series with the secondary winding of the
mutual inductor. R2 must be designed so that its resistance as seen by the secondary winding remains constant, while
its four-terminal resistance as seen by the detector is adjustable. Balance is obtained by adjusting R2 and M for a null
on the detector. The equations of balance for ratio and phase angle are to a first approximation

Nx = R2/R1

and

γx= wM/R2 + (θ1 − θ2) [in radians]

where R1 and R2 are the ac values of the resistors, and θ1 and θ2 are the phase angles in radians (to convert to minutes,
multiply by 3438).

To achieve minimum uncertainty, special designs are required for the resistors and the inductor. For example, the
construction of the resistors must ensure a stable resistance, a negligible (or small but known) phase angle, negligible
skin effect, and freedom from external magnetic fields; and the inductor, being small in value, must be astatic.
(Suitable designs are described in [B1] , [B2] , and [B4] .) It is to be noted that R2 and the primary of M impose a
minimum limit to the burden on the secondary winding of the transformer.

8.1.5.4 Standard current transformer method (comparative-null direct comparison network)

A typical circuit for this method, indicated in figure 12, closely resembles the one described in 8.1.5.3, the difference
being that resistor R1 in figure 11 is replaced by the standard transformer and its four-terminal resistor R3 [B18] . If the
standard has been calibrated by one of the more accurate methods, the minimum uncertainty available from this
method is very nearly the same as that given in 8.1.5.3. The balancing procedure is identical to that described in
8.1.5.3. The ratio (Nx) and phase angle (βx) equations are, to a first approximation

Nx = Ns(R2/R3)

and

βx = βs + wM/R2 + (θ3 − θ2) [in radians]

where Ns and βs are the ratio and phase angle of the standard and θ2 and θ3 are the phase angles of R2 and R3.

It is important to note that the ratio of the standard need not match that of the transformer under test. Also, as stated in
8.1.5.3, other appropriate impedances can be used in place of those shown in figure 12.
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Figure 12 —Current transformer accuracy test with standard current transformer (comparative-null)

8.1.6 Methods for voltage transformers

Direct-null methods in which precision capacitors are the principal elements have lowest inherent uncertainty and
accommodate the widest range of voltages. These methods may be divided into two groups.

a) Group one. The two capacitors are connected in series as a voltage divider to accommodate the voltages of the
primary and secondary windings, which may be connected in either the additive or subtractive mode. A
detector properly located between the two points of nearly equal voltage is brought to null by adjusting or
injecting suitable and measurable parameters.

b) Group two. Each capacitor is connected in series with a winding of a current comparator and energized
separately from the respective grounded transformer windings. Ratio balance is made by adjusting turns on
one or both of the comparator windings while an injection network operating into a third winding provides
the adjustment for phase angle. The minimum uncertainty for these methods varies from 2 ppm to 20 ppm for
ratio and phase angle, depending on the ratio and voltage of the test transformer.

Direct-null methods may also use resistive dividers. These, however, are limited to an minimum uncertainty of about
100 ppm in both ratio and phase angle and to a maximum voltage of about 30 kV. The direct-null method may also
utilize a pseudo-bridge circuit. This network is similar in form to that of the second capacitive group, except that the
current comparator is omitted and its two main windings replaced, in most instances, by adjustable RC networks. The
null detector occupies its usual position between corresponding points of nearly equal voltage. In general, the
minimum uncertainty of this method is about 100 ppm in ratio and phase angle; however, with refinements and careful
measurements the uncertainty can be reduced to about 30 ppm.

Comparative-null methods determine the ratio and phase angle of a transformer by comparing it with a standard or
reference transformer whose parameters are known. The primaries of the two transformers are connected in parallel to
a common source and the measurements are made at the secondary voltage level The common terminals of all four
windings are maintained at ground potential. Two types of comparative-null networks (difference and direct
comparison) may yield uncertainties less than 100 ppm, excluding the uncertainties in the parameters of the standard.
In all cases, complete and proper shielding is required to minimize uncertainty. The methods discussed below are
presented approximately in order of increasing uncertainty.

8.1.6.1 Current comparator-capacitance ratio method (direct-null)

This method has been used to a minimum uncertainty of 20 ppm up to 325 kV, and more recent developments and
refinements have extended its capabilities to about 2 ppm (see [B11] , [B14] , and [B16] ). An advantage of the method
is that the circuit can be used to measure the ratio of the two principal capacitors (at low voltage if need be) at the time
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of the transformer calibration. The basic circuit for the calibration of a transformer is indicated schematically in figure
13. Low-loss capacitors C1 and C2 accommodate the respective voltages of the primary and secondary windings that
are connected in subtractive polarity. The current comparator is shown as a single magnetic core with three windings.
Winding n2 is adjustable in coarse steps and serves as a multiplier, while n1 provides the fine adjustment for final ratio
balance. Operational amplifiers A1 and A2 across variable resistor R produce a voltage Vq proportional to and in phase
with V1. Vq, in turn, injects a current iq, proportional to R, into n1 to provide quadrature balance. Ampere-turn balance
is indicated by null detector, D, connected across sensing winding nd. The balance equations for ratio and phase angle
are, to a first approximation

Nx = V1/V2 = (C2 × n2)/(C1 × n1)

Yx = (R/R1)(w × Rs × Χf) [in radians]

Since wRsCf is constant and arbitrary in value, its value can be selected to make Vx direct reading in radians at 60 Hz.
Full advantage of this method may be realized in a national laboratory, but this does not preclude its use in other
measurements laboratories, since details are available in references in the bibliography (see clause 9.).

Figure 13 —Voltage transformer accuracy test (direct-null) current comparator—
Capacitance ratio method

8.1.6.2 Capacitance divider method (direct-null network)

A circuit that can yield an uncertainty as small as 20 ppm in ratio and 20 µrad in phase angle is indicated in figure 14
(see also [B6]  and [B9] ). The transformer windings are connected in the additive mode with capacitors C1 and C2
accommodating, respectively, the primary and secondary voltages. Adjustments for ratio and phase angle balance are
provided by two inductive voltage dividers. Divider B is used for the ratio balance. Quadrature balance is obtained
from divider A by injecting a small current through the high resistance R. Measurement of both positive and negative
errors is made possible by extending the adjustment above unity on B and below zero on A.

The ratio is given by

Nx = (C2/C1) × Nb

and the phase angle by

γx= Nc × 1/wRC2 [in radians]

when Na and Nb are the ratios of the respective dividers.
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The uncertainty of the measurement depends primarily on the adequacy of the shielding and on the uncertainty to
which the capacitance ratio is known. The capacitance ratio can best be determined to the highest accuracy by using a
transformer-ratio-arm bridge. This ratio should be determined at the time of the transformer calibration, unless it has
been demonstrated previously to have sufficient stability for the calibration at hand.

Particular attention must be given capacitor C1 when calibrating transformers of large ratio. C1 must be able to accept
the high voltage of the primary winding without exhibiting instability or an unduly large voltage dependence. These
factors and others that govern the uncertainty of a transformer calibration are references in the bibliography (see
clause 9.).

Figure 14 —Voltage transformer accuracy test (direct-null)—Capacitance divider method

8.1.6.3 Resistance divider method (direct-null network)

A resistive divider network is limited to a minimum uncertainty of about 100 ppm. Even at this level of uncertainty it
cannot be used much above 30 kV. These limits arise principally from the effects of self-heating within the elements
and from capacitance currents that bypass portions of the resistance string. The former can be minimized by measuring
the resistance ratio immediately following measurement of the second transformer ratio, and the latter by providing the
resistance elements with shields maintained at proper potentials by a parallel guard string. An example of this type of
network, without the guard string is shown in figure 15 (see also [B17] ). The resistance string in series with the
primary of the mutual inductor M is connected across the high-voltage winding. A voltage equal and opposite to that
across the secondary winding of the transformer is provided by adjusting M and the resistance R for a null on the
detector. The equations for ratio and phase angle are, to a first approximation

Nx = Vp/Vs, which equals R/r

and

γx= w(M/r - L′/R) in radians

where L′ takes account of the phase angle of R and the self-inductance of the primary winding of the mutual inductor.
Shielding and guarding networks and means of measuring the divider ratio are described in [B5]  and [B7] .



44 Copyright © 1994 IEEE All Rights Reserved

IEEE Std C57.13-1993 IEEE STANDARD REQUIREMENTS

Figure 15 —Voltage transformer accuracy test (direct-null)—Resistance divider method

Figure 16 —Voltage transformer accuracy test (direct-null)—Pseudo-bridge method

8.1.6.4 Pseudo-bridge method (direct-null network)

Although an uncertainty of 30 ppm at a primary voltage of (400000) /  V has been reported for this method, it is
more appropriate to assign a practical limit of 100 ppm. An example of the method is indicated by the simplified circuit
of figure 16 (see [B3] , [B5] , and [B21] ). With the bridge as shown, balance is obtained by adjusting capacitances C2
and C3. The equations for ratio and phase angle are

Nx = Vp/Vs = C2/C1 × R4/R3

and

γx = w[R3 × (C1 + C3) - R4 × (C2 + C4)] [in radians]

Since all parameters enter the equations and are of first order, the uncertainty is expected to be relatively large.
However, the situation can be improved markedly if the relation among the parameters (as they appear in figure 16) is
first determined in a Schering bridge, then followed by the transformer measurement with the two RC networks
interchanged. In the first instance, the ratio R4/R3 is set equal to the square root of N0, where N0 is the ratio of the
transformer to be calibrated, and balance is obtained by adjusting C2 and C3. With C1 and R3 constant and the settings

3
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on C2 and C3 unchanged, the network is switched to that in figure 16, except that the C4R4 and C3R3 branches are
interchanged. Balance is obtained by adjusting C4 and R4. The more important advantage from this technique is that
the ratio dealt with is the square root of N0, rather than N0. Proper shielding and maintenance of correct shield
potentials are required for minimum uncertainty.

8.1.6.5 Comparative-null methods

These methods determine the ratio and phase angle of a transformer by comparing its performance with that of a
standard or reference transformer whose parameters are known. The primary windings of the two transformers are
connected in parallel to a common source and the measurements are made at the secondary voltage level. The common
terminals of all four windings are maintained at ground potential.The circuitry of most of the methods heretofore
considered could be adapted to this form of measurement. Excluding the uncertainties in the ratio and phase angle of
the standard, the uncertainty can be essentially the same. However, if these approaches are to be used, either a
difference method (counterpart of the one for current transformers) or one in which the components of the measuring
circuit are extremely stable and easily measured to the required uncertainty is recommended. A typical comparative-
null circuit is shown in figure 15 [B20] .

Measurement uncertainty, exclusive of errors in the standard transformer is within 2 ppm for ratio and 10 µrad for
phase angle at 60 Hz and 400 Hz. Ratios ranging to several times that of the standard transformer can be measured.

Figure 17 —Voltage transformer accuracy test—Comparative-null method

A high-impedance inductive voltage divider with a six-dial resolution is connected across the secondary winding of
the transformer under test. The in-phase voltage balance is obtained by adjusting the output of the divider, and the
quadrature balance is realized by adjusting either R or C. If the secondary voltage of the test transformer leads that of
the reference transformer, resistor R has the position shown. For lagging angles the positions of R and the detector are
interchanged. The equations of balance for the circuit shown are

Nx = Ns/Nd

and

γx = θs + wCR [in radians]

where Nx and Ns are the ratios of the unknown and standard transformers, respectively, and Nd is the ratio of the
inductive voltage divider.
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8.1.7 Accuracy calculations for current transformers

Accurate values of ratio and phase angle are not obtainable by calculation from the open-circuit characteristics of a
current transformer. However, for certain types of current transformers adequate methods arc available for the
determination of errors for nonmetering applications, if suitable constants for their equivalent circuits can bc estimated
or determined.

For C or K types of current transformers with negligible leakage fluxes, the equivalent circuit shown in figure 18 and
the vector diagram shown in figure 19 are suitable for calculations. The bushing type current transformer with the
secondary winding appropriately distributed around the core, and with a “through” primary conductor symmetrically
located in the opening, can thus be represented by figures 18 and 19 for purposes of accuracy calculations, provided
the stray fluxes entering the core from the return conductor or other external sources remain negligible.

Figure 18 —Simplified equivalent circuit of current transformer on N secondary turns base

Figure 19 —Phasor diagram of figure 18

Since T type current transformers have appreciable leakage or stray fluxes entering the core, they cannot be
represented adequately by an equivalent circuit. This type of current transformer does not lend itself to simple,
accurate calculations. Instead, typical design test data are used for this purpose.

NOTE  —  The methods discussed in 8.1.8 through 8.1.10 are not accurate enough for calculating current transformer errors for
revenue metering applications.

8.1.8 Calculation of current transformer performance for relaying application from excitation data 
and equivalent circuits

Several methods are available for calculating current transformer performance from excitation characteristics,
secondary winding constants, and burden data with sufficient accuracy for relaying service, if the construction of the
transformer is such that leakage fluxes can be neglected. These methods include algebraic, current phasor, graphical,
and admittance phasor. All are based on the addition of the secondary burden currents and the transformer excitation
currents.
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The algebraic addition of these currents is adequate for most relay applications because for the lower power factor
burdens (e.g., 0.5 lag) the burden and excitation currents are approximately in phase over a considerable range of
burdens and currents. When the burden and excitation currents are not in phase, the calculated ratio error is greater
than that which would have been obtained by the phasor addition of currents. The determination of phase angle is
unnecessary for most relay applications.

8.1.9 Application of calculating methods to type C or K relaying accuracy current transformers

As was discussed in 8.1.7, calculating methods are not practical for type T current transformers. Therefore, the
following discussion is primarily applicable to types C or K, i.e., bushing-type current transformers for relaying
service. Since these transformers are generally multi-ratio, the most useful form in which the open circuit transformer
excitation characteristics may be given is a family of curves similar to figure 4 showing the excitation voltage and
currents on the secondary winding turns base for each ratio. These curves are usually determined from test data taken
on a typical unit of a given design by the method covered in 8.3.2.

8.1.10 Calculation of current transformer ratio by the algebraic method

The current transformer standards covering relaying accuracy and application data for relaying service have been
written on the basis of utilizing the advantages and simplicity of excitation data and calculating methods where
applicable. The following method may be used for calculating the relaying performance and accuracy ratings of type
C or K relaying accuracy rated current transformers. As stated in 8.1.8, this method is based on the assumption that the
burden and excitation currents are in phase. It also assumes a single-turn primary winding such as in bushing, window,
or bar-type transformers, so constructed that the effect of leakage fluxes on its performance is negligible. The
equivalent circuit and phasor diagram for such transformers are shown in figures 18 and 19, respectively. The ratio
correction factor values obtained by test will not exceed the values calculated by this method within the stated
limitations.

The following definitions and equations apply to figures 18 and 19:

N = secondary turns on transformer for ratio on which transformer error is to be calculated -
from data sheet or excitation curve sheet (see figure 4 and typical curves)

Rs = resistance of transformer secondary from data sheet or excitation curve sheet (see figure 4)
Rb = resistance of secondary burden including secondary leads
Xb = reactance of secondary burden
Zt = the square root of [(Rs + Rb)2 + Xb

2], which equals the magnitude of secondary circuit impedance
θs = tan-1 (Xb/(Rs + Rb)), which equals the power factor angle of secondary circuit
Is = assumed value of secondary current at which transformer ratio is to be calculated
Vse = IsZp which equals the excitation voltage required to obtain Is
Ze = Vse/Ie, which equals the excitation impedance of transformer on secondary N turns base for any

specific value of Ie obtained from excitation curve. The value of Ze is not required in the
calculation, but is shown in the equivalent circuit (see figure 18)

Ie = excitation current required to obtain a specific value of Vse, obtained from excitation curve
Ist = Is + Ie, which equals the primary current on secondary N turns base
Ip = NIst, which equals the primary current required to obtain Is in the secondary
True ratio = Ip/Is, which equals the NIst/Is

If marked ratio and secondary N turns are equal:

RCF = Ist/Is
Percent ratio =(Ist/Is) × 100
Percent ratio error ≤(Ie/Is) × 100
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8.1.11 Accuracy calculations for voltage transformers

Several methods are available for calculating the accuracy of voltage transformers at different burdens. These methods,
utilizing winding impedances and core excitation characteristics, are subject to some limitations and give results
having less precision than those methods that employ a combination of test and calculation.

The latter methods, using measured values of true ratio and phase angle at zero burden and one other burden within the
maximum standard burden rating of the transformer, yield results having a high degree of precision. This is possible
because both the ratio and the phase angle of a voltage transformer give practically straight lines when plotted against
secondary current at a given voltage, power factor, and frequency.

8.1.12 Calculation of voltage transformer ratio and phase angle from known zero and rated burden 
data

In this method the true ratio and phase angle of a voltage transformer are known at both zero burden and one other
burden, either a rated standard burden or, more conveniently, a pure resistive or capacitive burden, for a given voltage
and frequency. At the same voltage and frequency, the accuracy for any other burden and power factor may be
calculated from the following equations:12

B0 = the zero burden for which RCF and θ are known
Bt = a burden for which RCF and θ are known
Bc = the burden for which RCF and θ are to be calculated
θt and θc = power factor angles of burdens Bt and Bc, respectively (in radians)

NOTE—θt and θc are positive angles for lagging power factors.
RCF0, RCFp and RCFc = transformer ratio correction factors for burdens B0, Bt, and Bc, respectively
γo, γp, γc = transformer phase angles in radians for burdens B0, Bt, and Bc, respectively

NOTE—γ is considered positive when the secondary voltage leads the primary voltage.
RCFd = RCFt - RCF0, which equals difference between the transformer ratio correction factors

for burdens Bt and B0
γd = γt - γ, which equals the difference between the transformer phase angles burdens Bt and

B0, in radians
RCFc = RCF0 + [Bc/Bt] [RCFds × cos(θt - θc) + γd × sin(θt - θc)]
γc = γ0 + [Bc/Bt][γd × cos(θt - θc) - RCFd × sin(t - θc)] radians

NOTES:

1 —  Multiply radians by 1000 to obtain milliradians (mrad). If minutes are desired, multiply by 3438.

2 —  These equations provide an analytical determination of voltage transformer accuracy. Although they are quite long, a simple
computer or programmable calculator program can be written to perform the necessary calculations quickly and accurately.
Also, it has been shown that graphical solutions of these equations by means of special scaled polar coordinate paper and a
protractor are sufficiently accurate for most revenue metering applications.

The equations for RCFc and γc above reduce to the following simpler form in the case where the burden for RCF and
γ are known to be at unity power factor.

RCFc = RCF0 + [Bc/Bt][RCFd × cosθc - γd × sinθc]

γc=γ0 + [Bc/Bt][γd × cosθc + RCFd × sinθc] radians

where

12These equations are approximations. Although they yield accurate results for many cases, the user should be aware that for large burdens (e.g., Z
or ZZ) intolerable errors may be introduced unless the voltamperes of the known burden are equal to or greater than those of the unknown burden,
and the values for the known and the zero burdens are measured very accurately. This problem is minimized for all cases if the magnitude of the
known burden is made nominally equal to the magnitude of the rated burden of the transformer under test.
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Bt = a unity power factor burden
γd is in radians

For burdens not exceeding the burden for which RCF and γ are known, the foregoing calculations will produce the
same accuracy as would be obtained from the actual tests at the unknown burden. When the calculations are used for
determining performance at greater burdens, a lower accuracy will be obtained.

Consideration should be given to the effects of the increased heating due to the heavier burdens.

8.2 Demagnetization

Three methods are presented below for demagnetizing current transformers:

a) Method 1. Connect the current transformer in the test circuit as shown in figure 20. Apply enough current to
the high-turn winding (usually X1-X2) to saturate the core of the transformer as determined by the ammeter
and voltmeter readings, then slowly reduce the current to zero. Rated current of the transformer must not be
exceeded.

Figure 20 —Method 1: Circuit for demagnetizing current transformers

b) Method 2. Connect the current transformer in the test circuit as shown in figure 21. Pass rated current through
the low-turn winding, (usually H1-H2). Increase the resistance R in the high-turn winding, (usually X1-X2),
circuit until the transformer core is saturated; then slowly reduce the resistance to zero and disconnect the
current source. Saturation of the core is indicated by a reduction of current in the high-turn winding circuit.

Figure 21 —Method 2: Circuit for demagnetizing current transformers

WARNING A continuously variable resistance must be used to avoid
opening the high-turn winding circuit when resistance values are
changed, since, as the resistance is increased, the voltage across the
resistance will approach the dangerous open circuit value.
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c) Method 3. The method presented here applies only to multi-ratio CTs, since a controlled direct current must
be passed through a separate secondary section from that connected to a fluxmeter, as shown in figure 22. The
method requires the core to be saturated with dc in both positive and negative directions, and then to be left
in a magnetic state midway between the two extremes. The procedure follows:
1) With the primary winding of the CT open-circuited, connect the secondary section to a dc source and a

fluxmeter or operational integrator, as shown in figure 22.
2) Make certain there are no common conductors in the dc and fluxmeter circuits.
3) Set the fluxmeter pointer at about the center of the scale and smoothly increase the direct current until

the drop in the fluxmeter pointer speed indicates that the region of saturation has been reached.
4) Observe the level of dc at this point and the corresponding fluxmeter indication, F1.
5) Reverse the dc, maintaining the same level, and obtain another fluxmeter indication, F2.
6) Now apply a trial value of dc in the opposite direction to demagnetize the core.
7) Open the dc circuit and observe the fluxmeter indication.
8) Repeat this operation until by successive trials the fluxmeter finally indicates the arithmetic mean of F1

and F2.

Figure 22 —Method 3: Circuit for demagnetizing current transformers

8.3 Impedance and excitation measurements

8.3.1 Impedance measurements

Impedance measurements discussed in 8.3.1.1 uses terminology typically used for power and distribution
transformers. Impedance measurements discussed in 8.3.1.2 and 8.3.1.3 use terminology typically used for instrument
transformers.

8.3.1.1 Impedance voltage

The voltage required to circulate the rated current of the transformer under short-circuit conditions is the impedance
voltage of the transformer as viewed from the terminals of the excited winding.

The impedance voltage is comprised of an equivalent resistance component and a reactive component. It is not
practical to measure these components separately, but after the loss and the impedance voltage are measured, the
components may be separated by calculation.

It is sufficient to measure and adjust the current in the excited winding only, because the current in the short-circuited
winding will be the correct value (except for a negligible excitation current) when the current in the excited winding
is correct. The introduction of current-measuring equipment in series with the short-circuited winding may introduce
large errors in the impedance measurements.
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For two-winding transformers, one of the windings (either the high-turn or the low-turn) is short-circuited, and voltage
at rated frequency is applied to the other winding and adjusted to circulate rated current in the winding.

For transformers having more than two windings, the impedance voltage is a function of the test connections used.
When making tests on multiple-winding transformers, the windings should be connected in such a manner as to
provide the correct impedance data for the purpose intended.

Resistive and reactive components of the impedance voltage are determined by the use of the following equations:

where

Vr = voltage, in-phase component
Vx = voltage, quadrature component
Vz = impedance voltage
Pz = power in watts
I = current in amperes in excited winding

The I2R losses of the two windings are calculated from the ohmic resistance measurements (corrected to the
temperature at which the impedance test is made) and the currents that are used in the impedance measurement. These
I2R losses subtracted from the impedance loss give the stray losses of the transformer.

The temperature of the windings shall be taken immediately before and after the impedance measurements in a manner
similar to that described in 8.5. The average shall be taken as the true temperature.

8.3.1.2 Current transformer short-circuit impedance measurements

The measured short-circuit impedance of a current transformer is the sum of the primary and secondary impedance.
Since the secondary impedance cannot be determined from this information alone, the data obtained is of little value
in the calculation of ratio and phase angle characteristics. However, it is of value in determining the burden imposed
on main transformers by auxiliary transformers.

Except for current, the quantities measured in making impedance measurements on current transformers are extremely
small and great care shall be exercised in order to obtain accurate results.

For the purpose of impedance measurements, current transformers can be divided into the following three types,
according to their physical details.

a) Type 1: Bushing-type, window-type, or bar-type, with turns well distributed about the core. In current
transformers of this type, the leakage reactance is extremely small and the impedance may be considered to
be the resistance of the whole winding or that part to be used if it is well distributed. The manufacturer should
be consulted if the winding distribution is not known.

b) Type 2: Wound type in which the high-current (primary) terminals are at opposite ends of the transformer.
Transformers of this type should be excited from the high-current winding with the low-current winding short
circuited, because a short circuit on the high-current winding will introduce appreciable error in the
measurement due to the added impedance of the short-circuiting connections.
It is recommended that the three-voltmeter method, as described in 8.3.1.3, be used for impedance
measurement on this type of transformer.

c) Type 3: Wound type in which the high-current (primary) leads are brought out parallel to each other through
a single bushing. Current transformers of this type may be excited from either the high-current or the low-
current winding with the other winding short circuited.

Vr Pz I⁄=

 

Vx Vz
2 Vr

2–=
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Either the three-voltmeter method or the wattmeter, voltmeter, ammeter method can be used for impedance
measurements on transformers of this type, depending on which winding is excited.

Figure 23 —Circuit for measuring impedance: Three-voltmeter method

8.3.1.3 Voltage transformer short-circuit impedance measurements

Voltage transformers operate at high magnetic flux densities in normal service. Although short-circuit impedance
measurements are necessarily made at low magnetic flux densities the components of impedance thus obtained are of
value for the computation of transformer ratio and phase angle. The short-circuit characteristics are also of value in
selection of fuses.

The short-circuit impedance can be measured by the three-voltmeter method or the wattmeter, voltmeter, ammeter
method.

The circuit for the three-voltmeter method is shown in figure 23. From the measurements of V1, V2, and V3 plus the
known value of shunt resistance, Rsh, the equivalent resistance and reactance can be calculated from:

where

Req = equivalent resistance
Xeq = equivalent reactance

The wattmeter, voltmeter, ammeter method is shown in figure 24. The measured values must be corrected for
instrument tare.

Req 0.5Rsh V3
 2 V2

 2–( ) V2
 2⁄( ) 1–[ ]=

Xeq V2 V1⁄( )2 Rsh
2 Req

2–×[ ] =
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Figure 24 —Circuit for measuring impedance: Wattmeter, voltmeter, ammeter method

8.3.2 Exciting current and excitation loss measurements

The circuit connection for the measurement of exciting current and loss is shown in figure 25. A series of simultaneous
readings are taken on the ammeter, rms reading voltmeter, average reading voltmeter13 calibrated in rms, and
wattmeter.

Figure 25 —Circuit for measuring excitation current and loss

With the same movement, an rms instrument deflects 1.111 times as far as an average reading instrument on the same
sine wave.

The temperature error of an average reading voltmeter (especially instruments for less than 75 V) is likely to be greater
than that of rms voltmeters. Therefore, the temperature characteristic of such an instrument should be known for
reliable results.

Two excitation current curves can be drawn from the data obtained:

a) Curve 1. Average reading voltmeter versus the ammeter
b) Curve 2. rms voltmeter versus the ammeter

If these curves differ, the supply voltage is not a sine wave. In this case, curve 1 will be higher and curve 2 will be lower
than the corresponding curve for sine wave voltage. If the two curves are within 2% of each other, either curve can be
used without correction. If they differ by 2 to 10%, the average is used to determine the excitation current on a sine-
wave basis. If they differ by more than 10%, very serious waveform distortion14 is indicated and appropriate circuit
changes must be made.

13This is a D'Arsonval movement in series with a full-wave rectifier.
14Very large waveform distortion can be detected more conveniently by oscilloscope or wave analyzer.
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The excitation loss of a transformer includes the dielectric loss and core loss. It is measured by the wattmeter in figure
25.

The excitation loss determination is based on a sine wave voltage applied to the terminals of the transformer. Peaked
voltage waves (form factor greater than 1.11), resulting generally from the nonlinear character of the excitation load of
the transformer on the test source, give smaller excitation losses than a sine wave voltage. Flat-topped voltage waves,
rarely encountered in such tests, give larger losses.

NOTE  —  Current transformer cores should be demagnetized just prior to excitation loss measurements and all measurements
should be made on the low-current winding with other windings open-circuited.

8.3.3 Measurements for high magnetic flux densities

Measurements on voltage transformers and current transformers under overcurrent conditions are made using the
average-reading voltmeter. The average value of the test voltage applied shall be the same as the average value of the
desired sine wave of voltage at the proper frequency. Under this condition, the hysteresis component of the loss will be
correct.

It is recommended that the test be made on the low-voltage winding with all other windings open circuited.

When the low-voltage winding is excited, full voltage will appear across the high-voltage winding and safety
precautions must be taken.

Low-voltage windings must be grounded at a single point.

After the voltage is adjusted to the desired value as indicated by the average-reading voltmeter, the simultaneous
values of rms voltage, power, and current are recorded. Then the tare on the wattmeter, representing the losses of the
connected instruments, is read and subtracted from the earlier wattmeter reading to obtain the excitation loss of the
transformer.

Exciting current measurements are obtained at the same time that loss measurements are made. In order to obtain the
correct exciting current measurement, the tare on the ammeter, which represents the current taken by the voltage
elements of the wattmeter and voltmeters, must be measured and subtracted vectorially from the previous current
measurements. If the readings of voltage as indicated on the rms voltmeter and the average-reading voltmeter differ by
more than 2%, the measurements must also be corrected for waveform (see IEEE Std 4-1978 ).

8.4 Polarity

The lead polarity of a transformer is a designation of the relative instantaneous directions of currents in its leads.
Primary and secondary leads are said to have the same polarity when at a given instant the current enters the primary
lead in question and leaves the secondary lead in question in the same direction as though the two leads formed a
continuous circuit, (For more information on polarity, see clause 3.)

Three methods are in common use for determining the polarity of instrument transformers. They are the following:

a) Inductive kick with direct current, current, and voltage transformers
b) Comparison with a transformer of known polarity
c) The direct comparison of winding voltages

WARNING This circuit may result in abnormally high voltages at the
high-voltage terminals and abnormally low currents in the excitation
circuit of certain voltage transformers.
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8.4.1 Inductive kick with direct current, current, and voltage transformers

Figure 26 —Polarity by inductive kick

To determine the polarity of instrument transformers using this method, do the following:

a) Connect terminal 1 of the high-turn winding to terminal 1 of the low-turn winding. In most cases, the high-
turn winding of a current transformer is the X1-X2 winding, and the high-turn winding of a voltage
transformer is the H1-H2 winding.

b) Connect a dc voltmeter across the high-turn winding.
c) Connect a battery across the high-turn winding so that the voltmeter will read up scale.
d) Disconnect the voltmeter from terminal 2 of the high-turn winding and connect it to terminal 2 of the low-turn

winding.
e) Break the battery circuit and observe the direction of kick on the voltmeter. If the voltmeter kicks down scale,

terminal 1 of the high-turn winding and terminal 1 of the low-turn winding are of the same polarity.
f) Check the results by remaking and breaking the battery circuit. If both terminals 1 are of the same polarity, the

voltmeter will kick up scale on make and down scale on break.

NOTE  —  All current transformers should be demagnetized to eliminate residual magnetism in the core, and must be demagnetized
after the application of direct current. This is necessary because the level of magnetism may remain high enough to affect
ratio and phase angle, and at severe overloads of fault conditions the ratio may be enough in error to affect relay schemes
(see 8.2).

WARNING It is preferable to apply the battery voltage to the high-turn
winding in order to minimize high-inductive kicks that might injure
personnel or damage equipment.
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8.4.2 Comparison with a transformer of known polarity

8.4.2.1 Current transformers

Figure 27 —Polarity by comparison with current transformer of known polarity

To determine the polarity of current transformers using this method, do the following:

a) Connect the transformers as shown in figure 27.
b) Energize the circuit from a controlled current source so that the test current flows in the H1-H2 windings as

shown in figure 27.
c) If the ammeter reads the sum of the currents in the high-turn windings, the polarity of the unknown

transformer is reversed. If the ammeter reads the difference of currents in the high-turn windings, the polarity
of the unknown transformer is as marked.

8.4.2.2 Voltage transformers

Figure 28 —Polarity by comparison with voltage transformer of same ratio and known polarity

To determine the polarity of voltage transformers using this method, do the following:

a) Connect the high-turn windings of the two transformers in parallel, as shown in figure 28, by connecting H1
of the known transformer to H1 of the unknown transformer and H2 of the known transformer to H2 of the
unknown transformer.

b) Connect the low-turn windings through a voltmeter, as shown in figure 28, by connecting X1 of the known
transformer to X1 of the unknown transformer and X2 of the known transformer to one voltmeter terminal
and X2 of the unknown transformer to the other voltmeter terminal.

c) Energize the circuit at terminals H1–H2 from a controlled 60 Hz voltage source.
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d) If the voltmeter reads zero, the polarity of the unknown transformer is as marked. If the voltmeter reads the
sum of the voltages of the low-turn windings, the polarity of the unknown transformer is reversed.

8.4.3 Direct comparison of winding voltages

Figure 29 —Polarity by comparison of winding voltages

To determine the polarity of instrument transformers using this method, do the following:

a) Connect the high-turn and low-turn windings as shown in figure 29. In most cases, the high-turn winding of
a current transformer is X1–X2 and that of a voltage transformer is H1–H2.

b) Energize the circuit from a controlled voltage source at the terminals AB of the high-turn winding.
c) Read the value of the voltages across AB and BD.
d) If the voltage across BD is less than the voltage across AB, the polarity is as marked. If the voltage across BD

is greater than the voltage across AB, the polarity is reversed.

NOTE  —  The suitability of this method for high-ratio transformers is limited by the sensitivity of the voltmeter used.

8.5 Resistance measurements

These measurements are made on instrument transformers for the following reasons:

a) To calculate relaying accuracy of type C or K current transformers
b) To establish the winding resistance at a known temperature for use in temperature rise tests
c) To calculate winding temperatures and temperature rises at the completion of temperature rise tests
d) To permit calculation of ratios under load conditions (for voltage transformers)

Windings other than the one whose resistance is being measured should be short-circuited. This is important both as a
safety measure to prevent the induction of high voltages and to reduce the time required for the direct current to
stabilize.

WARNING High voltages will be present on the high-voltage terminals
of both transformers.

WARNING The source voltage should always be impressed across the
high-turn winding; otherwise, dangerously high voltages might be
encountered.
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A resistance can be measured either as a two-terminal network or as a four-terminal network. In a two-terminal
measurement, the resistance network is connected to the measuring circuit through one pair of leads. Thus, both
contact resistance at the points of connection and lead resistance become part of the resistance being measured and to
the extent they are unknown, the two-terminal resistance is indefinite.

If, however, a resistance network is made four-terminal, its resistance can be defined precisely and measured by four-
terminal techniques. One pair of terminals (current terminals) is located outside a second pair (potential terminals) as
shown in figure 30.

Figure 30 —Four-terminal network for resistance measurement

The resistance is defined as the open-circuit voltage across the potential terminals divided by the current entering and
leaving the current terminals. Thus, for example, if the resistance of a winding between two points a and b is needed,
the potential leads are connected to terminals P1 and P2, and the current leads are connected to terminals C1 and C2.

There is no precise rule that governs the selection of a four-terminal measurement over a two-terminal one. The choice
depends primarily on the magnitude of the resistance and on the accuracy to which it is to be measured. However,
either contact resistance or uncertainties in lead resistance may be as much as 0.01 Ω. If these arc an appreciable part
of the resistance to be measured, a four-terminal measurement is dictated.

Both two-terminal and four-terminal resistance measurements may be made using voltmeter-ammeter methods or
bridge methods.

8.5.1 Voltmeter-ammeter methods

The potentiometric method to be employed is described in 5.3.2 of IEEE Std C57.12.90–1993. 

8.5.2 Bridge methods

When two-terminal measurement is adequate, the Wheatstone bridge is recommended. When four-terminal
measurements are necessary, the double-ratio arm (Kelvin) bridge is required. Both types are commercially available
and require minimum external equipment.

The Wheatstone bridge consists of a pair of ratio arms, an adjustable resistance arm for achieving balance, and an arm
containing the resistance to be measured. In the commercial versions, the ratio arms are equipped so that any one of
several ratios can be readily selected. Thus, resistances can be measured over a wide range with maximum resolution
available from the adjustable arm.

The double-ratio arm bridge is more complex in both its design and its operation. Textbooks in electrical
measurements contain excellent discussions of the bridge and should be consulted. Generally speaking, the bridge
measures a four-terminal resistance in such a way that its points of attachment to the measuring circuit and its lead
resistances do not enter into the measurement.
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The lowest measurement uncertainty available from either type of bridge can be obtained if a substitution technique is
employed. The technique, however, requires a known standard whose nominal value is the same as the resistance being
measured. The bridge is first balanced with the standard in the unknown arm and is then rebalanced with the standard
replaced by the unknown resistor. In this way, only the small difference between the two is measured and since the
other arms of the bridge remain unchanged, their values need not be known.

8.5.3 Reference temperature measurements

The reference temperature of the winding may be determined accurately when measuring the winding resistance for
use in temperature rise tests. The temperature of the winding shall not be assumed to be the same as the surrounding
air.

For dry-type transformers, the winding resistance measurements shall be made at a time when the transformer and
surrounding air arc at constant and substantially equal temperatures, and only after the transformer has been unexcited
and had no current in its windings for a period of from three to eight hours, depending on the size of the transformer.
They shall not be made when the transformer is located in drafts or in an area in which the temperature is fluctuating
rapidly.

For dry-type, self-cooled transformers, the temperature of the windings shall be recorded as the average of the readings
of several thermocouples or thermometers placed in contact with the external surface of the transformer as close as
possible to the windings.

For liquid-immersed, self-cooled transformers, the temperature of the windings and liquid shall be assumed to be the
same and shall be recorded as the average of the readings of several thermometers immersed in the liquid as close to
the coils as practical or as the average of the readings of several thermocouples or thermometers placed in contact with
the external surface of the transformer as close as possible to the windings.

8.6 Short-time characteristics

8.6.1 Short-time mechanical rating tests

The test to demonstrate the short-time mechanical current rating of a current transformer shall be made by subjecting
the current transformer, with the secondary short-circuited, to at least one peak of a primary current having a crest
value equal to 2.7 times the mechanical short-time current rating.

The test to demonstrate the mechanical short-circuit capability of a voltage transformer shall be made with rated
voltage maintained on the primary for 1 s with the secondary terminals short-circuited.

8.6.2 Thermal short-time rating calculations

The calculation of temperature risc of a winding under short-time conditions is based on the assumption that heating
is adiabatic, i.e., that all of the energy developed in the winding during the period of the short circuit (5 s or less) is
stored as heat in the winding.

It is further assumed that the starting temperature of the winding when the short circuit occurs is the maximum hottest-
spot temperature of the winding at 30 °C ambient temperature under continuous loading at a) the continuous thermal
current rating for a current transformer or b) the maximum rated standard burden and 110% of rated voltage for a
voltage transformer. Where this hottest-spot winding temperature is not established by test, the limits of hottest-spot
temperature rise (specified in table 4) for 30 °C ambient shall be used.

The calculated maximum temperature attained by the winding during the short circuit shall not exceed the limits
specified in 6.6.2 for a current transformer or in 7.7 for a voltage transformer.
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The general equation of winding temperature under short-circuit conditions is most conveniently expressed and used
as the current density that will produce the maximum permissible temperature in the winding under the conditions
specified above. Thus,

where:

I = short-circuit current, in amperes
A = conductor cross-section in inches squared
C = average thermal capacitance per unit volume, in wattseconds/(degrees Celsius × inches cubed)
ρ20 = specific resistance at 20 °C in ohm-inches
t = duration of short circuit, in seconds
T = 234.5 °C for copper

= 225 °C for EC aluminum
θs = starting temperature, in degrees Celsius
θm = maximum temperature, in degrees Celsius
K = ratio of all stray conductor loss to the de 12R loss of the winding at the starting temperature, θs
ln = natural logarithm

This general equation may be simplified for most practical applications, since short-time thermal ratings are based on
a short-circuit duration of 1 s and, except for large current transformer primary bars, K is usually negligible.

For copper (100% IACS):

ρ20 = 0.679 × 10−6 Ω-in
C = 58.6 Ws/(°C × in3)
T = 234.5 °C

and, for the above conditions,

For aluminum (EC, 62% IACS):

ρ20 = 1.095 × 10−6 Ω-in
C = 43.1 Ws/(°C × in3)
T = 225 °C

and, for the above conditions,
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If θm is taken as 250 °C for copper and as 20 °C for EC aluminum (see 6.6.2), and if θs is taken as 95 °C for 55 °C rise
types, 110 °C for 65 °C rise types, and 140 °C for 80 °C rise types (see table 4), then:

For copper:

I/A = 92 030 A/in2 (or 14 260 A/cm2) for 55 °C rise types
I/A = 86 550 A/in2 (or 13 420 A/cm2) for 65 °C rise types
I/A = 75 220 A/in2 (or 11 660 A/cm2) for 80 °C rise types

For aluminum:

I/A = 52 310 A/in2 (or 8110 A/cm2) for 55 °C rise types
I/A = 47 990 A/in2 (or 7430 A/cm2) for 65 °C rise types
I/A = 38 310 A/in2 (or 5940 A/cm2) for 80 °C rise types

8.6.3 Short-time thermal rating of current transformers

The short-time thermal rating assigned to a current transformer shall be such that the permissible current density, as
determined by the applicable equation of 8.6.2, will not be exceeded in any winding.

For current transformers, the major portion of the stray conductor loss, if any, is normally in the primary and K, the
ratio of stray conductor loss to l2R loss, should be applied to the calculations of the temperature rise in the primary
winding only. The value may be determined from the equation:

K = (Pz − I2 × R)/(Ip
2 × R)

where

I2 × R = total dc loss for primary and secondary windings
Ip

2 × R = dc loss for primary winding only
Pz = watt measured in impedance test (see 8.3.1.1)

The value of K at the prescribed starting temperature may be determined from the stray loss ratio, Ka, at some other
temperature θa by the following equations:

For copper:

K = Ka × ((234.5 + θa)/(234.5 + θs))
2

For EC aluminum:

K = Ka × ((225 + θa)/(225 + θs))
2

For the calculation of permissible current density in the secondary winding, K may be considered negligible and the
simplified equations at the end of 8.6.2 may be used.

In a current transformer, under the conditions prescribed for the calculation of temperature rise, saturation of the core
may cause the actual secondary current to be less than that indicated by the marked ratio of the transformer. Where
actual secondary current under the overload condition has been established by test or calculation, the actual secondary
current density may be used rather than that indicated by the marked ratio.
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8.6.4 Short-circuit thermal capability of voltage transformers

To demonstrate the ability of a voltage transformer to meet the temperature limitations of 7.7, the short-circuit current
in each winding is calculated for the condition of rated voltage applied to the primary terminals, and the secondary
winding short-circuited at its terminals. The current density, I/A, is then calculated by dividing the short-circuit current
by the cross section of the conductor. The value of current density so obtained for each winding must not exceed the
applicable value calculated using the equations at the end of 8.6.2, the stray conductor loss ratio K being considered
negligible for voltage transformers.

For the purpose of calculating the short-circuit current of the above, the reactance X, and the resistance R, may be
determined by any of the methods described in 8.3, but the resistance must be corrected to a termperature that is the
average of the initial and maximum temperatures. For any winding:

where

I = short circuit current
V = rated voltage of the winding
X = reactance, referred to that winding
R = resistance, referred to that winding at the average temperature

The value of R may be determined from the resistance, Ra, at a temperature θa by one of the following relations.

For copper:

R = Ra × (234.5 + (θs + θm)/2)/(234.5 + θa)

For EC aluminum:

R = Ra × (225 + (θa + θm)/2)/(225 + θa)

In a voltage transformer under short-circuit conditions, the current, and therefore the current density, will decrease
during the short circuit due to the change of resistance with the temperature of the winding. The value of short-circuit
current, as determined by the above paragraph, therefore represents an average value during the short-circuit period.
However, this approximation introduces negligible error in the calculation of temperature rise within the prescribed
limits.

8.7 Temperature rise tests

8.7.1 General

All temperature rise tests shall be made under the normal conditions of the means, or method, of cooling.

All temperature rise tests shall be made with the transformer under test in the attitude and under the conditions for
which it is designed to operate. If the transformer is designed for use in any one of several attitudes, or under several
possible conditions, the test shall be made in the attitude and condition that is considered to result in the greatest
temperature rise.

The transformer shall be mounted in a normal manner. Mounted in a normal manner shall be interpreted to mean that
the heat dissipation due to conduction and radiation shall not be substantially influenced by abnormal heat transfer to,

I V  R2 X2+( ) ⁄=
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or from, surrounding objects. Transformers shall be completely assembled with normal finish, and if liquid-immersed,
they shall be filled to the recommended level.

Temperature rise tests shall be made in an area as free from drafts as practicable.

8.7.2 Ambient or cooling air temperature

The ambient temperature shall be the temperature of the air surrounding the transformer under test.

The ambient temperature shall be not less than 10 °C nor more than 40 °C during a temperature rise test.

The preferred method of measuring the ambient temperature is by using an ideal identical transformer, or one having
similar thermal-time characteristics, and measuring the temperature by the resistance method. The idle transformer
shall be located so as to respond to ambient temperature changes in the same manner as the transformer under test (see
8.5.3).

When an identical transformer is not available, the temperature of the cooling air shall be determined from the average
of the readings of several thermometers or thermocouples (one may be used for small transformers) placed around and
approximately at the same level as the center of the maximum vertical heat-dissipating surface of the transformer, at a
horizontal distance adequate to prevent the transformer under test from influencing the readings (1 to 2 m or 3 to 6 ft)
is usually sufficient.

To reduce to a minimum the errors due to time lag between the temperature of the transformers and the variations in
the ambient temperature, the thermocouples, or thermometers, shall be placed in suitable containers and shall have
such proportions as will require not less than two hours for the indicated temperature within the container to change
6.3 °C if suddenly placed in air that has a temperature 10 °C higher, or lower, than the previous steady-state indicated
temperature within the container.

When the ambient temperature, based on the average readings of the thermometers or thermocouples during one
observation period, is not 30 °C, the winding losses will not be the same as the values that would have been obtained
at 30 °C ambient conditions. If the temperature rise values obtained are close to the limiting values for the insulation
used in the transformer, a correction shall be applied to that part of the temperature rise due to the winding losses.

The corrected temperature rise for current transformers shall be obtained by multiplying the total measured
temperature rise by the applicable factor.

Factor for copper windings = 264.5/(234.5 + θa)
Factor for EC aluminum windings = 255/(225 + θa)

where

θa = ambient temperature at the termination of the temperature rise test

The temperature rise of voltage transformers depends on both the winding losses and the core losses. Only that part of
the temperature rise due to the winding losses is affected by the ambient temperature, as the core losses are not
appreciably changed over the temperature range in which instrument transformers normally operate.

The part of the temperature rise due to the winding losses shall be corrected by using the applicable factor covered
above. To obtain the part of the temperature rise due to winding losses, a temperature rise test shall be made with the
voltage transformer secondary winding open-circuited and the values obtained subtracted from the temperature rise
values that were obtained under the corresponding condition specified by 8.7.9.
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8.7.3 Temperature rise measurements

Provision shall be made to measure the surface temperature of all metal parts surrounding, or adjacent to, the outlet
leads or terminals carrying large currents.

When possible, the top liquid temperature of liquid-immersed transformers shall be measured by a thermocouple or
spirit thermometer immersed to approximately 5 cm (2 in) below the top liquid surface.

The bulbs of the spirit thermometer or other temperature-reading means used for taking temperatures of the
transformer surfaces in air shall be covered by small felt pads, or the equivalent, cemented to the transformer. If
thermocouples are used, the leads shall be so arranged that excessive heat is not conducted to or from the junction.

The ultimate average temperature rise of the windings shall be determined by the resistance method whenever
practical.

To avoid errors due to the time required for the bridge current to become constant, the time required shall be
determined during the measurement of the winding resistance reference temperature. An equal or slightly longer time
shall be allowed when making ultimate and cooling rate temperature measurements. Measurements of temperature rise
by the resistance method shall not include contact resistances. This may be accomplished by using the double bridge
method.

The temperature rise shall be considered constant when all temperatures that can be measured without shutdown at
intervals of not less than 30 min show three consecutive readings within 1 °C. Temperature rise tests shall not be made
by any method that requires shutting off the power for more than two minutes in any two hours to establish that a
constant temperature has been reached.

8.7.4 Determination of winding temperature at time of shutdown

A correction shall be made for the cooling that occurs from the time that the power is shut off to the time that the hot
resistance is measured.

The recommended method of determining the temperature of the winding at the time of shutdown shall be by
measuring the resistance of the windings, as the transformer cools, immediately after shutdown and extrapolating to
the time of shutdown. At least four measurements shall be made at intervals of not more than three minutes but no less
than the time required for the measuring current to stabilize. If the current does not exceed 15% of the rated current of
the winding, it may be maintained during the entire period.

8.7.5 Determination of average temperature by the resistance method

The average temperature of a winding shall be determined by either of the following equations:

θt = (Rt/R0) × (T + θ0) −T

θt = ((Rt − R0)/R0) × (T + θ0) + θ0

where

T for copper =234.5
T for EC aluminum =225
θt = temperature in degrees Celsius corresponding to the resistance of the winding at time of shutdown
θ0 = temperature in degrees Celsius corresponding to the reference resistance of the winding
Rt = resistance of the winding at time of shutdown
R0 = reference resistance of the winding
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8.7.6 Determination of temperature rise from temperature measurements

The temperature rise is the corrected total temperature minus the ambient temperature at the time the observations
were made.

8.7.7 Correction of observed temperature rise for variation in altitude

When tests are made at an altitude not exceeding 1000 m (3300 ft) above sea level, no altitude correction shall be
applied to the temperature rise.

When tests are made at an altitude that is more than 1000 m (3300 ft) above sea level, the temperature rise shall he
corrected to 30 °C conditions by the following method:

θr = θm × [1 − 0.005*((h − 1000)/100)]

or

θr = θm × [1 − 0.005*((A − 3300)/330)]

where

θr = temperature rise with standard conditions
θm = measured temperature rise corrected to 30 °C conditions
A = altitude in feet above sea level
h = altitude in meters above sea level

8.7.8 Current transformer temperature rise tests

Tests on current transformers shall be made at maximum rated continuous current and at rated frequency.

All terminals and joints shall be clean and tight and shall provide good electrical contact.

Current transformers that are rated for metering use only may be tested with the secondary winding shortcircuited.

Current transformers with a relay accuracy rating shall be tested with the maximum burden, in ohms, for which the
transformer relay rating is published. The power factor of the burden is not important for this test.

Current transformers that have been magnetized by measuring the resistance of the winding shall be demagnetized
after the completion of temperature rise tests. (The method of demagnetizing is covered in 8.2.)

In order that the bus bar or cable connected to the current transformer will not represent an unduly large heat sink or
source, the bar or cable shall have a current-carrying capacity equivalent to the maximum continuous-current rating of
the current transformer and shall extend a minimum of 125 cm (4 ft) beyond the ends of each primary terminal.

In making temperature tests on window-type current transformers the primary conductor used in the test shall have a
continuous-current capacity in the configuration used and according to recognized authority, not less than the test
current. If more than one primary turn is used, the clearance between the turns and the transformer body around the
outside shall be at least 30 cm (12 in). For 55 °C or 65 °C rise type transformers the continuous-current capacity of the
primary bus shall be based on a temperature rise of 50 °C or less, and the continuous-current capacity of the primary
cable shall be based on a maximum conductor temperature of 75 °C.
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8.7.9 Voltage transformer temperature rise tests

Temperature rise tests shall be made at rated frequency. The power factor of the burden used during temperature rise
tests is not important.

Temperature rise tests at thermal burden rating shall be made at rated primary voltage.

Temperature rise tests, for normal operating conditions, shall be made at 110% rated primary voltage and with the
maximum standard burden for which an accuracy class is published.

8.8 Dielectric tests

Dielectric tests should be made with the transformer at room temperature and, unless otherwise specified, the voltage
should be measured in accordance with IEEE Std 4-1978, with the following exception: for transformers to be tested
at 50 kV or less, it is permissible to depend on the ratio of the supply transformer to indicate the proper test voltage,
provided it has been suitably calibrated for the load conditions involved.

When tests are required on bushings or insulators separately from the transformers, the tests shall be made in
accordance with IEEE Std 21-1976. 

Current transformers listed in table 3 are to be tested in accordance with the applicable sections of IEEE Std C37.09-
1979. 

8.8.1 Factory dielectric tests

The purpose of dielectric tests in the factory is to check the insulation and workmanship and, when required, to
demonstrate that the transformer has been designed to withstand the specified insulation tests.

Impulse tests, when required, shall precede the low-frequency tests.

8.8.2 Dielectric tests by the user

It is recognized that the dielectric tests impose a severe stress on the insulation, and if applied frequently, will hasten
breakdown or may cause breakdown. The stress imposed, of course, is more severe the higher the value of the applied
voltage. Hence the advisability of periodic testing may be questionable.

It is recommended that initial user tests of insulation should not be in excess of 75% of the factory test voltage; that for
old apparatus rebuilt in the field, tests should not be in excess of 75% of the factory test voltage; and the periodic
insulation tests by the user should not be in excess of 65% of the factory test voltage. Tests made by the user for design
approval may be made at 100% of the factory test voltage.

Under some conditions transformers may be subjected to periodic insulation tests using dc voltage. In such cases, the
test dc voltage should not exceed the original factory test rms alternating voltage. For example, if the factory test was
26 kV rms, then the routine test dc voltage should not exceed 26 kV.

Periodic dc insulation tests should not be applied to transformers of higher than 200 kV BIL rating.

8.8.3 Applied voltage tests

The terminal ends and taps brought out of the case from the winding under test shall all be joined together and
connected to the line terminal of the testing transformer. All other terminals and parts (including tank and core, if
accessible) should be connected to ground and to the other terminal of the testing transformer. The ground connection
between the apparatus being tested and the testing transformer must be a substantial metallic circuit.
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Wire of sufficient size and suitable arrangement to prevent excessive partial discharge (corona) at the test voltage
should be used in connecting the respective taps, line terminals, and the test transformer together. Care must be taken
to keep the wire on the high-voltage side well away from the ground. No appreciable impedance should be placed
between the testing transformer and the one under test.

It is recommended that a suitable current-sensitive failure detection device be provided. The reason for this is that the
voltage change across the test transformer at failure may not easily be detected by observation of the input voltmeter.

As a safety precaution, a relief gap set at a voltage 10% to 20% in excess of the specified test voltage should be
connected during the applied voltage test. For instrument transformers to be tested at 50 kV or less, it is permissible to
omit the relief gap (see 8.8).

The applied test voltage should be started at one-third or less of full value and increased gradually to full value in not
more than 15 s. After being held for 1 min, it should be reduced gradually in not more than 15 s to one-third of the
maximum value or less and the circuit opened.

Note that the applied voltage test requirements for insulated-neutral-terminal types of voltage transformers are
specified in 4.5.

The test frequency shall be 60 Hz.

8.8.4 Induced voltage tests

These are made by applying voltage to one winding with all the other windings open. One end of each winding shall
be grounded during this test. Usually the voltage is applied to the low-voltage winding. When the voltage across any
winding will exceed 50 kV during this test, some means should be provided to verify the voltage.

As this test (if made at rated frequency) overexcites the transformer under test, the frequency of the applied voltage
should be such as to prevent saturation of the core. Ordinarily this requirement necessitates the use of a frequency of
120 Hz or more when exciting 60 Hz units. For those types that have large distributed capacitance, the excitation
current increases with the frequency of the applied voltage, making it necessary to guard against an exciting current
that will exceed 200% normal load current based on the thermal rating. When frequencies higher than 120 Hz are used,
the severity of the test is abnormally increased and for this reason the duration of the test should be reduced in
accordance with table 16.

The voltage should be started at one-third or less of the full value and be increased gradually to full value in not more
than 15 s. After being held for the duration of time specified in table 18, it should be reduced gradually in not more
than 15 s to one-third the maximum value, or less, and the circuit opened.

Voltage transformers in polyphase metering equipment may be tested with single-phase voltage. Usually the specified
test voltage is applied to one of the windings on each core with the neutral ends of the open windings grounded.

Table 16— Full voltage duration for induced voltage tests

Frequency (Hz) Duration (s)

120 or less 60

180 40

240 30

360 20

400 18
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8.8.5 Impulse tests

These tests consist of applying in the following order one reduced full wave, two chopped waves, and one full wave.
Impulse tests are to be made without excitation.

8.8.5.1 Wave to be used

The wave to be used shall consist of a nominal 1.2 × 50 µs wave. Either, but not both, positive or negative waves may
be used. Waves of negative polarity for liquid-immersed apparatus, and of positive polarity for dry-type or compound-
filled apparatus, are recommended and shall be used unless otherwise specified. If in testing liquid-immersed
apparatus the atmospheric conditions at the time of test are such that bushings will not withstand the specified polarity
wave, then a wave of the opposite polarity may be used.

The voltage shall be measured and the oscillogram scaled as specified in section 2. of IEEE Std 4-1978. 

8.8.5.2 Reduced full-wave test

For this test, the voltage wave shall have a crest value of between 50 and 70% of the full-wave crest given in table 2.

8.8.5.3 Chopped-wave test

For this test, the applied voltage wave shall be chopped by a suitable air gap. It shall have a crest value and time to
flashover in accordance with table 2.

To avoid recovery of insulation strength if failure has occurred during a previous impulse, the time interval between
application of the last chopped wave and the final full wave should be minimized and preferably should not exceed 5
min.

8.8.5.4 Full-wave test

For this test, the voltage wave shall have a crest value in accordance with table 2 and no flashover of the bushing or test
gap shall occur.

To avoid flashover of the bushing during adverse conditions of humidity and air density, the bushing flashover may be
increased by appropriate means. The time interval between application of the last chopped wave and the final full wave
shall be minimized to avoid recovery of insulation strength if a failure has occurred prior to the final full wave.

All impulses applied to a transformer shall be recorded if their crest values exceed 40% of the crest of the full-wave
value given in table 2.

When reports require oscillograms, those of the first reduced full wave, the last two chopped waves, and the last full
wave of voltage shall represent a record of the successful applications of the impulse test to the transformer.

8.8.5.5 Current transformer connections for impulse test

The impulse voltage shall be applied to all primary leads simultaneously with the secondary windings shortcircuited
and grounded.

8.8.5.6 Voltage transformer connections for impulse test

The specified test voltage shall be applied to each primary terminal. In testing transformers equipped with fuses, the
fuses should be short-circuited. Test voltages shall be applied to the polarity terminal of the high-voltage winding with
the opposite lead grounded and to the nonpolarity terminal with the polarity lead grounded.
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One terminal of the winding under test shall be grounded directly or through a small resistance if current
measurements are to be made. One terminal of each of the other windings may be grounded directly or through a
resistor. It is desirable that the voltage on ungrounded terminals of a winding not under test should not exceed 80% of
the full-wave voltage for its BIL rating.

In some cases the inductance of the winding is so low that the desired voltage magnitude and duration of the 50% point
on the tail of the wave cannot be obtained with available equipment. Low-inductance windings may be tested by
inserting a resistor of not more than 500 Ω in the grounded end of the winding. In all such cases shorter waves may be
used.

8.8.5.7 Detection of failure during impulse test

Any unexplained differences between the reduced full wave and the final full wave detected by superimposing the two
voltage osciilograms, or any such differences observed by comparing the chopped waves to each other and to the full
wave up to the time of flashover, are indications of failure. Deviations may be caused by conditions in the test circuit
external to the transformer or by protective devices and should be fully investigated.

Smoke bubbles rising through the liquid in the transformer are definite evidence of failure. Clear bubbles may or may
not be evidence of trouble; they may be due to entrapped air. They should be investigated by repeating the test, or by
reprocessing the transformer and repeating the test to determine whether a failure has occurred.

In making the chopped-wave test, failure of the chopping gap, or any external part, to flashover, although the voltage
oscillograms show a chopped wave, is a definite indication of a flashover either within the transformer or in the test
circuit.

Unusual noise within the transformer at the instant of applying the impulse is an indication of trouble.

When the ground current oscillogram method of detection is used, impulse current in the grounded end of the winding
tested is measured by means of an osciliograph connected across a suitable shunt inserted between the normally
grounded end of the winding and ground. Any unexplained differences between the current wave shapes obtained on
reduced full waves and full-wave tests detected by superimposing the two current osciilograms may be an indication
of failure. Deviations in the current wave shapes may also by caused by conditions in the test circuit external to the
transformers, or by built-in protective devices, and should be investigated fully. It is difficult to shield the measuring
circuit completely from the influence of the high voltage of the surge generator and some stray voltages are frequently
picked up that may produce an erratic record for the first one or two microseconds. Such influences, if they occur at the
start of the current wave, should be disregarded. The ground current method of detection is not applicable for use with
chopped-wave tests.

When the induced-voltage osciliogram method of detection is used, the voltage induced in the secondary winding is
measured by means of an oscillograph connected across the secondary winding of the transformer under test. Any
unexplained difference between the voltage wave shapes obtained on reduced full waves, and full-wave tests detected
by superimposing the two voltage oscillograms, may be an indication of failure. Deviations in the voltage wave shapes
may also be caused by conditions in the test circuit external to the transformer or built-in protective devices and should
be investigated fully. The induced-voltage method of detection is not applicable for use with chopped-wave tests.

8.9 Measurement of open-circuit voltage of current transformers

These are design tests to determine the open-circuit voltage.

The open-circuit voltage as measured will be considerably reduced from the true value if the impedance of the
measuring circuit connected to the secondary terminals is not extremely high or if there is even minor variation from
a pure sinusoidal wave of current. The measurement to detect and correct for these possible conditions should be made
with a primary circuit as shown in figure 31 a), such that the ratio V3/V2 [see figure 31 b)] does not exceed 2.
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a) Measure the crest open-circuit secondary voltage, VI [see figure 31 a)], using a high-impedance crest reading
voltmeter, oscilloscope, or calibrated gap. Increase the primary current gradually from zero to the maximum
continuous-current rating or until the crest voltage reaches 3500 V, whichever occurs first. If 3500 V crest is
not exceeded by this test, then the information in item b) should be followed.

b) When the crest voltage in item a) does not exceed 3500 V, the observed open-circuit crest voltage must be
corrected for deviation of the primary current from sinusoidal wave shape.

NOTE  —  The values of V2 and V3 need not be calibrated in volts but the sensitivity of the oscilloscope used to measure their value
must be the same for both measurements. In many instances V3 may be obtained simultaneously with V2 by
approximating the crest of the fundamental under conditions of figure 31 b). Ip must be the same rms value when
measuring both V2 and V3.

The correction using figure 31 a) is:

where

Va = true open-circuit crest voltage
V1 = measured secondary crest voltage using a high-impedance indicator (Switch 1 open)
V2 = measured instantaneous voltage from mutual inductance at the instance of crest induced voltage in current

transformer [oscilloscope indication at minimum dip, Switch 1 open, see figure 31 b)]
V3 = measured crest voltage from mutual inductance [Switch 1 closed, see figure 31 c)]
Ip = rms primary current at the maximum continuous thermal current rating

Va V1  V3 V2⁄( )×  when V3 V2⁄( ) 2≤=
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Figure 31 —Measurement of open-circuit voltage of current transformers
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1. Introduction

In the application of protective relays, the most widely used input quantity is current. A multiplicity of different
protective relays either utilizes current directly, combines it with other currents as in differential schemes, or combines
it with voltage to make impedance or power measurements. The source of relay input current is from current
transformers which may be located on the bushings of power circuit breakers and power transformers, on the bus bars
of metal clad switchgear, or installed as separate items of equipment located as required.

The purpose of this guide is to describe Þeld test methods that will assure that the current transformers are connected
properly, are of marked ratio and polarity, and are in condition to perform as designed both initially and after a period
of service.

2. Consideration of American National Standards Institute1 (ANSI) Accuracy 
Classes

Relaying accuracy classes have been established in ANSI/IEEE C57.13-1978, Requirements for Instrument
Transformers, to specify the performance of relaying current transformers. During faults on the electric power system,
relaying current transformers must operate at high overcurrent levels. ANSI classiÞcations, therefore, deÞne minimum
steady-state performance at these levels. Performance is described by using a two-term identiÞcation system
consisting of a letter and a number selected from: (C,T) (10, 20, 50, 100, 200, 400, 800), for example, C400.

The Þrst term of this identiÞcation describes performance in terms basically relating to construction and is discussed
in Section 4.

The second term of this identiÞcation is the secondary terminal voltage rating. It speciÞes the secondary voltage that
can be delivered by the full winding at 20 times rated secondary current without exceeding 10 percent ratio correction.
As an example, a 100 V rating means that the ratio correction will not exceed 10 percent at any current from 1 to 20
times rated current with a standard 1.0 W burden. (1.0 W times 5 A times 20 times rated secondary current equals 100
V.) The ANSI voltage rating applies to the full secondary winding only. If other than the full winding is used, the
voltage rating is reduced in approximate proportion to tums used.

1ANSI documents are available from the American National Standards Institute, 1430 Broadway, New York, NY 10010.
Copyright © 1981 IEEE All Rights Reserved 1
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3. Safety Considerations in Field Testing Current Transformers

Many of the tests called for in this guide involve high voltage and, therefore, should be performed only by experienced
personnel familiar with any peculiarities or dangers that may exist in the test setups and test procedures. While some
dangers are speciÞcally pointed out herein, it is impractical to list all necessary precautions.

Test procedures in 4.3, 6.1, 7.1, and 7.2 are described appropriately for the usual case where secondary tums are more
numerous than primary turns. In the unusual case where primary turns are more numerous than secondary turns,
primary and secondary and H1 and X1 should be interchanged in these paragraphs and related Þgures.

4. Current Transformer Types, Construction, Effect On Test Methods

Current transformers for protective relay applications are divided into two general categories which affect test
methods.

4.1 Bushing, Window, or Bar-Type Current Transformers with Uniformly Distributed 
Windings

Current transformers of this type have no Òprimary windingÓ but rather utilize the primary conductor passing once
through the center of a toroidal core to perform this function. Since the secondary winding is uniformly distributed
about the core and only a single primary turn is used, essentially all ßux which links the primary conductor also links
the secondary winding as shown in Fig 1.

Figure 1ÑUniformly Distributed Secondary Winding

Because there is essentially no leakage ßux in such a device, it has negligible leakage reactance. Therefore, the
excitation characteristic can be used directly to determine performance. Current transformers of this type have a C
classiÞcation per ANSI/IEEE C57.13-1978, indicating that ratio correction at any current can be calculated adequately
if the burden, secondary winding resistance, and the excitation characteristics are known. ANSI/IEEE C57.13-1978
states that if transformers have C classiÞcation on the full winding, all tapped sections shall be so arranged that the
ratio can be calculated from excitation characteristics. Previous issues of ANSI/IEEE C57.13 did not require such
arrangement of tapped sections.

4.2 Wound Current Transformers, or Those without Uniformly Distributed Windings

Wound-type current transformers are usually constructed with more than one primary turn and undistributed windings.
Because of the physical space required for insulation and bracing of the primary winding and fringing effects of
nonuniformly distributed windings, ßux is present which does not link both primary and secondary windings. Figure
2 is included to clearly illustrate the effect but does not reßect usual construction practice.
2 Copyright © 1981 IEEE All Rights Reserved
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The presence of such leakage ßux has a signiÞcant effect on current transformer performance. When this ßux is
appreciable, it is not possible to calculate ratio correction knowing the burden and the excitation characteristic. Units
of this type have a T classiÞcation in accordance with ANSI/IEEE C57.13-1978, indicating that ratio correction is to
be determined by test.

Figure 2ÑLeakage Flux Associated with Class T Current Transformers

4.3 Consideration of Remanence

The performance of both C and T class current transformers is inßuenced by remanence or residual magnetism. The
available core materials are all subject to hysteresis. The phenomenon is shown by plotting curves of magnetic ßux
density as a function of magnetizing force as shown in Fig 3(a). When the current is interrupted, the curves show that
the ßux density does not become zero when the current does.

When the current contains a dc component, the magnetizing force in one direction is much greater than in the other.
The curves resulting are both displaced from the origin and distorted in shape, with a large extension to right or left in
the direction of the dc component as noted in Fig 3(b). If the current which is interrupted is high, or if it contains a large
dc component and is interrupted when total ßux is high, remanence will be substantial, perhaps being above the ßux
equivalent of the knee point shown on the excitation curve of Fig 10.

When the current transformer is next energized, the ßux changes required will start from the remanent value, and if the
required change is in the direction to add to the remanent ßux, a large part of the cycle may Þnd the current transformer
saturated. When this occurs, much of the primary current is required for excitation, and secondary output is
signiÞcantly reduced and distorted on alternate half cycles.

This condition can be corrected by demagnetizing the current transformer. It is accomplished by applying a suitable
variable alternating voltage to the secondary, with initial magnitude sufÞcient to force the ßux density above the
saturation point, and then decreasing the applied voltage slowly and continuously to zero. If there is any reason to
suspect that a current transformer has been recently subjected to heavy currents, possibly involving a large dc
component, or been magnetized by any application of dc voltage, it should be demagnetized before being used for any
test requiring accurate current measurement. Test connections are identical to those required for the excitation test as
shown in Fig 9.
Copyright © 1981 IEEE All Rights Reserved 3
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5. Insulation Resistance Tests

Insulation resistance between the current transformer secondary and ground is usually checked by the use of
conventional insulation test instruments. The neutral ground must be removed and the current transformer preferably
isolated from its burden for this test. Actually, the neutral can be used to test all three phases simultaneously.

If relays are left connected to the current transformers during the test, the relay manufacturer should be consulted
before test values above 500 V are used. Many solid-state relay designs have surge-suppression capacitors connected
from input terminals to ground which may be damaged by use of a higher voltage.

Figure 3ÑHysteresis Curves:                                                                                                                                                
(a) Ñ Normal Hysteresis Curve; (b) Ñ Hysteresis Curve with Remanence

The resistance should be compared with those of similar devices or circuits. Readings lower than those known to be
good should be carefully investigated. The generally accepted minimum insulation resistance is 1 MW. One of the most
common reasons for low readings is the presence of moisture. Drying out the equipment and retesting should be
considered before it is dismantled.

6. Ratio Tests

There are two generally accepted methods of checking the tums ratio of all types of current transformers.

6.1 Voltage Method

A suitable voltage, below saturation, is applied to the secondary (full winding), and the primary voltage is read with a
high-impedance (20 000 W/V or greater) low-range voltmeter as shown in Fig 4. The turns ratio is approximately equal
to the voltage ratio. Saturation level is usually about 1 V per turn in most low- and medium-ratio bushing current
transformers. High-ratio generator current transformers and window-type current transformers used in metal-clad
switchgear may have saturation levels lower than 0.5 V per turn. In the case of very high, ratio current transformers,
application of a test voltage with an even lower voltage per turn may be required to avoid personnel hazard and
possible damage to equipment. The ANSI relay accuracy class voltage rating should not be exceeded during this test.

At the same time the overall ratio is being determined, the tap section ratios may be checked with a voltmeter by
comparing tap section voltage with the impressed voltage across the full winding. An ammeter is included in the
recommended test method as a means of detecting excessive excitation current.

CAUTION Ñ If more convenient, voltage may be applied to a section of the secondary winding; however, voltage
across the full winding will be proportionately higher because of autotransformer action.
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6.2 Current Method

This method of determining the turns ratio requires a source of high current, an additional current transformer of
known ratio with its own ammeter, and a second ammeter for the transformer under test. Any other current
transformers that may be in series with the transformer under test should be short circuited and possibly disconnected
from their burdens if damage to other meters or relays, or accidental tripping, is likely. This method is not practical for
current transformers in an assembled power transformer or generator. See Section 11 for test methods recommended
for them.

A source of current for this test could be a loading transformer weighing approximately 80 lb, rated 120/240 Ñ 6 V
with a secondary current rating of 1200 A for 30 min. Different loading transformers are available, some with much
higher current ratings. A variable auto-transformer is also required to control the primary voltage of the loading
transformer. The test equipment connections are shown in Fig 5.

The test is performed by adjusting the high-current test source to a series of values over the desired range and
recording the two secondary currents. The ratio of the transformer under test is equal to the tums ratio of the reference
transformer multiplied by the ratio of the reference transformer secondary current to the test transformer secondary
current:

Figure 4ÑRatio Test by Voltage Method

Figure 5ÑRatio Test by Current Method
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Polarity may be checked by the method in 7.3 after completion of this test.

In performing this test, the tester should be aware that stray ßux can produce signiÞcant changes in performance. Test
conductors should, therefore, be extended as far as possible along the axis of the current transformer to minimize stray
ßux inßuence. This problem is of particular concern with window-type current transformers.

It is undesirable to use multiple tums of the test conductor through the center of a window-type current transformer to
reduce its ratio because this may produce an abnormal secondary leakage reactance and misleading results in the ratio
measurement. The effect is unpredictable and, although small with modem distributed winding current transformers
and low secondary burdens, it may produce signiÞcant error on older current transformers, particularly when high
burdens are connected.

7. Polarity Check

There are three generally accepted methods of checking current transformer polarity.

7.1 DC Voltage Test

In this test, a 6 to 10 V lantern-type battery is connected momentarily to the secondary of the transformer under test
and the momentary deßection of a milliammeter or millivoltmeter connected to the primary noted. If the positive
terminal of the battery is connected to terminal X1 and the positive terminal of the milliammeter is connected to
terminal H1, as shown in Fig 6, the deßection will be upscale when the battery is connected and downscale when it is
disconnected, if the polarity is in accordance with terminal markings. This test is also valid with the battery applied to
the primary and the meter connected to the secondary. It is advisable to demagnetize any current transformer that is
tested by impressing dc voltage across a winding.

If a bushing current transformer installed in a power transformer is being tested by connecting the battery to the power
transformer terminals, the other windings on the same phase of the power transformer may have to be short circuited
in order to obtain a reading.

Figure 6ÑPolarity Test with DC Voltage

CAUTION Ñ A dangerous voltage may be generated while disconnecting the battery from the transformer winding.
Therefore, if a knife switch is not used, a hot stick or rubber gloves must be used for connecting and
disconnecting the battery.

7.2 AC Voltage Test Ñ Oscilloscope

An oscilloscope can be used to check current transformer polarity as shown in Fig 7. The method used is to apply an
ac voltage to the secondary winding and compare it with the voltage induced in the primary winding.
6 Copyright © 1981 IEEE All Rights Reserved
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If only a single channel oscilloscope is available, the preferred method is to apply secondary voltage to the vertical
input terminals V and primary voltage to the horizontal input terminals H with polarities as indicated on the diagram.
If the slope of the line is positive as shown, as it would be when the same voltage is applied to both inputs, the polarity
is in accordance with terminal markings.

If a dual channel oscilloscope is available, primary and secondary voltages should be displayed on separate channels.
If the resulting waveforms are in agreement, as they would be when the same voltage is applied to both channels, the
polarity is correct. If the oscilloscope is calibrated, the current-transformer ratio can be obtained directly by measuring
the magnitude of the voltage waveforms and multiplying by the scale constants of the oscilloscope. The ammeter is
provided only to provide indication of excessive excitation current.

This test can be made in conjunction with the ratio test of 6.1. It can also be used to test a current transformer in a
closed delta winding of a 3-phase power transformer as discussed in 11.1.

7.3 Current Method

After the ratio test of 6.2, polarity can be conveniently checked by paralleling the reference current transformer
secondary with the test transformer secondary through two ammeters as shown in Fig 8. If A2 ammeter is reading
higher than A1, the polarity is in accordance with terminal markings.

Figure 7ÑPolarity Test with AC Voltage

Figure 8ÑPolarity Test with AC Current
Copyright © 1981 IEEE All Rights Reserved 7
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8. Winding and Lead Resistance (Internal Resistance)

In order to calculate ratio correction for a class C current transformer, its internal resistance and the external
impedance (including secondary lead resistance) must be known. The internal winding and lead resistance can be
measured with a resistance bridge. Usually, it is sufÞcient to use the average value of resistance of the current
transformers in the three phases for calculations. If it is desired to separate lead resistance and winding resistance to
provide data for other calculations, the resistance of the full winding and of a tap should be measured. Assuming all
tums are of equal resistance, the per-turn resistance and lead resistance can be calculated. All measurements should be
made at the current-transformer short-circuiting terminal block. Because of possible remanence, the current
transformer should be demagnetized after completion of this test as outlined in 4.3. As previously mentioned, proper
safety precautions should be taken when connecting and disconnecting the bridge because of potentially dangerous
spike voltages.

The procedure for measuring external burden is presented in Section 10..

9. Excitation Test

Excitation tests can be made on both C and T class current transformers to permit comparison with published or
previously measured data to determine if deviations are present.

Before the excitation test is made, the current transformer should be demagnetized as described in 4.3.

To perform the test, an ac test voltage is applied to the secondary winding with the primary open circuited as shown in
Fig 9. The voltage applied to the secondary of the current transformer is varied, and the current drawn by the winding
at each selected value of voltage is recorded. Readings near the knee of the excitation curve are especially important
in plotting a comparison curve. For current transformers with taps, the secondary tap should be selected to assure that
the current transformer can be saturated with the test equipment available. The highest tap which can accommodate
that requirement should be used.

The selection of instruments is especially important for this test. The ammeter should be an rms instrument. The
voltmeter should be an average reading voltmeter consisting of a d'Arsonval instrument connected across a full-wave
rectiÞer. It should be calibrated to give the same numerical indication as an rms voltmeter on sine-wave voltage.

CAUTION Ñ If voltage is applied to a portion of the secondary winding, the voltage across the full winding will be
proportionately higher because of autotransformer action. Current transformers should not remain
energized at voltages above the knee of the excitation curve any longer than is necessary to take
readings.

Any substantial deviation of the excitation curve for the current transformer under test from curves of similar
transformers or manufacturer's data should be investigated. Typical excitation curves are shown in Fig 10. Deviation
from expected results may indicate a turn-to-turn short circuit, distortion of test supply voltage waveform, or the
presence of a completed conducting path around the current transformer core.

This test can also be performed by energizing the current transformer primary from a high-current test source and
plotting primary exciting current versus secondary open-circuit voltage. The current must be divided by the current
transformer ratio in order to compare this data with Fig 10.
8 Copyright © 1981 IEEE All Rights Reserved
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Figure 9ÑExcitation Test

Figure 10ÑTypical Excitation Curve for C Class Multiratio Current Transformer
Copyright © 1981 IEEE All Rights Reserved 9
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10. Burden Measurements

Burden measurements and system short-circuit current provide data for calculating ratio-correction factors for class C
current transformers. Using these factors it is possible to analyze relay performance. The total burden of the circuit,
which is the sum of the internal current transformer burden and the external connected burden, must be determined.

The internal burden is the resistance of the secondary winding plus the lead resistance from the winding to the short-
circuiting terminal block converted to volt-amperes at rated secondary current. The procedure for measuring internal
resistance is described in Section 8.

The external connected burden can either be calculated or measured. To determine the external connected burden in
volt-amperes, measure the voltage required to drive rated current through the connected burden. If both resistive and
reactive components of the burden are desired, a suitable phase-angle meter can be connected.

Burden measurements, when compared with calculated values, help to conÞrm circuit wiring and satisfactory contact
resistances of terminal blocks and test devices.

The following reminders have been found useful in obtaining correct burden data:

1) To represent in-service burden, the relays and other external devices must be on the correct tap.
2) Parallel current transformers should be disconnected.
3) Phase-to-neutral measurements in relay circuits can be high, particularly if ground relays with sensitive

settings are involved.
4) Phase-to-neutral and phase-to-phase measurements of bus differential circuits can be high because of the

impedance of the differential relay operating coil.

11. Specialized Situations

From time to time, the tester will encounter assembled equipment which cannot be tested by the ÒnormalÓ test methods
outlined above. In some cases, partial testing may be accomplished prior to complete assembly. Alternate methods for
testing assembled equipment are described below.

11.1 Current Transformers in a Closed-Delta Transformer Connection

Ratio and polarity tests must be made prior to assembly if the delta winding terminals are not brought out. Ratio tests
must be made by the voltage method of 6.1. Main power transformer excitation requirements and impedance would
require a test set with much higher capacity than is normally found in order to use the current method.

The tester should be made aware that it is necessary to short circuit the unused winding of the affected phase of the
power transformer when making the polarity test of 7.1.

11.2 Generator Current Transformers

High-ratio generator current transformers present a special type of problem. The voltage method affords the only
practical method of performing a ratio test. A convenient method of checking both ratio and polarity is to use a dual
channel or dual trace oscilloscope to measure the magnitudes and phase relationships. The procedure is outlined in 7.2.
10 Copyright © 1981 IEEE All Rights Reserved
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11.3 Intercore Coupling Check

In many cases, such as circuit breaker bushings and separately mounted extra-high-voltage current transformers,
several secondary cores are mounted in close proximity on the same primary lead. It is possible to have coupling
between these cores that may not appear as a short circuited turn in the excitation test, Section 9, but which can cause
a detectable imbalance in a bus differential relay circuit.

Intercore coupling occurs when a spurious metallic conducting path is established which encircles more than one
current transformer. It may not be detectable with the excitation test if enough resistance is present in the conducting
path.

Intercore coupling will occur if one of the following conditions is present:

1) If the current transformer support is in contact with the bushing ground sleeve, making a single turn
conducting path around the bushing current transformer

2) If a surge protector across the H1 Ð H2 terminals of an oil-Þlled current transformer is short circuited or if the
H2 insulation fails

3) If the insulation of grading shields surrounding the cores of an SF6 - Þlled current transformer fails
4) If the insulation on the metal support for the primary insulation on an oil-Þlled current transformer fails and

establishes a conducting path through the support

To determine if there is coupling between cores, the excitation test should be repeated, and the voltage across the full
winding on each of the adjacent cores should be measured one at a time with all other current-transformer secondary
windings shorted. A high-impedance voltmeter (20 000 W/V or greater) will read less than 1 or 2 V if there is no
intercore coupling. If there is coupling, the voltage will be substantially higher.
Copyright © 1981 IEEE All Rights Reserved 11
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1

An American National Standard

IEEE Guide for the Grounding of 
Instrument Transformer Secondary 
Circuits and Cases

1. Introduction

1.1 General

The primary emphasis of this guide is personnel safety and proper performance of relays at powerline frequencies. The
grounding and shielding of cables and other grounding considerations are not addressed. However, references dealing
with these and related subjects are included in the Bibliography.

Historically, it has been common practice in the US to connect some part of the secondary circuit of voltage and
current transformers to the station ground system. The present preferred practice is to locate this safety ground with
suitable ground isolation test facilities at the first point of application (switchboard or relay panel) of the instrument
transformer secondary circuit. The circuit ground isolation facilities will permit convenient testing of circuit insulation
to ground.

Previous publications have made significant contributions to consistency in some areas of grounding practices. This
guide will include those contributions that are generally practiced today, make revisions where present experience and
practice indicate them to be desirable, and make recommendations in new areas of interest not previously addressed.
Diagrams are included to illustrate the recommendations.

1.2 Scope

This guide contains general and specific recommendations for grounding current and voltage transformer secondary
circuits and cases of connected equipment. The practices recommended apply to all transformers of this type,
including capacitive voltage transformers and linear couplers, irrespective of primary voltage or whether the primary
windings are connected to, or are in, power circuits or are connected in the secondary circuits of other transformers as
auxiliary cts or vts. Although most diagrams included in this guide show relaying applications, the recommended
practices apply equally to metering and other areas where instrument transformers are used.

Exceptions to grounding are permissible or sometimes required where advantages obtained by not grounding, in
certain instances or in certain types of installations, are considered to outweigh the safety or other advantages obtained
by grounding. Such exceptions should comply with the recommendations of ANSI C1-1987  [1]1, even though utilities
are presently exempt from the requirements of this code.

1The number in square brackets corresponds to that of the reference listed in 1.3 of this standard; bracketed numbers preceded by B correspond to
Section 5, Bibliography.
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1.3 References

When this American National Standard is superseded by a revision, the revision shall apply.

[1] ANSI  C1-1987, National Electrical Code.2 

2. Grounding of Instrument Transformer Secondary Circuits

2.1 Introduction

Each secondary circuit should be a completely self-contained metallic circuit insulated from ground, except at one
point in the circuit. At this physical location in the installation, the circuit should be solidly grounded through a
conductor of adequate size. (See Section 4 for permissible exceptions and 2.5 for conductor size.)

For purposes of this guide, an instrument transformer secondary circuit consists of all instrument transformer
secondary windings and all of the coils, contacts, and other components that are connected together in a metallic
circuit to the instrument transformer secondary.

2.2 Ground Connection to Only One Point in the Secondary Circuit

The instrument transformer secondary circuit, irrespective of the number of instrument transformer secondary
windings connected to or in that circuit, should be connected to the station ground at only one point. Usually, the
common return circuit for two or more transformers in a set are made into a secondary common neutral. This neutral
should then be connected to the station ground bus at only one point, so that the station ground bus itself will never
serve to complete any part of the instrument transformer secondary circuit.

The reasons for making this ground connection only at a single point in each circuit are as follows:

1) To prevent differences of potential in the instrument transformer secondary circuit because of differences of
potential between different points in the station ground grid. These differences are caused by the flow of fault
current through the ground grid. Such differences of potential can result in the flow of current through the
relay, instrument, and meter coils and cause possible incorrect performance of the relay and inaccuracies in
the readings of the instruments and meters. High neutral conductor currents resulting from multiple ground
connections to the neutral can cause thermal damage to the neutral conductor.

2) To facilitate the temporary removal and reestablishment of the ground connection, when desired, in order to
make periodic tests for deterioration of insulation and accidental grounds in the instrument transformer
secondary circuit.

For convenience, some users make a common neutral connection for the individual neutrals or wye points of two or
more sets of transformers into a neutral bus and then connect this neutral bus to the station ground bus at only one
point. It is not recommended that neutrals or wye points of two or more sets of transformers be connected into a
common neutral bus because of the difficulty caused when it is desired to make insulation tests from one set of
transformer secondary circuits to ground. Removing the one known or intentional ground to test the one secondary
circuit will remove the necessary safety ground for the other secondary circuits that may still be energized.
Recommended arrangements for circuit grounding are discussed in 2.6.

2This document is published by the National Fire Protection Association, Batterymarch Park, Quincy, MA 02269. Copies are also available from the
Sales Department, American National Standards Institute, 1430 Broadway, New York, NY 10018.
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2.3 Recommended Point of Grounding

The point of grounding in the instrument transformer secondary circuit should be located electrically at one end of the
secondary winding of each instrument transformer and physically at the first point of application (switchboard or relay
panel) of the instrument transformer secondary circuit. This practice will provide the maximum protection for
personnel and connected equipment at the switchboard, which is the point where they are most apt to be exposed to
circuit overvoltages. However, it is permissible to ground at some other point in the secondary circuit if the
arrangement of the secondary windings or devices in the circuit makes this necessary in order to obtain correct
equipment performance, or if the advantages of the desired performance are considered to outweigh the advantages of
the direct grounding of the secondary windings. For these instances, it is satisfactory to ground those secondary
windings not directly connected to ground, through the coils of relays or instruments and meters or other elements that
form part of the secondary circuit, or through the secondary windings of other solidly grounded transformers, or both.

Following are specific examples of the preferred practice:

1) One end of the instrument transformer secondary winding in a circuit supplied by a single transformer should
be connected to a single ground.

2) The common point of connection of the secondary windings of all instrument transformers in a circuit
supplied by two or more transformers should be connected to a single ground. This recommendation applies
where two or more instrument transformers, or sets of instrument transformer secondary windings are used in
any combination having a common secondary return circuit, including the following:
a) parallel or cross-connected transformer secondaries
b) three single-phase transformers wye-connected to form a 3-phase connection
c) two series or open-wye or open-delta connected instrument transformer secondaries

3) The secondary circuit of three or more voltage or current transformers connected in delta, or in some other
manner, so that no common point of connection is available for all of the transformer secondaries, should
have the common point between the greatest number of the secondary windings connected to ground.

4) When the secondary windings of two or more sets of current transformers are interconnected but cannot have
a common neutral connection, then the common secondary neutral connection for the greatest number of
these transformers should be the point of connection to ground. A specific case occurs where some of the
interconnected current transformers have delta-connected secondary windings for supplying differential
protective relays.

2.4 Location and Making of Connection to Ground

Instrument transformer secondary circuits have been connected to ground at the instrument transformer location and at
the secondary burden location (and sometimes at both locations). Connection of the instrument transformer secondary
circuit to ground at or near the instrument transformer location limits the voltage stresses primarily to the instrument
transformer secondary windings. However, secondary burden devices at the switchboard, which may be several
hundred or even several thousand feet from the instrument transformer location, could be subjected to significant
overvoltages during power system short circuits to ground. Also, test and operating personnel are more apt to be
working at the switchboard than at the transformer location. Consequently, it is common practice to locate the
instrument transformer secondary circuit ground at the first switchboard contacted as stated in Section 1. This provides
the maximum practical protection to personnel and secondary circuit connected equipment. This location also
conveniently facilitates the testing requirements of 2.2 (2).

For unused instrument transformer secondary windings, the connection to the station ground bus may be made at the
transformer location or at the switchboard, if the secondary circuit of the unused winding has been extended to the
switchboard. Methods 1 and 2 in Fig 1.A illustrate the treatment of unused voltage transformer secondaries. Figure 8
illustrates unused current transformer winding grounding. The one connection to ground at the switchboard, rather
than at the transformer, prevents a second ground from being added at the switchboard by someone not knowing that
one already existed at the transformer. However, grounding the unused winding at the switchboard creates a much
greater probability that noise will be coupled from the unused winding to the used winding during ground faults on the
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system. If noise coupling is a problem, connection of the unused winding to the used winding neutral at the
transformer location as shown by Method 2 in Fig 1.A is recommended.

Where it is permissible to install the ground at the transformer location (such as for an unused winding, etc), the
connection to ground may be made from the instrument transformer secondary circuit directly to the ground bus or to
the grounded metal structure, whichever is more convenient. If the connection to ground is made through the metal
structure, the paint or other nonconductive coatings, or both, should be removed or penetrated at all points of
connection to ensure the making of good electrical contact with the metal.

The connection to ground should be made in an accessible location to facilitate its temporary removal and
reconnection for test purposes. It should not be made through fuses or through the contacts of any testing or switching
device that can be inadvertently opened or left open. Sliding link terminal blocks are considered inappropriate by some
users for this reason.

2.5 Minimum Size of Conductor for Ground Connection or Neutral Bus

The grounding conductor and secondary neutral bus, or both, should be conductors as large or larger than the
secondary phase conductors. If made of copper, they should never be smaller than No. 12 AWG wire, for mechanical
reasons. If made of other metal, they should have equal conductance, strength and current carrying capacity.

If the coil of a device forms part of the circuit to ground for an instrument transformer secondary winding as described
in 2.2, any size of wire of sufficient mechanical strength for use in the device itself, because of its protected location
in the device, is also satisfactory for the purpose. However, all conductors external to the device itself, which ground
this circuit, should in every case conform to the requirements in the preceding paragraph.

2.6 Ground Connection Isolation Test Facilities

The instrument transformer secondary circuit connection to ground should be made in such a way as to permit
convenient removal for isolation or testing as stated in 2.2 (2). Removal of a connection to ground on one circuit should
not interfere with maintaining a ground on any other circuit. Because of the different configurations used for the varied
instrument transformer secondary circuits, it is not always readily apparent how to accomplish this. The following
discussion and examples will illustrate typical methods of providing the isolation test facility for various voltage and
current transformer secondary circuits.
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Figure 1.A— Recommended Method for Grounding Voltage Transformer Secondary Circuits

2.6.1 Voltage Transformer Secondary Circuits

2.6.1.1 Typical Metering and Relaying Applications

Figure 1.A includes the more common types of voltage transformer circuits used for metering and relaying. The
neutral is normally grounded on 3-phase 4-wire circuits as shown. An exception is sometimes found with wye-wye
connected voltage transformers on generator leads. The voltage transformer secondary neutral may be provided for
connection to phase-to-neutral loads with the ground being on a phase (usually B). This reduces the possible
occurrence of voltage transformer secondary phase-to-neutral faults that would appear to be phase-to-ground faults on
the generator leads. Phases A or C to ground short circuits would be reflected through the voltage transformer as a
phase-to-phase fault on the generator leads. Since phase-to-neutral short circuits can occur between phase B and
neutral, or neutral to ground, or by short circuit of any phase-to-neutral loads, coordination between primary protective
devices and voltage transformer secondary protective devices should be considered.
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The three-phase, three-wire circuit is in common use today for voltage transformer circuits in metal clad switchgear.
It has also been used frequently in the generator and auxiliary bus voltage transformer circuits in power plants. It is
common practice to ground one of the phases, usually B phase. Figure 1.A shows the present preferred method of
providing this ground for both the open delta and the wye connection with the neutral not brought out. (This latter
arrangement is used when it is desirable to eliminate coordination problems between primary protective devices and
voltage transformer secondary protective devices for phase-to-neutral short circuits or phase-to-ground insulation
failures.)

Figure 1.B—Typical Grounding Methods for Some Power Transformer Secondary Circuits When 
Used Also for Relaying and Instrumentation

Where power transformers are used to also provide voltage for metering or relaying applications, or both, additional
hazards are created due to the power output capabilities or the construction of these transformers not providing ground
isolation between primary and secondary windings. Although these transformers are not instrument transformers, their
application for metering and relaying is commonplace. Figures 1.B and 7 illustrate preferred methods of handling the
grounding of these devices' secondary windings and cases, including the use of separate isolation transformers where
primary and secondary grounds cannot be separated. This situation is often encountered with generator neutral
grounding transformers and grounding banks used to provide system grounding on otherwise ungrounded systems.
The reader should refer to ANSI/IEEE  C62.92-1987  [B5] .
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2.6.1.2 Synchronizing Circuits

Voltage transformer secondary circuits used for synchronizing are sometimes more difficult to arrange to meet the
requirement of removal of a ground on one circuit not interfering with the grounds on other circuits because many
circuits converge at the synchronizing scope. Several examples are given to illustrate the problem and to suggest
solutions.

Figure 2 shows a typical scope circuit without synchronizing lights. As shown, the scope is used for only two circuits.
Note that both voltage transformer secondaries are grounded and not switched by the 25SS switch, but this is
satisfactory because of the isolation between the neutrals provided by the internal construction of the scope.

Figure 3 shows expansion of the circuit to include multiple incoming circuits. Note the 25SS switch contact in the
incoming circuits' neutrals. Since only one 25SS switch is operated at a time, the incoming circuit neutrals are isolated
from each other and multiple grounds are not caused by the scope circuit. The running circuit neutral does not need to
be switched with this arrangement. If the same scope is used for more than one running circuit, then additional contacts
on the 25SS switch are required to switch the running circuit neutrals as shown in Fig 4. An alternative to using 25SS
switch contacts to switch the running and incoming neutrals is the use of isolation transformers as shown in Fig 5.
These isolation transformers are usually rated 115-115 volt, 600 volt class, and sufficient volt-ampere capacity for the
scope (and synchronizing lights, if used).

Synchronizing lights, Fig 6, provide a reliable indication of the phasing between the two voltages. The lights check the
performance of the scope and indicate when the difference frequency is too great for scope rotation.

Note that the addition of the lights requires that the running and incoming neutrals be connected together (jumper on
scope) resulting in two grounds on the neutral circuits. Device 25 contacts in the neutrals eliminate the influence of
multiple grounds on other voltage circuits' burdens except during the relatively brief periods when synchronizing is
being done. Normally, this should be satisfactory. If, however, normal ground potential differences are such to cause
errors in the scope and synchronizing light indications, then isolation transformers can be used as shown in Fig 5.

2.6.1.3 Station Service Power Used for Voltage Circuits

Some installations, especially distribution substations, use the station service transformer as one phase of a three-phase
instrument voltage source. The station service neutral should be grounded at the switchboard and probably will also be
grounded at the transformer. The neutral for the two voltage transformers will be grounded only at the switchboard
(see Fig 7). To minimize the effect of multiple grounds on the phase 2 (station service) transformer, 2 1/2 element
metering and instrumentation is connected to phase 1 and 3. The indicating voltmeter will, of course, be affected by
any difference in ground potential when phase 2 line-to-neutral voltage is monitored. This is normally of no
consequence.

2.6.2 Current Transformer Secondary Circuits

2.6.2.1 Unused Current Transformers

Current transformers that are unused should have the full winding shorted at the ct location and should be grounded.
Note that Fig 8 does not show an isolating ground jumper. An isolating jumper is not necessary for testing purposes if
the ct is not used.

2.6.2.2 Single Phase

Single phase currents are utilized by relays (for example, transformer neutral currents and ground sensors), transformer
temperature indicators, and the like. In each of these cases, the circuit should be grounded as shown in Fig 9.
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2.6.2.3 Three Phases

The majority of all three-phase instrument and relay current circuits are wye-connected. The exception is delta cts that
are used with transformer differential relays. Figure 10.A shows the preferred method of grounding three-phase wye-
connected cts. Where the secondaries of two cts are connected in series for increased burden capability, the safety
ground is connected as shown in Fig 10.B. Figures 11 and 12 show the preferred method of grounding three-phase
delta and wye-connected cts in a typical transformer differential relay current circuit. Figures 13 and 14 illustrate the
preferred grounding methods for bus differential current- or voltage-type relays and for bus differential percentage-
differential current relays, respectively. Preferred ct grounding for ring-bus or breaker-and-a-half arrangements is
shown in Fig 15.

2.6.2.4 Multiple Use of Current Transformers

Some special applications may require that one set of cts be used for two relay circuits such as with a double-breakered
line. As in other current circuits, only one ground should be used for each complete metallic neutral. Figure 16 shows
one arrangement for the interconnections of cts serving both bus differential and the line relaying. Note that use of
isolating auxiliary cts forms three separate complete metallic neutrals requiring three grounds, as shown.

Figure 2—Recommended Method for Grounding Typical Two-Circuit Scope

Figure 3—Recommended Method for Grounding
 Typical Scope Circuit with Multiple Incoming Circuits
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Figure 4—Recommended Method for Grounding Typical Scope Circuit 
With Multiple Incoming and Running Circuits

Figure 5—Recommended Method for Grounding Typical Scope Circuit With Multiple Incoming and 
Running Circuits, Using Isolating Transformers to Prevent Multiple Grounds on PT Neutrals
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Figure 6—Recommended Arrangement of Neutral Circuit Grounds on Scope Circuit with 
Synchronizing Lights

Figure 7—Method for Grounding VT and Station Service Neutrals (as Discussed in 2.6.1.3)
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Figure 8—Grounding of Unused CT's
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Figure 9—Recommended Method for Grounding Single-Phase Current Circuits
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Figure 10.A— Recommended Method for Grounding Three-Phase Wye-Connected Current Circuits

Figure 10.B—Recommended Method for Grounding Three-Phase
Series-Connected Wye Current Circuits
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Figure 11—Recommended Method for Grounding Three-Phase Delta-Connected CT's in a Typical 
Transformer Differential Current Circuit

Figure 12—Recommended Method for Grounding Three-Phase Wye and Delta CT's in a Typical 
Transformer Differential Current Circuit
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Figure 13—Sample Circuit Showing Preferred Grounding Method for
 Bus Differential Current- or Voltage-Type Relays

Figure 14—Bus Differential Percentage Differential Current
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Figure 15—Sample Circuit Showing Preferred Grounding Method
 for Ring Bus or Breaker-and-a-Half

Figure 16—Sample Circuit Showing Preferred Grounding Arrangement for Multiple-Use CT's
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3. Grounding of Instrument Transformer Cases and Cases of Connected 

Equipment

3.1 Metallic or Conductive Case Grounding

Metallic or conductive cases and frames of instrument transformers and the cases of connected equipment, such as
instruments, meters, and relays having accessible conductive parts that may become live in case of faults, should have
their conductive parts bonded together and effectively connected to a ground system in accordance with the
recommendations of ANSI  C1-1987  [1].

In general, the grounding conductor requirements are for wire sizes at least equal to the largest wire size used in the
windings of the instrument transformer, relay, meter, or instrument, but in no case should grounding conductors be
smaller than No. 12 AWG copper or its conductive equivalent. If the instrument transformer, relay, meter, or
instrument has a metal case or frame that is mounted using conductive hardware to a metal panel, switchboard, or other
conductive structure that is itself adequately grounded, it is not necessary for a separate grounding conductor to be
provided.

3.2 Internal Conductive Parts—Insulated Cases

If any main structural metallic members are isolated from ground by being totally enclosed in insulating material, for
example, a metal frame relay or instrument in a plastic case, and these metal parts are accessible to personnel
performing operating maintenance, a protective ground terminal that is connected to the inactive interior conductive
parts should be provided. The ground terminal should be connected to the ground system per 3.1. If for functional
reasons these structural members must be isolated from ground, they should not be accessible to personnel. If
accessible, a warning should be provided calling this hazard to the attention of the maintenance personnel.

3.3 Ungrounded Metallic or Conductive Cases

If the cases of equipment should be ungrounded for reasons specified in ANSI C1-1987  [1], they should be protected
by suitable barriers or elevated to prevent contact if operating at or above 1 kV. If operating below 1 kV, mats of
insulating rubber or other suitable floor insulation should be provided for protection of personnel. If no live or
conductive parts or wiring are exposed or accessible, cases need not be grounded.

4. Exceptions to Grounding

Exceptions to grounding are permissible and sometimes required where advantages obtained by not grounding in
certain instances or in certain types of installations are considered to outweigh the safety or other advantages obtained
by grounding. Such exceptions should comply with the recommendations of ANSI  C1-1987 [1], even though utilities
are presently exempt from the requirements of this code. Grounding exceptions are generally permissible under the
following circumstances.

1) If the primary windings of instrument transformer circuits are connected to circuits of less than 1000 V with
no live parts or wiring exposed or accessible to other than qualified persons, the circuits need not be
grounded.

2) For instrument transformer cases, the cases or frames of current transformers need not be grounded if the
primary windings are not over 150 V to ground and are used exclusively to supply current to meters.



18 Copyright © 1983 IEEE All Rights Reserved

ANSI/IEEE C57.13.3-1983

3) Cases of instruments, meters, and relays operating at less than 1000 V on switchboards having exposed live
parts on the front of panels should not be grounded. Mats of insulating rubber or other suitable floor
insulation should be provided where voltage to ground exceeds 150 V.

4) Instruments, meters, and relays with operating voltage 1 kV and over (that is, with current-carrying parts of
1 kV and over to ground) should be isolated by elevation or protected by suitable barriers, grounded metal or
insulating covers, or guards. Their cases should not be grounded.
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Introduction

This standard defines two new accuracy classes and burdens for current transformers, and one new accuracy
class for voltage transformers. These new definitions supplement those defined in IEEE Std 57.13™a.

Widespread use of electronic meters and relays necessitates new current transformer test burden definitions
because they present lower impedance than traditional induction devices. This can result in applications
where the total circuit burden on the current transformer is less than the lowest IEEE Std C57.13 definition
of B0.1 (2.5 VA at 5 A, 0.9 power factor). Under these conditions, a current transformer meeting a given
accuracy class at B0.1 is not assured. 

The new accuracy classes more closely complement the capabilities of electronic meters in both accuracy
and dynamic range.

Notice to users

Errata

Errata, if any, for this and all other standards can be accessed at the following URL: http://
standards.ieee.org/reading/ieee/updates/errata/index.html. Users are encouraged to check this URL for
errata periodically.

Interpretations

Current interpretations can be accessed at the following URL: http://standards.ieee.org/reading/ieee/interp/
index.html.

Patents

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken with respect to the existence or
validity of any patent rights in connection therewith. The IEEE shall not be responsible for identifying patents
or patent applications for which a license may be required to implement an IEEE standard or for conducting
inquiries into the legal validity or scope of those patents that are brought to its attention.

aInformation on references can be found in Clause 2.

This introduction is not part of IEEE Std C57.13.6-2005, IEEE Standard for High-Accuracy Instrument
Transformers.
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1. 

a) 

b) 

2. 

                                                

Scope 

This standard defines one new 0.15 accuracy class for voltage transformers,  two new 0.15 accuracy classes 
for current transformers, two new current transformer burdens, and two new current transformer routine 
accuracy test methods. These supplement IEEE Std C57.13™1. The new burdens shall be considered for 
use when current transformers are to be used with electronic meters, and the total in-circuit burden will be 
less than B-0.1 (2.5 VA at 5 A, 0.9 power factor) defined in IEEE Std C57.13. The new accuracy classes, 
0.15 and 0.15S, are available to complement the capabilities of solid state electricity metering of equipment 
associated with the generation, transmission, and distribution of alternating current.  
 
There are two important differences about these new accuracy class definitions as they apply to routine 
current transformer test requirements: 
 

A low current test is required at 5% of rated current (0.25 A secondary), in lieu of the 10% of 
rated current test specified in IEEE Std C57.13. This test point corresponds with the light load 
test point of transformer rated electromechanical and solid state electricity meters as specified in 
ANSI C12.20. 

Routine testing for current transformers certified to meet 0.15 or 0.15S accuracy must include 
accuracy reading(s) using new burden definition E-0.04. The intent of burden E-0.04 (1.0 VA at 
5 A, unity power factor) is to approximate the lowest secondary circuit burden that can occur in 
practical applications. Testing a current transformer at this burden is analogous to the routine 
no-load voltage transformer test required by IEEE Std C57.13. 

Normative references 

The following referenced documents are indispensable for the application of this document. For dated 
references, only the edition cited applies. For undated references, the latest edition of the referenced 
document (including any amendments or corrigenda) applies. 
 

 
1 Information on references can be found in Clause 2. 
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ANSI C12.10, American National Standard Physical Aspects of Watthour Meters—Safety Standards.2

 
ANSI C12.20, American National Standard Electricity Meters 0.2 and 0.5 Accuracy Classes. 
 
IEEE Std C57.13, IEEE Standard Requirements for Instrument Transformers.3,4

3.

4. 

a) 

b) 

                                                

 Definitions 

All definitions shall be in accordance with IEEE 100, The Authoritative Dictionary of IEEE Standards Terms, 
and IEEE Std C57.13. 

Basis for 0.15 and 0.15S accuracy classes for metering 

The 0.15 and 0.15S accuracy classes are based on the requirement that the transformer correction factor (TCF) 
of the voltage or current transformer shall be within the specified limits of Table 1 when the power factor of 
the metered load has any value from 0.6 lagging to unity, under the following specified conditions:  
 

For current transformers, burden E-0.04, and each additional specified standard burden, at 5% 
and at 100% of rated primary current, and at the current corresponding to the continuous 
thermal rating factor (RF), if it is greater than 1.0. The accuracy class at a lower standard burden 
is not necessarily the same as at the specified standard burden. 

For voltage transformers, from 0 VA through the specified standard burden, and from 90% to 
110% of the rated voltage. The accuracy class at a lower standard burden of different power 
factor is not necessarily the same as at the specified standard burden. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
2 ANSI publications are available from the Sales Department, American National Standards Institute, 25 West 43rd Street, 4th Floor, 
New York, NY 10036, USA (http://www.ansi.org/). 
3 The IEEE standards or products referred to in this clause are trademarks of the Institute of Electrical and Electronics Engineers, Inc. 
4 IEEE publications are available from the Institute of Electrical and Electronics Engineers, Inc., 445 Hoes Lane, Piscataway, NJ 
08854, USA (http://standards.ieee.org/). 
 

2 
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Table 1 — Standard for high accuracy class metering service, with corresponding limits of 
transformer correction factor [0.6 to 1.0 power factor (lagging) of metered load] 

 

 Voltage transformers  
 (from 90% to 110% rated  voltage) 

 

Current transformers 
 

Metering  
accuracy class 

 

Minimum 
 

Maximum 
 

 At 100% rated currenta

      Minimum        Maximum 
 At 5% rated current 
      Minimum        Maximum 

0.15  
 

0.9985 
 

1.0015 
 

         0.9985            1.0015 
 

          0.9970           1.0030 

0.15S 
 

N/A 
 

N/A 
 

         0.9985            1.0015 
 

          0.9985           1.0015 

NOTE—These relations are shown graphically in Figure 1 and Figure 2 for current transformers and in Figure 3 for 
voltage transformers.5

 

a For current transformers, the 100 % rated current limit also applies to the current corresponding to the continuous thermal 
current rating factor, if it is greater than 1.0. 
 
 
 
 
 

 
 

NOTE—The transformer characteristics shall lie within the stated limits of the parallelogram at 5% and 100% of rated 
current. For current transformers, the 100% rated current limit also applies to the current corresponding to the 
continuous thermal current rating factor, if it is greater than 1.0. 

Figure 1

                                                

 —Limits for 0.15 accuracy class for current transformers for metering  

 
5 Notes in text, tables, and figures are given for information only, and do not contain requirements needed to implement the standard. 
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NOTE—The transformer characteristics shall lie within the stated limits of the parallelogram from 5% through 100% 
of rated current. For current transformers, the 100% rated current limit also applies to the current corresponding to the 
continuous thermal current rating factor, if it is greater than 1.0. 

Figure 2 ——Limits for 0.15S accuracy class for current transformers for metering 

 
 
 

 

NOTE—The transformer characteristics shall lie within the limits of the parallelogram for all voltages between 90% to 
100% of rated voltage. 

Figure 3 —Limits of 0.15 accuracy class for voltage transformers for metering 

4 
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5.

Table 2

 Basis for standard burdens for use with electronic meters and relays 

Electronic meters, relays, and connecting circuits may present a lower burden or lower burden phase angle 
to the secondary of the current transformer than standard burdens defined in IEEE Std C57.13. An 
instrument transformer meeting a given accuracy class at burden B0.1 may not meet the same accuracy 
class when the application calls for a burden power factor between 0.9 and unity, and or less than 2.5 VA 
(at 5 A).   
 
Two standard ‘E’ burdens for current transformers with 5 A rated secondary are defined in Table 2. These 
may be used with, or in addition to, burdens and accuracy classes defined in IEEE Std C57.13. 
 

 —Standard burdens for current transformers with 5 A secondary windingsa 

 

Burden  

type 

Burden 
designationb

 
 

Resistance  

(Ω) 
 

Inductance 
(mH) 

 

Impedance 

 (Ω) 
 

Total Power 

(VA)  

[at 5 A]  
 

 
Power factor 

 

E-0.2 
 

0.20 
 

0.0 
 

0.20 
 

5.0 
 

1.0 
 

 
Electronic 
Metering 
Burdens E-0.04 0.04 

 
0.0 

 
0.04 

 
1.0 

 
1.0 

 
a If a current transformer secondary winding is rated at other than 5 A, ohmic burdens for a specification and 
rating shall be derived by multiplying the resistance and inductance values provided in Table 2 by the factor:   
[5 A/(current rating in amperes)]2. The burden designation, total power, and the power factor remain 
unchanged.  
b These standard burden designations have no significance at frequencies other than 60 Hz. 

6. 

6.1

6.2

7.

7.1

Nameplates 

Accuracy rating on the nameplate of a current transformer or voltage transformer shall include, as a 
minimum, the following (see 6.1 and 6.2): 

 Current transformer  

The standard burdens at which the transformer is rated 0.15 or 0.15S accuracy class. 

 Voltage transformer 

The standard burdens at which the transformer is rated 0.15 accuracy class. 

 Routine accuracy tests 

 Current transformers 

Accuracy tests for current transformers with 0.15 or 0.15S metering accuracy ratings shall be made on each 
transformer when energized at rated frequency. Two or four test points defined in Table 3 may be required. 
 
 
 

5 
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Table 3 —0.15 and 0.15S accuracy test points 

 
Test Pointa Rated Current Test Burden 

1 100% E-0.04 
2 5% Maximum rated burden 
3 100% Maximum rated burden 
4 5% E-0.04 

a No significance to test sequence. 

 
Test points 1, 2, 3, and 4 in Table 3 are generally required for 0.15 and 0.15S accuracy class transformers. 
Ratio and phase angle readings must meet the limits specified in Table 1 for the stated accuracy class.   
 
A transformer may be certified to 0.15 or 0.15S accuracy when it can be demonstrated to inherently meet 
the limits specified in Table 1 for the stated accuracy class using only test point 1 and test point 2.  

7.2 Voltage transformers 

Tests for voltage transformers with 0.15 accuracy class ratings shall be made on each transformer, and shall 
consist of measurement of ratio and phase angle error when energized at 100% rated primary voltage and 
rated frequency. 
 
A total of two test readings shall be made.  At zero burden, and at the maximum burden for which the 
voltage transformer is rated to meet this accuracy class, the ratio and phase angle readings must meet limits 
specified in Table 1. 
 

6 
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Foreword

(This Foreword is not a part of IEEE C57.21-1990, IEEE Standard Requirements, Terminology, and Test Code for Shun 
Rated Over 500 kVA.)

The Standard Requirements, Terminology, and Test Code for Shunt Reactors Rated Over 501 kVA, C57.21, 
issued as a separate standard in 1971. The next revision was completed in 1981. The present revision was
1980 by the Standards Subcommittee, chaired by Leonard R. Smith, approved by the C57 Subcommittee in 1
completed within the IEEE Transformer Committee. This included work on the dielectric tests by the Task Fo
Revisions of Dielectric Tests of Shunt Reactors, chaired by W. N. Kennedy, and the Task Force on Dry-Type R
chaired by R. F. Dudley. The work was correlated by the Working Group on Shunt Reactors, chaired by J. W. 
which reports to the Performance Characteristics Subcommittee.
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IEEE Standard Requirements, 
Terminology, and Test Code for Shunt 
Reactors Rated Over 500 kVA

1. Scope

This standard applies to all oil-immersed or dry-type, single-phase or three-phase, outdoor or indoor shunt 
rated over 500 kVA.

This standard does not apply to other devices such as

1) Shunt reactors, 500 kVA and smaller
2) Current-limiting reactors (see ANSI C57.16-1958  [1]1)
3) Arc-suppression coils
4) Neutral-grounding devices (see IEEE Std 32-1972  [22])
5) Saturable reactors
6) Line-resonant reactors
7) Filter reactors

2. Terminology

All definitions, except as specifically covered in this standard, shall be in accordance with IEEE Std 100-1984

2.1 Shunt Reactor

2.1.1 Reactor

A device used for introducing impedance into an electric circuit, the principal element of which is inductive reac

1The numbers in brackets correspond to those of the references listed in Section 3
1
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2.1.2 Shunt Reactor

A reactor intended for connection in shunt to an electric system for the purpose of drawing inductive current.

NOTE  —  The normal use for shunt reactors is to compensate for capacitive currents from transmission lines, cables, or shu
capacitors. The need for shunt reactors is most apparent at light loads.

2.2 Rating of a Shunt Reactor

2.2.1 Rated kVA

The apparent power at rated voltage for which the shunt reactor is designed.

2.2.2 Rated Current

Derived from the rated voltage and rated kVA.

2.2.3 Rated Voltage

The voltage to which operating and performance characteristics are referred.

2.3 Insulation

2.3.1 Oil-Immersed Shunt Reactor

One in which the coils and magnetic circuit are immersed in an insulating oil.

2.3.2 Dry-Type Shunt Reactor

One in which the coils are neither impregnated with an insulating fluid nor immersed in an insulating oil.

2.4 Losses and Impedance

2.4.1 Total Losses

For an oil-immersed shunt reactor, the sum of the conductor I2R loss, magnetic circuit loss, shielding loss, and all oth
stray losses in the shunt reactor.

For dry-type shunt reactors, the total losses shall be taken as the sum of the conductor I2R loss, the conductor eddy loss
and the stray loss in the windings and manufacturer supplied framework, but not including stray (eddy) losse
user supplied support structure, surrounding structures (bus supports etc.), or mounting pad (rebar).

2.4.2 Impedance

The phasor sum of the reactance and effective resistance, expressed in ohms per phase. The impedance may
from the rated kVA and rated voltage.

2.5 Construction

2.5.1 Indoor Shunt Reactor

One that, because of its construction, must be protected from the weather.
2 Copyright © 1991 IEEE All Rights Reserved
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2.5.2 Outdoor Shunt Reactor

One of weather-resistant construction.

2.6 Methods of Cooling

2.6.1 Dry-Type Self-Cooled Shunt Reactor (Class AA)

A dry-type shunt reactor that is cooled by the natural circulation of the cooling air.

2.6.2 Oil-Immersed Self-Cooled Shunt Reactor (Class OA)

An oil-immersed shunt reactor that is cooled by natural circulation of the cooling air over the cooling surface.

3. References

[1] ANSI C57.16-1958 (Reaf 1971), Requirements, Terminology, and Test Code for Current-Limiting Reactors2 
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4. General Requirements

4.1 Service Conditions

4.1.1 Usual Temperature and Altitude Service Conditions

A shunt reactor conforming to this standard shall be suitable for operation at its rated kVA and voltage, provid

1) The temperature of the cooling air (ambient temperature) does not exceed 40 °C, and the average temperatur
of the cooling air for any 24 h period does not exceed 30 °C.9

2) The altitude does not exceed 1000 m (3300 ft).
3) The top liquid temperature of an oil-immersed shunt reactor (when operating) shall not be lower than –°C.

Starting temperatures below –20 °C are not considered as usual service conditions.

4.1.2 Usual Voltage Conditions

Shunt reactors conforming to this standard shall be capable of operating continuously at 5% above rated volt
with the increased current due to this overvoltage, without exceeding the rated temperature rise.

4.1.3 Usual Installation Conditions

The installation arrangement for single-phase shunt reactors without magnetic-field shielding and connected 
phase banks shall be as specified by those responsible for the design and application of the shunt reactors.

The spacing between reactors of a three-phase bank and between reactor banks is one determinant of t
reactance between adjacent phases and banks, and thus, also of the rated kVA.

9It is recommended that the average temperature of the cooling air be calculated by averaging 24 consecutive hourly readings. When the outdoor air
is the cooling medium, the average of the maximum and minimum daily temperature may be used.
Copyright © 1991 IEEE All Rights Reserved 5
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4.1.4 Unusual Temperature and Altitude Service Conditions

A shunt reactor may be applied at higher ambient temperatures or at higher altitudes than specified in 4.1.1
performance may be affected. Special consideration should be given to these applications.

4.1.5 Other Unusual Service Conditions

Where unusual conditions other than those discussed in 4.1.4 exist, they should be brought to the attention
responsible for the design and application of the shunt reactor. Examples of some of these conditions are

1) Damaging fumes or vapors, excessive or abrasive dust, explosive mixtures of dust or gases, steam, s
excessive moisture or dripping water, etc.

2) Abnormal vibration, shocks, or tilting
3) Excessively high or low ambient temperatures
4) Unusual transportation or storage conditions
5) Unusual space limitations
6) Unusual duty, frequency of operation, difficulty of maintenance, poor wave form, unbalanced voltage, s

insulation requirements, etc.
7) Unusual voltage conditions that may exist during periods of light system loading or unterminated o

transmission lines during which time significant voltage rises may occur (See 4.1.2 for usual v
conditions.)

8) Unusual operating requirements that might result from the absence of surge protection or the proxi
magnetic material or structures10

4.2 Effect of air Density on Flashover Voltage

4.2.1 General

The effect of decreased air density due to high altitude is to decrease the flashover voltage for a given dista
IEEE Std 4-1978  [20] for use of a correction factor with sphere gaps.

Table 1—Dielectric Strength Correction Factors for Altitudes Greater than 1000 m (3300 ft)

10If a shunt reactor is not shielded magnetically, to minimize heating effects due to stray fields, consideration should be given to its location relative
to other apparatus and metallic structures, including reinforced concrete.

Altitude Altitude Correction 
Factor for Dielectric 

Strength(meters) (feet)

1000 3300 1.00

1200 4000 0.98

1500 5000 0.95

1800 6000 0.92

2100 7000 0.89

2400 8000 0.86

2700 9000 0.83

3000 10000 0.80

3600 12000 0.75

4200 14000 0.70

4500 15000 0.67

NOTE  —  An altitude of 4500 m is considered a maximum for 
reactors conforming to this standard.
6 Copyright © 1991 IEEE All Rights Reserved
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4.2.2 Insulation

The dielectric strength of a shunt reactor that depends in whole or in part upon air for its insulation decrease
altitude increases. The insulation level at 1000 m (3300 ft) multiplied by the correction factor from Table i shall
less than the required insulation level at the required altitude.

4.3 Frequency

Unless otherwise specified, shunt reactors shall be designed for operation at a frequency of 60 Hz.

4.4 Effect of Altitude on Temperature Rise

4.4.1 General

The effect of decreased air density due to high altitude is to increase the temperature rise of a shunt react
dependent upon air for the dissipation of its heat losses.

4.4.2 Operation at Rated kVA

A shunt reactor can be operated at rated kVA at altitudes greater than 1000 m (3300 ft) without exceeding tem
limits, provided that the average temperature of the cooling air does not exceed the values of Table 2 for the re
altitudes.

4.5 Classes of Shunt Reactors

4.5.1 Dry-Type Air Cooled

Dry-type, self-cooled (class AA).

4.5.2 Oil-Immersed Air Cooled

Oil-immersed, self-cooled (class OA).

4.6 Dielectric Strength of Oil

The dielectric strength of a sample of insulating oil taken from a new shunt reactor shall not be less than the m
kV values listed on Table 3 or 4 in IEEE C57.106-1977  [14].

4.7 Magnetic Characteristics

Shunt reactors may be identified, with regard to their magnetic characteristics, as linear, non-linear, or saturat
oil-immersed shunt reactors have a non-linear magnetic characteristic where the normal operation is in the un
portion of the curve. (See Fig 1.)

5. Basis for Rating Shunt Reactors

(See Section 12 for other requirements which may be specified for some applications).
Copyright © 1991 IEEE All Rights Reserved 7
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5.1 kVA Ratings

The kVA rating for shunt reactors is the apparent power for which the shunt reactors are designed, and is based
voltage. Shunt reactors shall also have the capability of continuous operation at 105% of rated voltage 
exceeding the temperature-rise limits specified in Table 3.

5.2 Terms in Which Rating is Expressed

The rating of a shunt reactor shall be expressed in the following terms:

1) Rated voltage
2) Rated kVA
3) Rated current
4) Rated frequency
5) Basic lightning-impulse insulation level
6) Number of phases
7) Oil and/or winding-temperature rise
8) Method of cooling

Table 2—Maximum Allowable 24 h Average Temperature of Cooling Air for Carrying Rated kVA

Method of Cooling 
Apparatus

Altitude

1000 m
(3300 ft)

2000 m
(6600 ft)

3000 m
(9900 ft)

4000 m
(13 200 ft)

Oil-immersed, self-cooled 30 °C 28 °C 25 °C 23 °C

Dry-type, self-cooled

55 °C rise 30 °C 27 °C 24 °C 21 °C

80 °C rise 30 °C 23 °C 22 °C 18 °C

100 °C rise 30 °C 24 °C 18 °C 12 °C

125 °C rise 30 °C 23 °C 16 °C 9 °C

150 °C rise 30 °C 22 °C 15 °C 7 °C

NOTE  —  Recommended calculation of average temperature is described in 4.1.1.
8 Copyright © 1991 IEEE All Rights Reserved
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Table 3—Limits of Temperature Rise for Continuously-Rated Shunt Reactors

Item Type of Shunt Reactor

Insulation 
Temperature 

Class

Average Winding 
Temperature Rise by 

Resistance °

Hottest-Spot 
Winding 

Temperature 
Rise, °C

1 Oil-immersed
Dry-type

—
105
130
155
180
220

65
55
80
100
125
150

80
65
90
115
140
180

2 Metallic parts in contact with, or adjacent to, the insulation shall not attain a temperature in excess
of that allowed for the hottest spot of the windings adjacent to that insulation.

3 Metallic parts other than those covered in Item 2 shall not attain excessive temperature rises.

4 An oil-immersed shunt reactor shall have an oil-preservation system. The temperature rise of the
insulating liquid in such a shunt reactor should not exceed 65 °C when measured near the top of 
the tank.

NOTES:
1 — A shunt reactor with specified temperature rise shall have an insulation temperature index that has been prove

by experience or testing.

2 — The insulation temperature index in Table 3 is supplied as a reference, and is based on the “Preferred Temperatu
Index” for insulation materials as defined in IEEE Std 1-1986  [19].

3 — The maximum hot spot temperature rise limits in Table 3 are Based on continuous operation in a 30 °C daily 
average ambient with a 40 °C maximum.

If the actual average annual ambient temperature is lower, or the equipment sees cyclical loading (such as the case 
thyristor controlled reactors), or the service duty is short term or seasonal, then consideration can be given to 
increasing the allowable hottest-spot winding-temperature rise limit.
Copyright © 1991 IEEE All Rights Reserved 9
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Figure 1—Nonlinear Magnetic Characteristics for Shunt Reactors

6. Tests

Unless otherwise specified, the tests described below shall be made prior to delivery.

6.1 Types of Tests

6.1.1 Routine, Design, and Other Tests for Shunt Reactors

Types of tests for oil-immersed shunt reactors are listed in Table 4.A. Types of tests for dry-type shunt reac
listed in Table 4.B. Definitions of these various tests are included in IEEE C57.12.80-1978  [11].

6.1.1.1 

Routine tests shall be made on all shunt reactors in accordance with the requirements of Table 4.A and
applicable.

6.1.1.2 

Design tests shall be made on shunt reactors in accordance with the requirements of Tables 4.A and 4.B.
10 Copyright © 1991 IEEE All Rights Reserved
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6.1.1.3 

When specified (as individual tests), other tests shall be made on shunt reactors as listed in Table 4.A and 4.

6.1.1.4 

The listing of tests shown on Table 4.A and 4.B does not necessarily indicate the sequence in which the tests
made. All tests are defined and shall be made in accordance with Section 10

Table 4.A—Routine, Design, and Other Tests for Oil-Immersed Shunt Reactors

Tests

Test Classification

Routine Design Other

Resistance Measurements........................................................................................ X

The dc resistance measurements shall be made on the full winding.

Impedance Measurements....................................................................................... X

The impedance measurements shall be made on the assembled shunt reactor.

Total Loss Measurements........................................................................................ X

Temperature Tests................................................................................................... X

Temperature test or tests shall be made on one unit when one or more  units of a 
given rating are produced by one manufacturer at the same  time. These tests shall 
be omitted, however, when a record of a  temperature test, made in accordance 
with this standard, on a duplicate or  essentially duplicate unit is available.

Insulation Power Factor Tests................................................................................ X

Applied-Voltage Tests............................................................................................ X

The applied-voltage tests shall be determined by the BIL of the neutral  end of the 
Y connected shunt reactor.

Low-Frequency Overvoltage Tests......................................................................... X

Lightning-Impulse Tests:

Nominal system voltage of 115 kV or above......................................................... X

Nominal system voltage below 115 kV (only when specified................................ X

Neutrals of reactors for nominal system voltage above 115 kV (only  when 
specified

X

Switching-Impulse Tests:

Nominal system voltage of 345 kV or above........................................................... X

Nominal system voltage below 345 kV (only when specified)................................ X

Front-of-Wave Test (only when specified).............................................................. X

Audible Sound Tests:

Shunt reactors rated 50 mVA, three phase (16.67 mVA, single-phase) or  above, 
or nominal system voltage of 115 kV or above.......................................................X

Shunt reactors rated below 50 mVA, three phase (16.67 mVA, single-  phase), or 
nominal system voltage below 115 kV (only when specified).................................

X

Vibration Tests:

Shunt reactors rated 50 mVA, three phase (16.67 mVA, single-phase) or  above, 
or nominal system voltage of 115 kV or above.......................................................

X

Shunt reactors rated below 50 mVA, three phase (16.67 mVA, single-  phase), or 
nominal system voltage below 115 kV (only when specified)................................. X

Mechanical Tests..................................................................................................... X

Mechanical tests shall be made to verify the pressure requirements for  maximum 
operating pressures and full vacuum filling.
Copyright © 1991 IEEE All Rights Reserved 11
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Table 4.B—Routine, Design, and Other Tests for Dry-Type Shunt Reactors

7. Losses and Impedance

7.1 Total Losses

7.1.1 

The total losses of a shunt reactor shall be determined at rated voltage and rated frequency. If available test
insufficient for testing at rated voltage, then the manufacturer must demonstrate to the user that reduced-voltag
produces sufficiently accurate results when extrapolated to the rated voltage level. The manufacturer shall n
user of reduced-voltage testing during the proposal stages.

Tests

Test Classification

Routine Design Other

Resistance Measurements........................................................................................ X

The dc resistance measurements shall be made on the full winding.

Impedance Measurements....................................................................................... X

The impedance measurements shall be made on the full winding.

Total Loss Measurements....................................................................................... X

When specified, a total loss test may be performed on one unit of an  order of 
identical units to measure total losses at rated voltage or at  maximum voltage 
levels attainable with laboratory facilities.

Temperature Tests................................................................................................... X

Temperature test or tests shall be made on one unit when one or more  units of a 
given rating are produced by one manufacturer at the same  time. These tests shall 
be omitted, however, when a record of a  temperature test, made in accordance 
with this standard, on a duplicate  or essentially duplicate unit is available.

Applied-Voltage Tests............................................................................................ X

The applied-voltage tests shall be made only on support insulators when  
specified.

Turn-to-Turn Test.................................................................................................. X

This test is performed for nominal system voltages of 34.5 kV and  below.

Lightning-Impulse Tests:

Nominal system voltage greater than 34.5 kV........................................................ X

Nominal system voltage at or below 34.5 kV (only when specified)....................... X

Switching-Impulse Tests......................................................................................... X

Switching surge tests shall be made on shunt reactors rated 115 kV or  above 
(only when specified).

Audible-Sound Tests............................................................................................. X

(Only when specified)

Vibration Tests...................................................................................................... X
12 Copyright © 1991 IEEE All Rights Reserved
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7.1.2 

The total losses of one shunt reactor, demonstrated by tests and corrected to the rated current base, shall not 
specified losses by more than 6%. On multiple-unit orders, the average value shall be used for guarantee p
unless otherwise specified by the user. In this case, the average total losses shall be equal to or less than the
loss.

7.1.3 

In the application of dry-type shunt reactors, due to the presence of an external magnetic field, there will be l
any adjacent metallic structures. The magnitude of these losses is a function of the proximity, type of mater
geometric considerations.

7.2 Impedance

7.2.1 

The tolerance for shunt reactor impedance at rated voltage shall be within ± 5% of the specified value.

NOTE  —  In the case of non-linear shunt reactors, for conditions above rated voltage, it may be necessary to define im
characteristics to prevent resonant overvoltages. Such characteristics should be specified by the user.

7.2.2 

In the case of a three-phase shunt reactor or a bank made of three single-phase shunt reactors, the maximum
of impedance in any one phase shall be within ± 2% of the average impedance of the three phases.11

7.2.3 

When specified, the zero-sequence impedance of oil-immersed iron-core shunt reactors shall be determined
frequency as measured between the line terminals connected together and its neutral terminal. It is expresse
per phase. For three-phase shunt reactors, the zero-sequence impedance is three times the impedance m
indicated. The applied voltage should not exceed one-third of rated line-to-neutral voltage, nor should the
current exceed the rated phase current.

8. Temperature Rise

8.1 Life of Insulating Materials

The life of insulating materials commonly used in shunt reactors depends largely upon the temperatures to wh
are subjected and the duration of such temperatures.

Since the actual temperature is the sum of the ambient temperature and the winding-temperature rise, it is app
the ambient temperature very largely influences the life of insulating materials used in shunt reactors.

Other factors upon which the life of insulating materials depend are

1) Dielectric stress and associated effects

11For dry-type shunt reactors without magnetic-field shielding, this tolerance applies only when units are arranged in an equilateral triangle
configuration and isolated from any external magnetic influences.
Copyright © 1991 IEEE All Rights Reserved 13
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2) Vibration or varying mechanical stress
3) Repeated expansions and contractions
4) Exposure to air, moisture, etc.

8.2 Conditions Under Which Temperature Limits Apply

Temperature limits shall not be exceeded when a shunt reactor is operated at 105% of the rated voltage.

8.3 Limits of Temperature Rise few Continuous Ratings

8.3.1 Limits of Observable Temperature Rise 12

The temperature rise above the ambient temperature of shunt reactors and parts in contact with the insu
encapsulation material, when operated at 105% of rated voltage, shall not exceed the values given in Tab
procedures for determining temperature rise, see 10.5.

8.3.2 Limits of Hottest-Spot Temperature Rise

Shunt reactors shall be designed so that the hottest-spot conductor temperature rise above the ambient tem
when operated at 105% of rated voltage, will not exceed the values given in Table 3.

9. Dielectric Tests and Insulation Levels

9.1 Dielectric Tests

9.1.1 General

1) For oil-immersed shunt reactors, low-frequency tests shall consist of an applied-voltage test and a o
low-frequency overvoltage test. For dry-type shunt reactors, tests shall consist of an applied-voltage
turn-to-turn over-voltage test, or both.

2) Impulse tests, if performed, shall be made on each line terminal.
3) The impulse test on the neutral of a shunt reactor shall be made only when specified for oil-immerse

If the insulation level of the neutral bushing is different from that of the neutral end of the winding
impulse-test voltage shall be for whichever insulation level is lower.

4) Switching-impulse tests shall be performed in accordance with Tables 4.A or 4.B.
5) Insulation power factor tests are only required for oil-immersed shunt reactors. Insulation power facto

on dry-type air-core reactors would be very difficult to measure and interpret, since the insulation betw
windings and ground is essentially the resistance of the support insulators.

9.1.2 Applied-Voltage Test

9.1.2.1 

For a shunt reactor with reduced insulation at the neutral, the applied-voltage test shall be in accordance with 
5.B, based upon the insulation level of the neutral end.

12See 4.4 for the effect of altitudes on temperature rise.
14 Copyright © 1991 IEEE All Rights Reserved



TEST CODE FOR SHUNT REACTORS RATED OVER 500 kVA IEEE C57.21-1990

t from
Partial

 to avoid
voltage
ulation
er shall
.5 times

ying
ltages
r 4.

e tests

ffective
recorded

itching-
 will be
C62.11-

ors, and

for both
9.1.3 Overvoltage Tests

9.1.3.1 Low-Frequency Overvoltage Test for Oil-Immersed Shunt Reactors

1) The low-frequency overvoltage test for shunt reactors shall consist of a one-hour low-frequency tes
Table , column 5. This voltage shall be applied across the winding with the neutral solidly grounded. 
discharge measurements shall be made during the one-hour test.

2) Three single-phase one-hour tests may be substituted for a three-phase test. Care should be taken
overheating three-leg reactors or reactors without a magnetic-return path during single-phase over
tests. Note that, under these conditions, it is generally impractical to verify internal phase-to-phase ins
with-stand strength during a three-phase test. It is therefore recommended that the manufactur
demonstrate the adequacy of the phase-to-phase insulation structure by achieving a minimum of 1
line-to-neutral test voltage between line terminals during the one-hour test.

9.1.3.2 Overvoltage Tests for Dry-Type Shunt Reactors

1) Applied-Voltage Test. The applied-voltage test is a high-voltage test for the support insulators only.
2) Turn-to-Turn Overvoltage Test. The turn-to-turn test for dry-type shunt reactors shall be made by appl

between the terminals of each winding a train of high frequency, exponentially decaying, sinusoidal vo
with a first-peak voltage at least equal to  times the rms values as specified in Table 5.B, columns 3 o

9.1.4 Lightning-Impulse Test

The lightning-impulse test shall include reduced full-wave, chopped-wave, and full-wave tests. Front-of-wav
shall also be included when specified.

9.1.5 Insulation Power Factor Test

Insulation power factor is the ratio of the power dissipated in the insulation, in watts, to the product of the e
voltage and current, in voltamperes, when tested under a sinusoidal voltage and prescribed conditions. It is 
during factory tests to permit a comparison with the power factor measured in the field.

9.2 Dielectric Tests for Line Terminals

9.2.1 

The BIL chosen for each line terminal shall be such that the lightning-impulse, chopped-wave-impulse, and sw
impulse insulation levels include a suitable margin in excess of the dielectric stresses to which the terminal
subjected in actual service. For information on surge attester characteristics and application, refer to IEEE 
1987  [18] and IEEE C62.2-1987  [17].

9.2.2 

The basic impulse insulation levels and insulation test levels are given in Table  for oil-immersed shunt react
in Table 5.B for dry-type shunt reactors.

9.2.3 

Oil-immersed and dry-type shunt reactors designed for Y connection only shall be assigned insulation levels 
line and neutral terminals.
Copyright © 1991 IEEE All Rights Reserved 15
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9.2.4 

When required, as indicated in Table 4.A and 4.B, switching-impulse tests shall be performed on oil-immers
dry-type shunt reactors. A switching-impulse test may be desired to demonstrate the switching-surge in
strength at the line terminals of the shunt reactor. A switching-impulse test consists of applying to each phase, 
line terminal to ground, a switching-impulse voltage transient defined in Section 10. The transients shall 
minimum crest value in accordance with Tables  and 5.B.

9.2.5 

When specified, oil-immersed shunt reactors shall be designed to withstand the front-of-wave impulse ins
levels given in Table .

9.3 Basic Lightning-Impulse Insulation Levels and Insulation Test Levels for Neutral 
Terminals

9.3.1 

The neutral terminal of a winding that is designed for Y connection only may have an insulation level lower th
for the line terminal(s) in accordance with the following sections.

When specified, the neutral shall be designed for a specific BIL in addition to the low-frequency test.
16 Copyright © 1991 IEEE All Rights Reserved
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Front-of-Wave

Impulse Levels 
Minimum Voltage

Specific Time 
to Sparkover

kV Crest µs

Column 7 Column 8

195 0.5

260 0.5

345 0.5

435 0.5

435 0.5

580 0.58

— —

— —

— —

— —

— —
Table 5.A—Insulation Test Levels for Oil-Immersed Shunt Reactors

Nominal 
System 
Voltage

Basic Lightning Impulse 
Insulation Level (BIL)

Chopped 
Wave Level

Switching Impulse 
Level (BSL)

Low-Frequency 
Overvoltage Test (Phase-to-
Ground) One Hour Level

Applied 
Voltage Tes

kV kV Crest kV Crest kV Crest kV RMS kV RMS

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6

15 & below 110 120 — 13.5 34

25 150 165 — 23 50

34.5 200 220 — 30 70

45 250 275 — 40 95

69 250 275 — 65 95

350 385 — 65 140

115 350 385 280 105 140

450 495 375 105 185

550 605 460 105 230

138 450 495 375 125 185

550 605 460 125 230

650 715 540 125 275

161 550 605 460 145 230

650 715 540 145 275

750 825 620 145 325

230 650 715 540 210 275

750 825 620 210 325

825 905 685 210 360

900 990 745 210 395
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 Regulating Transformers (ANSI).

 reduced inulation at the neutral as specified in 9.2.

d)

t

Front-of-Wave

Impulse Levels 
Minimum Voltage

Specific Time 
to Sparkover

kV Crest µs

Column 7 Column 8
345 900 990 745 315 395

1050 1155 870 315 460

1175 1290 975 315 520

500 1300 1430 1080 475

1425 1570 1180 475

1550 1705 1290 475 —

1675 1845 1390 475

765 1800 1980 1500 690

1925 2120 1600 690 —

2050 2255 1700 690

Reprinted from IEEE C57.12.00-1987, IEEE Standard General Requirements for Liquid Immersed Distibution, Power, and
NOTES:
1 — Y connected shunt reactors for operation with neutral solidly grounded or grounded through an impedance may haves
2 — Voltages in Column 5 are 1.5 times the maximum system to ground voltage.

Table 5.A—Insulation Test Levels for Oil-Immersed Shunt Reactors (Continue

Nominal 
System 
Voltage

Basic Lightning Impulse 
Insulation Level (BIL)

Chopped 
Wave Level

Switching Impulse 
Level (BSL)

Low-Frequency 
Overvoltage Test (Phase-to-
Ground) One Hour Level

Applied 
Voltage Tes

kV kV Crest kV Crest kV Crest kV RMS kV RMS

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6
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Table 5.B—Insulation Test Levels for Dry-Type Shunt Reactors

9.3.2 

Oil-immersed shunt reactors designed for Y connection only, with the neutral brought out and solidly gro
directly or through a current transformer, shall have an insulation level at the neutral not less than 110 kV BIL

9.3.3 

The insulation level of the neutral end of the winding may differ from the insulation level of the neutral bushi
which provision is made in the shunt reactor tank. In this case, the dielectric tests on the neutral shall be deter
the insulation level of the neutral end of the winding, or the insulation level of the neutral bushing, whichever is
Neutral BIL shall not, in any case, be lower than 110 kV.

The windings of single-phase or three-phase shunt reactors designed for Y operation shall be capable of with
the applied-voltage test corresponding to the insulation test level of the line end for those cases where the n
insulated to withstand the low-frequency test voltage assigned to the line terminal(s). The windings (or insula
the case of dry-type shunt reactors) shall also be capable of withstanding a low-frequency overvoltage test at 
in accordance with the low-frequency test values, specified in Table  or 5.B, for the nominal system voltage of
end. The line end shall be capable of withstanding full-wave, chopped-wave, and, when specified, front-o
impulse tests corresponding to its nominal system voltage.

Nominal 
System 
Voltage

Low 
Frequency 

Test

Turn-to-Turn
BIL and 

Full-Wave
Chopped 

Wave

Minimum 
Time to 

Flashover
Switching 

SurgeIndoor Outdoor

kV kV rms kV rms kV rms kV Crest kV Crest µs kV Crest

Column 1 Column 2 Column 3 Column 4 Column 5 Column 6 Column 7 Column 8

1.2 10 10 13 45 50 1.25 —

2.5 19 19 25 60 66 1.5 —

5.0 26 26 35 75 83 1.6 —

8.7 36 36 48 95 105 1.8 —

15.0 50 50 67 110 120 2 —

25.0 70 70 93 150 165 3 —

34.5 95 95 127 200 220 3 —

46 120 — — 250 275 3 —

69 175 — — 350 385 3 —

115 280 — — 550 605 3 460

NOTES:
1 — The nominal system-voltage values given above are used merely as reference numbers and do not necessarily im

relation to operating voltages.

2 — The low-frequency test on dry-type shunt reactors is essentially a high-voltage test on the insulators.

3 — For system voltages greater than 34.5 kV, the turn-to-turn test is not applicable, and a full-wave impulse test is to b
performed as a routine test.
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10. Test Code

10.1 General

This section prescribes methods for performing tests specified in Section 6. The test methods covered here
follows:

1) Resistance measurements (see 10.2)
2) Dielectric tests and insulation power factor tests (see 10.3)
3) Losses and impedance (see 10.4)
4) Temperature-rise tests (see 10.5)
5) Audible-sound-level tests (see 10.6)
6) Vibration tests (see 10.7 and 10.8)
7) Magnetic characteristics measurements (see 10.9)
8) Seismic performance verification on oil-immersed and dry-type shunt reactors (see 10.10)

The order shown above does not necessarily indicate the sequence in which the tests shall be made.

In this standard, an effort is made to use a uniform set of symbols without sacrificing simplicity or clarity. The
symbols shall be as follows:

Symbol Quantity

E Voltage

I Current

P Active Power (in-phase component)

Q Reactive power (quadrature component)

M Impedance, mutual

Z Impedance, self

R Resistance

X Reactance

T Temperature, as indicated in °C

t Time

ø Impedance angle, degrees

F, C Factor, as indicated

K, k Ratio or Factor, as indicated

h Hours

NOTE  —  Subscripts and other symbols used shall be as locally identified.
20 Copyright © 1991 IEEE All Rights Reserved
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10.2 Resistance Measurements

10.2.1 General

Resistance measurements are of fundamental importance for two puposes:

1) The calculation of the conductor I2R loss
2) The calculation of winding temperatures at the end of a temperature-rise test

10.2.2 Determination of Cold Temperature

The cold temperature of the winding shall be determined as accurately as possible when measuring the cold re

10.2.2.1 Oil-Immersed Shunt Reactors

Cold resistance measurements shall not be taken on a shunt reactor when it is located in a room in w
temperature is fluctuating rapidly.

The temperature of the windings shall be assumed to be the same as the average temperature of the oil, pro

1) The windings have been under oil with no excitation and no current in the windings from 3 h t
(depending upon the size of the shunt reactor) before the cold resistance is measured.

2) The temperature of the oil has stabilized, and the difference between top and bottom temperature d
exceed 5 °C.

10.2.2.2 Dry-Type Shunt Reactors

Cold resistance measurement shall not be taken in less than 4 h after the shunt reactors have been moved
location to another, where the ambient temperatures differ by more than 5 °C but less than 10 °C. Measurements
should not be taken in less than 8 h if the temperature difference is more than 10 °C.

10.2.3 Oil-Immersed Shunt Reactor Windings out of Insulating Liquid

The temperature of the windings shall be recorded as the average of several thermometers or thermocouple
between the coils, with care used to see that their measuring points are, as nearly as possible, in actual conta
winding conductors. It should not be assumed that the windings are at the same temperature as the surround

10.2.4 Conversion of Resistance Measurements

Cold winding-resistance measurements are normally converted to a standard reference temperature equal to
average winding-temperature rise plus 20 °C. In addition, it may be necessary to convert the resistance measurem
to the temperature at which the impedance and loss measurements were made. The conversions are accom
the following formula:

(Eq 1)

where

Rs = resistance at desired temperature Ts
Rm = measured resistance
Ts = desired reference temperature
Tm = temperature at which resistance was measured
Tk = 234.5 (copper), 225 (aluminum)

Rs Rm

Ts Tk+

Tm Tk+
------------------- 

 =
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NOTE  —  The manufacturer shall use the appropriate value of Tk for the specified conductor material used and shall advise the 
accordingly.

10.2.5 Methods for Measuring Resistance

Bridge or drop-of-potential methods may be used for measuring direct-current resistance.

When drop-of-potential methods are used, the measuring equipment shall have a very high degree of accura

The direct-current resistance of the winding shall be measured as accurately as possible. The following pre
shall be observed:

1) When measuring the cold resistance, preparatory to making a temperature-rise test, the time require
readings to become constant should be noted. The period thereby determined should be allowed t
before taking the first reading at the termination of the temperature-rise test.

2) Current used when making direct-current resistance measurements shall not exceed 15% of the rated
Larger values may cause inaccuracy by heating the winding, and thereby changing its temperatu
resistance.

3) Measurements shall not be taken until after steady-state values have been reached.
4) If the drop-of-potential method for measuring direct-current resistance is used (see Fig 2), the fol

additional precautions should also be taken:
a) Greater accuracy may be obtained by the use of potentiometers.
b) Not less than four pairs of readings for current and voltage shall be taken. The average of the res

calculated from these measurements shall be considered to be the resistance of the winding.

10.3 General Dielectric Tests

10.3.1 Dielectric Tests

10.3.1.1 Factory Dielectric Tests

The purpose of dielectric tests in the factory is to demonstrate that the shunt reactor has been designed and c
to withstand the specified insulation levels.

10.3.1.2 Test Requirements

Test levels and other test parameters shall be as outlined in Sections 6 and 9 of this standard, or as otherwise

10.3.1.3 Measurement of Test Voltages

Unless otherwise specified, the dielectric test voltages shall be measured in accordance with IEEE Std 4-19
with the following exceptions:

1) A protective resistance may be used in series with sphere gaps, on either the live or grounded spher
it is unnecessary to protect the spheres from arc damage, it may be omitted.

2) The bushing-type potential divider method shall be considered a standard method for shunt reactor t
3) The rectified capacitor-current method shall be considered a standard method for shunt reactor tests
22 Copyright © 1991 IEEE All Rights Reserved
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Figure 2—Connections for the Drop-of-Potential Method of Resistance Measurement

10.3.1.4 Factory Dielectric Tests and Conditions

10.3.1.4.1 Test Sequence

The final dielectric test to be performed shall be the low-frequency overvoltage test.

10.3.1.4.2 Ambient Temperature

One-hour low-frequency dielectric tests may be made at an ambient temperature under the conditions of rout

10.3.1.4.3 Assembly

Shunt reactors shall be assembled prior to making dielectric tests. This includes bushings and terminal comp
when necessary to verify air clearances. However, assembly of items such as radiators and cabinets that do 
dielectric tests is not necessary. Bushings shall, unless otherwise authorized by the user, be those to be sup
the shunt reactor.

10.3.1.4.4 Shunt Reactors for Connection to Gas-Insulated Equipment

During dielectric testing of shunt reactors designed for direct connection to gas-insulated substations, testing
in-service bushings is preferred. Substitute air-oil bushings may be used, however, unless otherwise specifie
user. Live-part clearances and locations of the substitute bushings inside the shunt reactor must be identica
normal manufacturing tolerances, to those of the in-service bushings. If the required internal clearances, or ex
clearances, or both, cannot be achieved, suitable arrangements will be required, as determined by the manufa
user in advance of the design of the shunt reactor.

10.3.1.5 Tests on Bushings

When tests are required on outdoor apparatus (air-to-oil) bushings separately from the shunt reactors, the tes
made, in accordance with IEEE Std 21-1976  [21], by the bushing manufacturer.

Details of separate testing of bushings for use on shunt reactors connected to gas-insulated equipment shall 
upon by the manufacturer and user prior to the design of the shunt reactor.

10.3.2 Applied-Voltage Tests

10.3.2.1 Duration, Frequency, and Connections

A normal power frequency shall be used. The duration of the test shall be 1 min.
Copyright © 1991 IEEE All Rights Reserved 23
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All terminals of the winding(s) under test shall be joined together and connected to the line terminal of the
source.

All other terminals, the tank, and the core shall be connected to ground and to the other terminal of the powe

10.3.2.2 Protective Gap

A protective gap set at a voltage 10% or more in excess of the specified test voltage may be connected d
applied-voltage test.

10.3.2.3 Application of Test Voltage

The voltage should be started at one-quarter or less of the full value, and be brought up gradually to full valu
more than 15 s. After being held for the time specified, it should be reduced gradually (in not more than 5 s)
quarter or less of the maximum value, and the circuit should be opened.

10.3.2.4 Failure Detection

Careful attention should be maintained for evidence of possible failure, which could include such item
breakdown of test voltage, an audible sound such as a thump, or a sudden increase in test-circuit current. 
indication should be carefully investigated by observation, by repeating the test, or by other tests to determ
failure has occurred.

10.3.3 Overvoltage Tests

10.3.3.1 One-Hour Low-Frequency Over-voltage Test For Oil-Immersed Shunt Reactors

10.3.3.1.1 Test Procedure

The voltage shall be raised to the one-hour level, as shown in Table  or 5.B, and held for 60 min. During this
partial discharge measurements shall be recorded continuously or at 5 rain intervals, in accordance with
10.3.4. Single-phase shunt reactors shall be excited from a single-phase source. Three-phase shunt react
excited from three-phase source, or three individual one-hour tests can be applied from phase-to-neutral.

10.3.3.1.2 Frequency

The test frequency shall be increased, relative to operating frequency, as required to avoid core saturation or 
heating of the metallic parts of the shunt reactor.

10.3.3.1.3 Failure Detection

Failure may be indicated by the sudden rise in partial discharges, an indication of smoke and bubbles rising in
an audible sound such as a thump, or a sudden increase in test current. Any such indication shall be 
investigated by observation, by repeating the test, or by other tests to determine if a failure has occurred.

In terms of interpretation of partial discharge measurements, the results shall be considered acceptable, and 
discharge tests required, if

1) The magnitude of the partial discharge (PD) level does not exceed 200 µV.
2) The increase in PD levels during the 60-rain period does not exceed 30 µV.
3) The PD levels during the 60-rain period do not exhibit any steadily rising trend, and there is no s

sustained increase in levels during the last 20 rain of the tests.
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Judgement should be used on the 5 rain readings so that momentary excursions of the PD level caused by
other ambient sources are not recorded. Also, the test may be extended until an uninterrupted, full 60 min pe
acceptable performance, as defined above, has been obtained.

As long as no breakdown occurs, and unless very high partial discharges are sustained for a long time, th
regarded as nondestructive. A failure to meet the partial discharge acceptance criterion shall require con
between user and manufacturer about further investigations.

10.3.3.2 Turn-to-Turn Overvoltage Test for Dry-Type Shunt Reactors

The turn-to-turn test is performed by repeatedly charging a capacitor and discharging it, through sphere gaps
reactor windings. The type of overvoltage that the reactor is subjected to is more representative of sw
overvoltage, with an exponentially decaying sinusoidal waveshape. The test duration is to be i rain, and the ini
value of each discharge is to be  the rms value as specified in Table 5.B. The ringing frequency is a functio
coil inductance and charging capacitor, and is typically in the order of 100 kHz. The test shall consist of not le
7200 overvoltages of the required magnitude.

Primary verification of winding insulation integrity should be based on oscillographic methods. A surge oscillo
and camera are used to record the last discharge superimposed on a reduced-voltage discharge. A change i
rate of envelope decay, between the reduced and full waves, would indicate a change in coil impedance an
inter-turn failure.

Secondary verification of insulation integrity is made by observation. A failure can be detected either by noise
smoke or spark discharge in the reactor windings.

Figures 3.A and 3.B show the schematic of the test circuit and representative oscillograms of applied test volta
use of oscillograms for failure detection is based on change in ringing frequency and a change in rate of e
decay (damping).

10.3.4 Partial Discharge Measurements

Partial discharge testing is normally not applicable to dry-type shunt reactors, but is always required for oil-im
units.

10.3.4.1 Internal Partial Discharge

Apparent internal partial discharges shall be determined in terms of either the radio influence voltage (R
apparent charge (picocoulombs) generated and measured at the line terminals under test.

10.3.4.2 RIV Measurements

10.3.4.2.1 Instrumentation

A radio-noise and field-strength meter conforming to ANSI C63.2-1987 [2], shall be used to measure th
generated by an internal partial discharge. The measurement shall be on a quasi-peak basis at a nominal fre
1 MHz, although any frequency from 0.85–1.15 MHz may be used to discriminate against local radio station
interference. The radio-noise meter shall be coupled to the line terminal(s) or the winding under test throu
capacitance tap of the bushing(s). A suitable device shall be used to compensate for the capacitance dividin
produced by the bushing tap-to-ground capacitance, plus that of all elements between the bushing tap and 
(coaxial cables, adapters, etc.). This device shall be tuned so as to minimize the dividing effect of the capacitan
to convey the RIV signal to the radio-noise meter with a minimum of attenuation. External shielding may be 
avoid air corona that may occur at the bushing terminals or grounded projections. Radio-frequency chokes 
filters may be used to isolate the shunt reactor under test and the RIV measuring circuit from the remainder of
circuit, including its energy source.

2
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10.3.4.2.2 Calibration

The test-circuit components connected to the winding under test may attenuate the generated RIV level and a
measured RIV background level. It is therefore necessary to determine the relationship between the RIV
terminal of the winding under test and the RIV reading of the radio-noise meter, when connected at its normal 
in the test circuit. The steps in establishing this calibration ratio are

1) Apply a signal to the terminal under test at the guaranteed level of micro-volts at the measuring frequ
2) Measure the voltage at the terminal under test with the radio-noise meter connected directly to the te
3) With the same radio-noise meter, measure the voltage provided by the test circuit at the location wh

radio-noise meter will be connected during the partial discharge test on the shunt reactor. A secondar
noise meter may be used for this measurement, provided its relationship to the first has been establish
measuring frequency.

4) The ratio of the calibration signal voltage measured at the shunt reactor terminal to that measure
normal meter location in the test circuit shall be used as a multiplier on the RIV at the terminal of the w
under test.

5) It shall be established that this calibration ratio remains valid over the RIV range of interest.

10.3.4.3 Apparent Charge Measurements

Apparent charge measurements normally provide several advantages, including less attenuation of signal.
principles are covered in IEEE Std 454-1973 [26]. Measuring circuits and detailed test procedures are desc
IEEE C57.113-1988  [15]. Requirements for test limits are currently being developed within the IEEE Transf
Committee. Where agreed to by both the user and the manufacturer, apparent charge measurements may 
lieu of, or in conjunction with, RIV-type measurements.

Figure 3.A—Turn-to-Turn Test Circuit
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Figure 3.B—Sample Oscillograms

10.3.5 Impulse Test Procedures

Lightning-impulse tests are required as a routine test for oil-immersed shunt reactors with a nominal system vo
115 kV and above, and for dry-type shunt reactors with nominal system voltages greater than 34.5 kV. The te
consist of, and be applied in, the following order: one reduced full-wave, two chopped-waves, and one full-wa
time interval between application of the last chopped-wave and the final full-wave should be minimized to
recovery of dielectric strength if a failure were to occur prior to the final full-wave. Oil-immersed shunt reactors 
115 kV and dry-type shunt reactors 34.5 kV and below shall be tested only when specified. Dry-type shunt r
rated 34.5 kV and below shall be tested with the turn-to-turn over-voltage test.

When front-of-wave tests are also specified, impulse tests are generally applied in the following order: one 
full-wave, two front-of-waves, two chopped-waves, and one full-wave. The order of the chopped-wave and fr
wave tests is not mandatory. However, a reduced full-wave must be applied first; and the full-wave must be 
wave to be applied to the terminal under test. Other reduced full-waves may be applied at any time dur
intervening sequences.
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Refer to IEEE C57.98-1986 [13] for guide information on impulse-testing techniques, interpretation of oscillog
and failure detection criteria.

10.3.5.1 General

Impulse tests shall be made without excitation.

10.3.5.2 Full-Wave Test

This is a wave that rises to crest in 1.2 µs and decays to one-half of crest value in 50 µs from the virtual time zero. The
crest value shall be in accordance with the assigned BIL (see Tables  and 5.B), subject to a tolerance of ± 3%, and no
flashover of the bushing or test gap shall occur. The tolerance on time to crest should normally be ± 30%, and the
tolerance on time to one-half of crest shall normally be ± 20%. As a practical matter, however,

1) The time to crest shall not exceed 2.5 µs, except for windings of large impulse capacitance (low-volta
high-kVA and some high-voltage, high-kVA windings). For convenience in measurement, the time to
may be considered as 1.67 times the actual time between points on the front of the wave at 30% and
the crest value.
To demonstrate that the large capacitance of the winding causes the long front, the impulse generat
resistance may be reduced, which should cause superimposed oscillations. Only the inherent gene
lead inductances should be in the circuit.

2) The impedance of some windings may be so low that the desired time to the 50% voltage point on th
the wave cannot be obtained with available equipment. In such cases, shorter waves may result 
acceptable.

The virtual time zero can be determined by locating points on the front of the wave at which the volta
respectively, 30% and 90% of the crest value, and then drawing a straight line through these points. The inters
this line with the time axis (zero-voltage line) is the virtual time zero.

If there are oscillations on the front of the waves, the 30% and 90% points shall be determined from the 
smooth-wave front sketched in through the oscillations. The magnitude of the oscillations should prefera
exceed 10% of the applied voltage.

When there are high-frequency oscillations on the crest of the wave, the crest value shall be determined from 
wave sketched through the oscillations. If the period of these oscillations is 2 µs or more, the actual crest value sha
be used.

10.3.5.3 Reduced Full-Wave Test

This wave is the same as a full-wave, except that the crest value shall be between 50% and 70% of the full-wa
given in Tables  and 5.B.

10.3.5.4 Chopped-Wave Test

This wave is also the same as a full-wave, except that the crest value shall be at the required higher level given
and 5.B, and the voltage wave shall be chopped at or after the required minimum time to sparkover. In genera
or other equivalent chopping device shall be located as close as possible to the terminals, and the impedanc
limited to that of the necessary leads to the gap. It shall be permissible, however, for the manufacturer to add r
to limit the amount of overswing to the opposite polarity to 30% of the amplitude of the chopped-wave.

10.3.5.5 Front-of-Wave Test

The wave to be used is essentially the same as a full-wave, except that it is chopped on the front of the wa
assigned crest level and time to sparkover. The time to sparkover for front-of-wave impulse tests shall be the ti
28 Copyright © 1991 IEEE All Rights Reserved
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virtual zero to the time of sparkover. As with the chopped-wave test, it shall be permissible for the manufacturer to
resistance in the circuit to limit the amount of overswing to the opposite polarity to 30% of the amplitude of the
of-wave.

It shall have crest value and time to flashover in accordance with Table .

Two applications of the front-of-wave tests shall be used. The front-of-wave shall be made after the reduced fu
test, and before the two chopped-wave impulse tests. Negative polarity shall be used for the front-of-wave tes

The voltage shall be measured by a separate connection to the terminal being tested. The gap used to chop th
the front shall be directly connected to the terminal being tested, and may be mounted directly on the term
general, front-of-wave tests shall be applied only to line terminals, and not to neutral or other terminals.

In order to provide some tolerance to practical testing, a negative tolerance of 0.1 µs to the tabulated times in Table
shall be permitted. Since the test is more severe with duration, a permissible limit shall be a positive toleranc
µs. If, in making any front-of-wave test, the negative tolerance of 0.1 µs is exceeded, the test may be considered
having been met, provided that the crest voltage attained in such a test shall have equaled or exceeded th
determined by the following formula:

*See Table 

where

t = Specified time to sparkover, in µs
t1 = actual time measured, in µs
A = 4, for 69 kV nominal system voltage 3, for 46 kV nominal system voltage

When testing windings that have large capacitance, such as high kVA and low voltage, it may not be practical t
times to flashover down to 0.5 µs. Because of the large chopping currents associated with the large capacitance
are introduced into the measuring circuit. In order to avoid these difficulties, the voltages and times specified 
considered met, provided that the tests are made with the minimum and maximum times to flashover given.

10.3.5.6 Wave Polarity

For oil-immersed shunt reactors, the test waves are normally of negative polarity to reduce the risk of erratic 
flashover in the test circuit. For dry-type shunt reactors, the test waves shall be of positive polarity, unless ot
specified.

10.3.5.7 Impulse Oscillograms

All impulses applied to a shunt reactor shall be recorded by a cathode-ray oscillograph or by a suitable digital t
recorder, unless their crest voltage is less than 40% of the full-wave level. These oscillograms shall include
oscillograms for all impulses, and ground-current oscillograms for all full-wave and reduced full-wave imp
Sweep times should be in the order of 2–5 µs for front-of-wave tests; 5–10 µs for chopped-wave tests, 50–100 µs for
full-wave tests, and 100–600 µ for ground-current measurements.

When reports require oscillograms, voltage and current oscillograms of the first reduced full-wave voltage, the 
chopped-waves, and the last full-wave shall represent a record of the impulse test to shunt reactors.

When shunt reactors receiving front-of-wave impulse tests require reports that include oscillograms, the oscil
of the first reduced full-wave voltage and current, the last two front-of-waves, the last two chopped-waves, and

Voltage crest voltage* 1
t 0.1µs–( ) t1–

At1
------------------------------------+=
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full-wave of voltage and current shall represent a record of the successful application of the front-of-wave impu
to shunt reactors.

10.3.6 Connections for Impulse Tests

In general, the tests shall be applied to each terminal, one at a time.

10.3.6.1 Terminals Not Being Tested

One terminal of the winding under test shall be grounded through a low-resistance shunt so that ground
measurements can be made. The terminals of the winding or windings that are not being tested shall be grou

Exceptions: All grounds shall be direct, except as described above, or at neutral terminal that may be grounded
the same neutral grounding impedance as is to be used in service. If this impedance is unavailable, the neutra
directly grounded.

10.3.7 Impulse Tests on Shunt Reactor Neutrals

One reduced and two full-waves are applied directly to the neutral with an amplitude equal to the insulation leve
neutral. A wave having a front of not more than 10 µs and a tail of 40 µs to half-crest shall be used. Exception: If th
inductance of the winding is so low that the desired voltage magnitude and duration to the 50% point on the ta
wave cannot be obtained, a shorter wave tail may be used.

10.3.8 Detection of Failure During Impulse Test

Because of the nature of impulse test failures, one of the most important matters is the detection of such failure
are a number of indications of insulation failure.

10.3.8.1 Ground-Current Oscillograms

In this method of failure detection, the impulse current in the grounded end of the winding tested is measured b
of a cathode-ray oscillograph, or by a suitable digital transient recorder, connected across a suitable shunt
between the normally grounded end of the winding and ground. Any differences in the wave shape betw
reduced full-wave and final full-wave, detected by comparison of the two current oscillograms, may be indicat
failure or deviations due to non-injurious causes. They should be fully investigated and explained by a new r
wave and full-wave test. Examples of probable causes of different wave shapes are operation of protective
core saturation, or conditions in the test circuit external to the shunt reactor.

The ground-current method of detection is not suitable for use with chopped-wave tests.

It is difficult to shield the measuring circuit completely from the influence of the high voltage of the surge gen
Some stray potentials are frequently picked up that may produce an erratic record for the first 1 or 2 µs. Such
influences, if they occur at the start of the current wave (and to lesser extent at the start of the voltage wave), s
disregarded.

Where the impedance of the shunt reactor tested is high, with respect to its series capacitance, current mea
may be difficult to make because of the small impulse current. In order to reduce the initial large-capacitance
and maintain a reasonable amplitude for the remainder of the wave, a capacitor may be included in the 
measuring circuit. The capacitor should not be larger than required to achieve this result.

10.3.8.2 Other Methods of Failure Detection

1) Voltage Oscillograms. Any unexplained differences between the reduced full-wave and final full-w
detected by comparison of the two voltage oscillograms, or any such differences observed by compa
30 Copyright © 1991 IEEE All Rights Reserved
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Deviations may be caused by conditions in the test circuit external to the shunt reactor, and should 
investigated and confirmed by a new reduced-wave and full-wave test.

2) Failure of Gap to Flashover. In making the chopped-wave test, failure of the chopping gap, or any exte
part, to flashover, although the voltage oscillogram shows a chopped-wave, is a definite indication of a
either within the shunt reactor or in the test circuit, or of a gap that is too wide.

3) Noise. Unusual noise within the shunt reactor, at the instant of applying the impulse, is an indicat
trouble. The cause of such noise should be investigated.

10.3.9 Switching-Impulse Test Procedures

The switching-impulse test, when specified, shall consist of applying a switching-impulse wave between eac
voltage line terminal and neutral with a crest value equal to the specified test level.

10.3.9.1 Number of Tests

The switching-impulse test consists of applying to each winding, from the line terminal to ground, one re
voltage wave and two full-voltage waves. The reduced-voltage wave shall have a crest value of 50% to 70% of
voltage wave value given in Tables  and 5.B. The full-voltage wave shall have a minimum crest value in acco
with Tables  and 5.B, except as indicated in 10.3.9.2.2.

10.3.9.2 Switching-Impulse Waves

10.3.9.2.1 Polarity

For oil-immersed shunt reactors, the test wave is normally of negative polarity, because this reduces the risk o
external flashover in the test circuit.

10.3.9.2.2 Wave Shape

The switching-impulse voltage wave shall have a crest value in accordance with the assigned insulation level
to a tolerance of ± 3%, and shall exceed 90% of the crest value for at least 200 µs. The actual time to crest shall b
greater than 100 µs, and the time to the first voltage zero on the tail of the wave shall be at least 1000 µs, except in the
case where core saturation and circuit characteristics cause the tail to become shorter. In this event, the shorte
be used, since the duration of a switching impulse in actual service will similarly be reduced because 
saturation.

10.3.9.2.3 Time to Crest

The actual time to crest shall be defined as the time interval from the start of the impulse wave to the time w
maximum amplitude is reached.

10.3.9.2.4 Time to First Voltage Zero

The time to the first voltage zero on the tail of the wave shall be defined as the time interval from the star
impulse wave to the time when the first voltage zero occurs on the tail of the wave.

10.3.9.2.5 Ninety-Percent Time

A smooth wave sketched through any oscillations on the switching-impulse voltage oscillogram may be u
determine the time that the applied wave is in excess of 90% of the specified crest value.
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10.3.9.3 Failure Detection

A voltage oscillogram shall be taken of each impulse wave. The test is considered successful if there is no co
voltage indicated on the oscillograms. Note, however, that successive oscillograms may be different becaus
influence of magnetic saturation on impulse duration.

10.3.9.4 Suggested Methods of Generating Switching-Impulse Waves

An applied-voltage wave of proper magnitude and duration may be obtained by discharging an impulse gene
other capacitor bank into the winding under test. External circuit parameters may be used for controlling th
shape.

10.3.9.5 Sequence of Tests

The switching-impulse tests shall precede the low-frequency dielectric test.

10.3.9.6 Switching-Impulse Test Connections for Three-Phase Shunt Reactors

Connections used for making switching-impulse tests are similar to those used for single-phase low-fre
overvoltage tests.

Where the design permits, each winding may be tested separately at the test voltage shown in Table  with th
grounded.

10.3.10 Insulation Power Factor Tests

10.3.10.1 General

The insulation power factor is the ratio of the power dissipated in the insulation, in watts, to the product of the e
voltage and current, in voltamperes, when tested under a sinusoidal voltage and prescribed conditions.

The methods described herein are applicable to shunt reactors of present-day design that are immersed in o

10.3.10.2 Preparation for Tests

The test specimen shall have

1) All windings immersed in oil
2) All windings short-circuited
3) All bushings in place
4) The temperature of windings and oil near the reference temperature of 20 °C.

Where the temperature is other than 20 °C, the results shall be corrected to 20 °C (see 10.3.10.6).

10.3.10.3 Instrumentation

The insulation power factor may be measured by special bridge circuits or by the voltampere-watt metho
accuracy of measurement should be within ± 0.25% of the insulation power factor, and the measurement shoul
made at or near a frequency of 60 Hz.

10.3.10.4 Voltage to be Applied

The voltage to be applied for measuring the insulation power factor shall not exceed one-half of the low-freque
voltage given in Table  for any part of the winding, or 10 000 V, whichever is lower.
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10.3.10.5 Procedure

Insulation power factor tests shall be made from windings to ground.

10.3.10.6 Temperature Correction Factors

Temperature correction factors for the insulation power factor depend upon the insulating materials, their st
their moisture content, etc. Typical values of the correction factor K are given in Table 6. They are satisfactory, fo
practical purposes, for use in the following equation:

(Eq 2)

where

FP20 =power factor corrected to 20 °C
FPT =power factor measured at T °C
K =correction factor from Table 6
T =test temperature

10.4 Losses and Impedance

10.4.1 Reference Temperature for Losses and Impedance

The reference temperature for shunt reactors to which losses and impedances are corrected shall be eq
limiting winding-temperature rise by resistance, covered in Table 3, plus 20 °C.

NOTE  —  In the case of loss-evaluated shunt reactors, consideration may be given to the use of a reference temperatus
calculations to be the average winding rise, as determined by temperature-rise test, plus 20 °C.

10.4.2 Impedance Test

10.4.2.1 

The impedance test is a determination of the ratio of the rated phase voltage to the current that flows with rated
and frequency applied to the shunt reactor terminals.

10.4.2.2 

The impedance of a three-phase shunt reactor shall be measured with three-phase voltage applied to the shu
terminals.

10.4.2.3 

When available test power is insufficient for testing at rated voltage, the manufacturer shall demonstrate to the 
reduced-voltage testing produces sufficiently accurate results when extrapolated to the rated voltage lev
manufacturer shall notify the user of reduced-voltage testing during the proposal stages.

FP20

FPT

K
---------=
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Table 6—Typical Values of the Correction Factor K

10.4.2.4 

If the currents in a three-phase shunt reactor are not balanced, the impedance current shall be taken as the 
the three values.

10.4.2.5 

The zero-sequence impedance shall be measured at rated frequency between the line terminals, connected
and its neutral terminal. It is expressed in ohms per phase and is calculated by using 3 × E/I, where E is the test voltage
and I is the test current. This measurement shall be performed with a test current corresponding to a neutra
equal to the rated phase current, and the test voltage not above one-third of the line-to-neutral voltage.

10.4.3 Loss Measurements

10.4.3.1 General

Since shunt reactors operate at extremely low power factors, small variations in frequency, deviations from 
sine wave in applied voltage, errors in measuring components, and electromagnetic interference may in
significant errors in loss measurements. Proper test conditions and precision components, specifically desi
low power factor measurements, are essential for an accurate determination of shunt reactor losses.

Test Temperature T
Up Through 

161 kV 750 kV 
BIL

230 kV and Up 
Above

 750 kV BIL

10 0.80 1.01

15 0.90 0.99

20 1.00 1.00

25 1.12 1.02

30 1.25 1.05

35 1.40 1.08

40 1.55 1.12

45 1.75 1.17

50 1.95 1.23

55 2.18 1.31

60 2.42 1.43

65 2.70 —

70 3.00 —

NOTES:
1 — The insulation temperature may be considered to be that of the 

average oil temperature.
2 — When the insulation power factor is measured at a relatively 

high temperature and the corrected values are unusually high, 
the shunt reactor should be allowed to cool, and the 
measurements should be repeated at or near 20 °C.
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1) Impedance bridges are frequently used to measure losses. They are generally more accurate than w
measurements. While many configurations of impedance bridge networks are possible, the choic
particular network shall be determined by the measurement problem at hand and the testing fa
available.13

2) If wattmeters are used to measure losses, connections to the shunt reactor will be the same as those
Figs 4, 5, and 6. The voltage is adjusted to the desired value at rated frequency, and simultaneous re
amperes, volts, watts, and frequency are taken. Because of the extremely low power factor, correctio
be considered for phase angle and losses in the instruments and instrument transformers.

Figure 4—Connection for Loss Measurement Test of a Single-Phase Shunt Reactor
 (a) Without Instrument Transformers (b) With Instrument Transformers

13See Section 3, References [27]–[34] and [36]–[39].
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Figure 5—Three-Wattmeter Method with Shunt Reactor Neutral Available

Figure 6—Three-Wattmeter Method Using Artificial Wattmeter Neutral N

10.4.3.2 Loss Tests on Low-Voltage Dry-Type Shunt Reactors with No Shields or Magnetic Shunts

In these shunt reactors, the losses consist of the direct-current resistance (I2R) losses in the conductor, and the edd
losses in the conductor and any metallic framework of the clamping structure.

Since the losses in these shunt reactors are proportional to I2, the losses shall be measured at 100% voltage, or 
reduced voltage if equivalent precision of measurement can be demonstrated to the user's satisfaction. The 
to be corrected to rated current and a reference temperature. In some cases, the actual average windin
determined by the temperature rise test plus 20 °C, may be in-used. This is an attempt to reflect actual site ser
losses and actual site average ambient temperature.

10.4.3.3 Loss Tests on Shunt rs with Enclosures but No Magnetic Shunts

The losses in these shunt reactors consist of the I2R losses in the conductor, eddy losses in the conductor, and s
losses in the metallic enclosure. The losses in these shunt reactors are proportional to I2. Therefore, the losses shall b
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measured at 100% voltage, or at a reduced voltage if better precision of measurement can be demonstrated.
and stray losses in the enclosure may have a different temperature coefficient than the winding.

In this case, it may be necessary to make loss measurements at more than one temperature to verify the te
correction equation (Eq 3). The losses are to be corrected to rated current, and a reference temperature equal 
of the limiting average winding-temperature rise obtained from Table 3 plus 20 °C.

10.4.3.4 Losses in Shunt Reactors with Magnetic Shunts or Gapped Iron Cores

10.4.3.4.1 

The losses in these shunt reactors consist of I2R losses in the conductor, eddy losses in the conductor, stray losses 
clamping structure and enclosure, and losses in the magnetic shunt or core.

For these shunt reactors, it is required to measure the losses at rated voltage and correct them to reference te
which is equal to the limiting average winding-temperature rise by resistance from Table 3 plus 20 °C.

The preferred method of measuring losses in these shunt reactors14 is the use of a current-comparator bridge or 
impedance bridge.

(Eq 3)

Im = current in reactor when losses were measured
Pm = measured reactor losses at temperature Tm and current Im
Ps = reactor losses at reference temperature Ts and measured current Im
Rm = winding direct current, resistance at temperature Tm
Th = temperature constant for enclosure (if different from Tk, to be determined by test)
Tk = 234.5 °C for copper, 225 °C for aluminum
Tm = winding temperature at which loss measurements were made
Ts = limiting winding-temperature rise plus 20 °C

10.4.3.4.2 

When three-phase shunt reactors are tested, three-phase excitation shall be applied to the shunt reactor. 
bridge is used, care shall be exercised to control the temperature, and accurately determine the temperatu
windings during the test.

10.4.3.4.3 

When available three-phase power is insufficient, single-phase testing can be performed, provided the manu
can demonstrate to the user that measurements from single-phase tests can be converted to results valid for th
excitation. The manufacturer shall notify the user during the proposal stages of this condition. The losses 
segregated into I2R conductor losses, eddy losses in conductors and clamping structure, and iron losses.15

10.4.3.4.4 

The losses corrected to the reference temperature are as follows:

14See footnote 13.

Ps Im
2 Rm

Ts Tk+

Tm Tk+
------------------- 

 =

+ Pm Im
2 Rm–( )

Tm Th+

Ts Th+
------------------- 
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(Eq 4)

where

Pf = losses in magnetic shunt or core at voltage corresponding to Im

Other terms are as defined under Eq 3.

A more realistic way of obtaining a reasonable temperature correction is by establishing the effective 
temperature coefficient for the where reactor experimentally.

The loss in the various parts of the reactor (I2R loss, iron loss, and additional loss) cannot be separated
measurement. It is therefore preferable, in order to avoid corrections to reference temperature, to perf
measurement when the average temperature of the windings is practically equal to the reference temperature

If this is impracticable, the additional loss, as well as the iron loss, shall be deemed independent of temperatu

If several units are to be tested, it is recommended that the unit on which loss measurement is carried out as a
at approximately reference temperature shall be measured at ambient temperature also, thus establishing a te
coefficient for total loss (assuming linear variation). Remaining units will then be measured at ambient temp
only, and their loss figure shall be corrected to reference temperature using the temperature coefficient estab
the type-tested unit.

10.4.4 Impedance Tests

10.4.4.1 

If the impedance of the shunt reactor remains constant, the losses measured at other than rated curren
corrected to rated current and temperature.

(Eq 5)

where

Im = current in the reactor when losses were measured
Ir = rated current (see 2.2.2)

15NOTE: Since the iron losses cannot be measured separately on a shunt reactor, some other method shall be used for their determinat
Calculated iron losses are often used. The iron-loss segregation can also be made by measuring the losses in the reactor at two temperatures at least
10 °C apart, and using the calculation formula below. However, since this calculation involves taking a difference between measured quantities of
nearly equal magnitude, the accuracy of the final result may not be as good as when the calculated value of iron loss is used.

Im= current in the reactor when losses were measured
R1= winding direct current resistance at temperature T1
P1= measured reactor losses at temperature T1
P2= measured reactor losses at temperature T2
Pf= losses in the magnetic shunt or core at a voltage corresponding to Im
T1= temperature of windings at test 1
T2= temperature of windings at test 2
Tk= 234.5 °C for copper, 225 °C for aluminum

Pf P2

T2 Tk+

T2 T1–
------------------ 

  P1

T1 Tk+

T2 T1–
------------------ 

  Im
2 R1

T1 T2 Tk+ +

T1 Tk+
------------------------------ 

 ––=

Ps Im
2 Rm

Ts Tk+

Tm Tk+
------------------- 

 =

+ Pm Im
2 Rm– Pf–( )

Tm Tk+

Ts Tk+
------------------- 

  Pf+

Pr

I r

Im
----- 

  2
Ps=
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Pr = losses at rated current
Ps = reactor losses at reference temperature Ts and measured current Im

10.4.4.2 

If the impedance of the shunt reactor is not constant, empirical methods may be required to correct the
components of the losses to rated current and reference temperature.

10.5 Temperature-Rise Tests

10.5.1 Voltage and Frequency

The temperature test shall be made at rated frequency and 105% rated voltage (see Section 8). When the ava
power does not permit making the test at 105% rated voltage, then the manufacturer shall demonstrate to the
reduced-voltage testing produces sufficiently accurate results when extrapolated to the 105% rated voltage le
manufacturer shall notify the user of reduced-voltage testing during the proposal stages.

10.5.2 Test Voltage for Shunt Reactors Rated 34.5 kV or Less

All shunt reactors having a rated voltage of 34.5 kV or less shall be tested at full test voltage.

10.5.3 Correction to 105% Rated Voltage

The temperature rises shall be corrected to 105% rated voltage by calculating the additional temperature 
would result from increasing the losses from those measured at the temperature test voltage level to those a
with the 105% rated voltage level. The losses used for this extrapolation will be corrected to the ultimate, a
temperature of the windings at both the test level and the 105% rated voltage level, respectively.

10.5.4 Determination of Average Measured Winding Temperature by the Hot-Resistance Method

The average measured temperature of a winding may be determined by either of the following equations:

(Eq 6)

(Eq 7)

where

T = temperature, °C corresponding to hot resistance R
To = temperature, °C corresponding to cold resistance Ro
Ro = cold resistance determined in accordance with the rules of this standard
R = hot resistance
Tk = 234.5 °C (copper)

225 °C (aluminum)

The time for the measuring current to become stable should be noted during the cold-resistance measuremen
to assure that sufficient time elapses for the induction effect of the winding to disappear before hot resistance 
are taken.

Record the elapsed time between the instant of shutdown and each hot-resistance measurement.

T R
Ro
------ Tk To+( ) Tk–=

T
R Ro–

Ro
--------------- Tk To+( ) To+=
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10.5.5 Correction of Observed Temperature Rise for Variation in Altitude

When tests are made at an altitude not exceeding 1000 m (3300 ft) above sea level, altitude corrections sh
applied to the temperature rise.

When a shunt reactor which is tested at an altitude less than 1000 m (3300 ft) is to be operated at an altitude
of 1000 m (3300 ft), it shall be assumed that the observed temperature rise will increase in accordance 
following relation:

(Eq 8)

where

Ao = 1000 m (≈ 3300 ft)
F = empirical factor given in right-hand column of the following table:

The observed rise in Eq 8 is

1) Top-oil temperature rise, or average-oil temperature rise, and winding-temperature rise over the a
temperature for oil-immersed shunt reactors

2) Winding-temperature rise over the ambient temperature for dry-type shunt reactors

10.5.6 Temperature-Rise Tests on All Shunt Reactors

10.5.6.1 

All temperature-rise tests shall be made under normal (or equivalent to normal) conditions, based on the me
cooling.

10.5.6.2 

Shunt reactors shall be completely assembled and, if oil-immersed, shall be filled to the proper level.

10.5.6.3 

If the shunt reactors are equipped with thermal indicators, bushing-type current transformers, etc., such devi
be assembled with the shunt reactors.

10.5.6.4 

The temperature-rise test shall be made in a room that is as free from drafts as practicable.

Method of cooling
Empirical 
Factor F

Oil-immersed, self cooled (OA) 0.04

Dry-type, self-cooled (AA) 0.05

Increase in temperature rise at altitude A in m (ft) Observed RiseA
Ao
------ 1– 

  F=
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10.5.6.5 

The temperature of the surrounding air, the ambient temperature, shall be determined by at least three therm
or thermometers spaced uniformly around the shunt reactor under test. They should be located at about on
height of the shunt reactor, and at a distance of 1–2 m (3–6 ft) from the shunt reactor. They should be protec
drafts and abnormal heating.

To reduce to a minimum the errors due to time lag between the temperature of the shunt reactor and the var
the ambient temperature, the thermocouples or thermometers shall be placed in suitable containers. These c
shall have such proportions as will require not less than 2 h for the indicated temperature within the cont
change 6.3 °C if suddenly placed in air that has a temperature 10 °C or less than the previous steady-state indica
temperature within the container.

10.5.6.6 

When measured, the temperature rise of metal parts (other than the winding conductor) in contact with or ad
insulation, and the temperature rise of other metal parts, shall be determined by thermocouple or by thermom

Provisions shall be made to measure the surface temperature of iron or alloy parts surrounding or adjacent to 
leads or terminals carrying currents. Readings shall be taken at intervals, or immediately after shutdown.

The determination of the temperature rise of metal parts within the case, other than winding conductors, is a
test. This test shall be made when so specified, unless a record of this test made on a duplicate, or essentially
unit can be furnished. This test will not be made unless definitely specified, because provision for the proper pla
of the thermocouples and leads must frequently be made during the design of the shunt reactor. Comparis
other shunt reactors having metal parts of similar design and arrangement, but not necessarily having the sam
will, in many cases, be adequate.

10.5.6.7 

A thermocouple is the preferred method of measuring surface temperature. When used for this purpo
thermocouple should, when practical, be spot welded to the surface. When this is not practical, the therm
should be soldered to a thin metal plate or foil approximately 25 mm (1 in) square. The plate is to be plac
securely fastened, against the surface. In either case, the thermocouple should be thoroughly insulated therm
the surrounding medium, and care should be exercised to prevent the solder and the spot weld from distur
accuracy of the thermocouple.

NOTE  —  The use of thermocouples can be hazardous due to parts being at high voltage. Other temperature measurin
might have to be used.

10.5.6.8 

It is permissible to shorten the time required for the test by the use of restricted cooling, or any other suitable 
If time constants are required for the user, then restricted cooling cannot be used to shorten test time.

10.5.6.9 

The temperature rise of the windings shall be determined by the resistance method, or by thermometer 
specified.
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10.5.6.10 

The ultimate temperature rise is considered to be reached when the temperature rise becomes constant; tha
the temperature rise does not vary more than 2.5% or 1 °C, whichever is greater, during a consecutive 3 h period (
oil-immersed shunt reactors) or 2 h period (for dry-type shunt reactors).

10.5.7 Temperature-Rise Tests on Oil-Immersed Shunt Reactors

10.5.7.1 General

The top-oil temperature shall be measured by a thermocouple or alcohol thermometer immersed approximatel
(2 in) below the top-oil surface.

The average temperature of the oil shall be determined when the average temperature method is used.

The average-oil temperature is equal to the top-oil temperature minus one-half the difference in temperatur
moving oil at the top and the bottom of the cooling means, as determined by suitable measurements.

For shunt reactors with external cooling means, this temperature difference may be closely approximated by
determination of the temperature on the external surface of the oil inlet and oil outlet of the cooling means by
of thermocouples.

10.5.7.2 Temperature-Rise Tests on Oil-Immersed Self-Cooled (Class OA) Shunt Reactors

The ambient temperature shall be taken as that of the surrounding air, which should be not less than 10 °C or more than
40 °C. Corrections for variation of ambient temperature within this range shall not be applied.

Temperature tests may be made with ambient temperature outside the range specified if suitable correction fa
available.

10.5.8 Temperature-Rise Tests on Oil-Immersed Shunt Reactors — Methods

10.5.8.1 Using the Top-Off Temperature Rise

Determine the top-oil temperature rise over the ambient temperature in the following manner:

1) Apply 105% rated voltage at rated frequency to the shunt reactor.
2) Run until the top-oil temperature rise over the ambient temperature does not change more than 2.5%°C,

whichever is greater, during a consecutive 3 h period.
3) Measure the ultimate top-oil temperature rise.

Determine the average temperature rise of the winding over the top-oil temperature in the following manner:

1) Immediately after determining the top-oil temperature rise as described above, shut down and mea
winding resistance, and calculate the average winding-temperature rise over the top-oil temperature a
of the run.

2) Correct these rises back to the instant of shutdown.

The average winding-temperature rise over the ambient temperature is the sum of the top-oil temperature rise
ambient temperature plus the average winding-temperature rise over the top-oil temperature.

10.5.8.2 Using the Average Oil Temperature Rise

Determine the average oil temperature rise over the ambient temperature in the following manner:
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1) Apply 105% rated voltage at rated frequency to the shunt reactor.
2) Run until the top-oil temperature rise over the ambient temperature does not change more than 2.5%°C,

whichever is greater, during a consecutive 3 h period.
3) Measure the ultimate average oil temperature rise.

NOTE  —  Methods for this measurement are given in 10.5.7.

Determine the average temperature rise of the winding over the average oil temperature in the following man

1) Immediately after determining the average oil temperature rise as described above, shut down and 
the winding resistance and calculate the average winding-temperature rise over the average oil temp

2) Correct these rises back to the instant of shutdown.

The average winding-temperature rise over the ambient temperature is the sum of the average oil temperature
the ambient temperature plus the corrected average winding-temperature rise over the average oil temperatu

10.5.9 Temperature-Rise Tests on Dry.Type Shunt Reactors -- Methods and Corrections

10.5.9.1 

When the ambient air temperature is other than 30 °C, a correction shall be applied to the temperature rise of 
winding by multiplying it by the correction factor C which is given by the ratio:

(Eq 9)

where

Tk = 234.5 °C (copper)
 225 °C (aluminum)

Ta = ambient air temperature, °C

When temperature-rise tests by the thermometer are required, place at least one thermometer in each coil as
is important that the coil thermometers be placed in the air ducts in such a manner as to indicate the 
temperature without restricting the ventilation.

Once the temperature rise has become constant, the test voltage and current should be removed. Imm
thereafter, the coil thermometers, and any other temperature indicating devices, should be read continually in
until the temperature begins to fall. If any of the thermometer temperatures are higher than those observed d
run, the highest temperature should be recorded as the final thermometer temperature.

10.5.9.2 Temperature-Rise Tests on Dry-Type Self-Cooled (Class AA) Shunt Reactors

The ambient temperature shall be taken as that of the surrounding air, which should be not less than 10 °C nor more
than 40 °C.

10.5.10 Correction Back to Shutdown — Cooling Curve Method

Take a series of at least four, preferably more, readings on each winding, and record the time after shutdown
reading.

The readings should be time spaced to x assure accurate extrapolation back to shutdown.

The overall reading time should exceed 4 min, and may extend considerably beyond.

C
Tk 30°C+

Tk Ta+
-------------------------=
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The first reading on each winding should be taken as quickly as possible after shutdown, but not before the m
current has become stable. The first reading shall be taken within 4 min.

Plot the resistance time data on suitable coordinate paper, and extrapolate the curve back to the instant of sh

The resistance value so obtained shall be used to calculate the average winding temperature at the instant of 

The resistance time curve obtained on one phase may be used to determine the correction back to shutdow
other phases of the windings, etc., provided that the first reading on each of the other windings has been take
4 min after shutdown.

If necessary, the temperature test may be resumed so that the first readings on any group of windings
completed within the required 4 min.

10.6 Audible-Sound-Level Test

10.6.1 General

The audible sound for all dry-type and oil-immersed shunt reactors has one major source, which is the magne
caused by the reaction between the winding current and the flux density in the medium or composite medium
applies to all core and coil assemblies.)

This force generates audible sound. Its harmonics will be in discrete tones, whose frequencies are even multip
shunt reactor's excitation frequency.

The A-weighted measurement characteristic best relates how a remote listener hears the complex sound gen
the shunt reactor, and shall be used to determine the average sound-level performance of the shunt reactor.

For some purposes, a frequency distribution of a shunt reactor's sound is desirable; and when specified, it
measured in frequency bands (either octave or one-third-octave band), or as discrete frequencies.

10.6.2 Instrumentation

10.6.2.1 

Sound-level measurements shall be made with instrumentation that meets ANSI S1.4-1983  [4] for type 2 me

10.6.2.2 

Octave or one-third-octave band frequency measurements shall be made, when specified, with instrumenta
meets ANSI S1.4-1983  [4] for type 2 meters, together with ANSI S1.11-1986 [5] for type E, class 11 performa
their equal.

10.6.2.3 

Discrete-frequency measurements shall be made when specified, or when necessary due to test con16

Instrumentation is not standardized at present. However, typical analyzer bandwidth characteristics deemed
are one-tenth octave; 1, 3, or 10% of the selected frequency; or 3, 10, or 50 Hz.

16For a discrete frequency application, see [27].
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10.6.2.4 

A suitable wind screen may be used where the air velocity due to winds, prevailing drafts, or microphone loca
the proximity of the shunt reactor cause the readings to be in error. Suitable corrections, if necessary, shall be 
readings with wind screens to ensure that only the wind noise effects are negated.

10.6.3 Test Conditions

10.6.3.1 

Measurements shall be performed in an environment having an ambient sound level that is below the combine
level of the shunt reactor and the ambient for the frequency band in which measurements are being made. T
shall be at least 5 dB, but preferably ≥10 dB below the combined sound level.

The ambient sound level shall be established by averaging measurements taken immediately preced
immediately following the shunt reactor tests for at least four microphone locations, spaced equally around th
reactor. For an average ambient sound level of 5 dB or more below the combined sound level of shunt rea
ambient, the following corrections shall be applied, according to Table 7.

Ambient sound corrections shall be governed by the average sound-level measurements with identical frequen
widths for the combined shunt reactor and ambient sound, and the ambient sound alone.

Where ambient conditions differ from the above and are steady, suitable corrections may be feasible. The de
method of making such ambient corrections shall be determined by those responsible for the design and appl
the shunt reactor.

Where the difference is less than 5 dB, and it is only desired to know a sound level that the shunt reactor 
exceed, a correction of -1.6 dB may be used.

Table 7—Correction to Sound Level

10.6.3.2 

The shunt reactor shall be located so that no acoustically reflecting surface, other than the floor or ground, is w
m (10 ft) of the shunt reactor.

Difference between Average Sound Level of 
Combined Shunt Reactor and Ambient and Average 

Sound Level of Ambient (dB)

Correction to be Applied to Average Sound Level of 
Combined Shunt Reactor and Ambient to Obtain 

Average Sound Level of Shunt Reactor (dB)

5 1.6

6 1.3

7 1.0

8 0.8

9 0.6

10 0.4

Over 10 0.0
Copyright © 1991 IEEE All Rights Reserved 45



IEEE C57.21-1990 IEEE STANDARD REQUIREMENTS, TERMINOLOGY, AND

t reactors
rce. When
e user's
 voltage
nnot be

ut string
, switch
 gauges,

ce near
 or wall-
ur to be
live part

Fig 7).
viewed
10.6.3.3 

The shunt reactor shall be connected for, and energized at, rated voltage and frequency. Three-phase shun
shall be energized from a three-phase source and single-phase shunt reactors from a single-phase sou
available test power is insufficient for testing at rated voltage, then the manufacturer must demonstrate to th
satisfaction that reduced-voltage testing produces sufficiently accurate results when extrapolated to the rated
level. The manufacturer must notify the user of reduced-voltage testing during the proposal stages. If this ca
demonstrated to the user, a field test can be performed.

10.6.3.4 

When specified, sound-level tests shall be conducted at a specific voltage other than rated.

10.6.4 Microphone Positions

10.6.4.1 

The reference-sound-producing surface of a shunt reactor is a vertical surface which follows the contour of a ta
stretched around the periphery of the shunt reactor or integral enclosure. This is to include radiators, tubes
compartments, terminal chambers, etc., but excludes bushings and minor extensions such as valves, oil
thermometers, conduit terminal boxes, and projections at or above cover height.

In consideration of the safety and consistency of measurement, the reference-sound-producing surfa
unenclosed live parts of field-assembled items, such as switches, switchgear and terminal compartments
mounted bushings, SF6 air-to-oil adapter bushings, etc., shall be moved outward from the taut string conto
consistent with safe worker clearances, as determined by the manufacturer for the system voltage of the 
terminations involved.

10.6.4.2 

For oil-immersed shunt reactors, the first microphone location shall coincide with the main drain valve (see 
Additional points shall be located at 1.0 m (3.3 ft) intervals, proceeding clockwise in a horizontal direction as 
from above, along the reference-sound-producing surface defined in 10.6.4.1.
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Figure 7—Microphone Locations for Audible-Sound Tests of Oil-Immersed Shunt Reactors

There shall be no fewer than four microphone location points, which may result in intervals of less than 1.0 m
for small shunt reactors. The microphone shall be located on a straight line perpendicular to the reference
producing surface at each microphone location point. The microphones shall be spaced 0.3 m (1 ft) from the re
sound-producing surface.

10.6.4.3 

For oil-immersed shunt reactors having an overall tank or enclosure height of less than 2.4 m (8 ft), measu
shall be made at half-height. For shunt reactors having an overall tank or enclosure height of 2.4 m (8 ft) o
measurements shall be made at one-third and two-thirds height.

10.6.4.4 

For single-phase dry-type shunt reactors less than 2.4 m (8 ft) tall, microphone stations shall be at half-hei
single-phase dry-type shunt reactors greater than 2.4 m (8 ft) tall, microphone stations shall be at one-third 
thirds height. For two and three-coil stacked arrangements, microphone stations shall be at mid-height of each
If measurements at the above heights are not possible due to bus bar layout, microphone stations shall be loc
mid-height of the base reactor. In plan view, the microphone stations for dry type shunt reactors shall be 
clockwise, sequentially along the circumference of a circle having its center at the geometric center of th
reactor, and a radius equal to the reactor radius plus 3 m (10 ft). The first station will be on a radial line thro
bottom terminal, or as close to it in the clockwise direction as is permitted to comply with minimum clea
distances to live parts. For the case of tall coils, two-stack coils, and three-stack coils that can only be measur
height above grade, the radius of the circle along which measurements will be taken is equal to the reactor ra
3 m (10 ft), or one-half of the overall reactor stack height, whichever is greater.
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For side-by-side arrangements of single or stacked reactors, microphone stations are determined by the sam
as for a single coil or single stack, if the stations do not overlap. If the microphone stations do overlap, measu
shall only be taken around the outermost perimeter of the resulting contour (see Fig 8).

An integrating sound-level meter can be used in place of a standard sound-level meter. The energy average so
is recorded by traversing the reactor(s) envelope of the above defined contours at a constant rate of speed.

10.6.4.5 

The magnetic field in the near vicinity of dry-type shunt reactors may be strong enough to affect the 
instrumentation adversely. The sound-level meter should be kept at a distance from the shunt reactor that wi
that the ratio of sound pressure level to the electromagnetic noise susceptibility of the sound-level meter s
exceed 30 dB.

10.6.4.6 

When sound-level tests are made at the factory, the mounting conditions that are obtained at the final ins
should be simulated as much as practicable.

10.6.4.7 

If it should become expedient to measure the sound level of a single-phase dry-type shunt reactor after it h
installed as part of a three-phase bank of shunt reactors, then it will be desirable that those responsible for th
and application of the apparatus agree upon a suitable technique of making corrections for ambient sound
phases, for reflecting surfaces, and for unavoidable alterations in the microphone locations.

10.6.5 Sound-Level Measurements

10.6.5.1 

Sound levels shall be measured in conformance with 10.6.1, 10.6.3, and 10.6.4 using the sound-level-mA-
weighting characteristic.

10.6.5.2 

The average A-weighted sound level is defined as the arithmetic mean of the respective A-weighted sound-level
measurements taken at each microphone location defined in 10.6.4.

10.6.5.3 

When specified, measurements shall also be taken using the sound-level-meter C-weighting characteristic.

10.6.5.4 

If necessary due to ambient conditions, the sound level may be measured using discrete frequency compone17 (see
10.6.6.4).

10.6.5.5 

The shunt reactor should be located so that no acoustically reflecting surface, other than the floor or 
significantly effects the sound-level measurements. There should be no reflecting surfaces with a normal p
area of more than one-fourth of the square of the distance between the unit and the surface.

17See footnote 16.
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Figure 8—Microphone Locations for Audible-Sound Tests of Dry-Type Shunt actors
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10.6.5.6 

The unit shall be connected for, and energized at, rated voltage and frequency. The harmonic factor of the volt
not exceed 1%.

NOTE  —  The harmonic factor is defined in IEEE C57.12.80- 1978 [11] and IEEE Std 100-1988 [23].

10.6.6 Optional Frequency-Analysis Measurements

10.6.6.1 

When specified, frequency analysis shall be made in accordance with 10.6.2, 10.6.3, and 10.6.4 for either oct
third octave, or discrete-frequency measurements.18 Either the A-weighting, the C-weighting, or the flat-response-
meter characteristic may be specified. The weighting characteristic used shall be reported with the data.

10.6.6.2 

Octave or one-third-octave band frequency-analysis measurements shall cover the interval of midband freq
from 63 Hz through 4000 Hz. Discrete frequency-analysis measurements shall cover the fundamental thro
seventh harmonic component (fundamental component is twice the excitation frequency).

10.6.6.3 

The average level for each frequency band measured shall be determined by taking the power average of the 
readings about the shunt reactor. Thus,

(Eq 10)

where

Lx = average level for the X frequency band
Li = level in the X frequency band at the ith measurement point
n = total number of measurement points

If the components are with A weighting, the average is then with A weighting.

10.6.6.4 

If the average sound level in dB(A), as defined in 10.6.5.2, is to be determined from the individual A-weighted
frequency-band measurements at each microphone position, then an A-weighted sound level shall be calculated fo
each microphone position from the frequency-band measurements as follows:

(Eq 11)

where

LA = average calculated A-weighted sound level
Lj = band level with A weighting for the jth band
n = total number of bands

18See footnote 16.
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For both oil-immersed and dry-type shunt reactors, the average sound level in dB(A) shall be taken to be the quadrati
mean as calculated in 10.6.6.5.

The arithmetic mean may be used to determine an approximate value for the average sound level in dB(A).

10.6.6.5 Calculation of Average Sound Level

An average sound level value LA shall be calculated from the measured values of the A-weighted sound level LAi by
using the following equation:

(Eq 12)

where

A = average sound level in dB
LAi = measured sound level at station i in dB
N = total number of measurement stations

It should be noted that the above calculated value may have to be corrected for the following factors:

1) Background or ambient noise level
2) Acoustic influences of the location where sound readings are taken, e.g., reverberant properties of the

10.7 Vibration Tests on Oil-Immersed Shunt Reactors

10.7.1 General

The design and construction of oil-immersed shunt reactors should be such as to avoid the detrimental e
excessive stress due to vibration. Areas of primary concern in the control of vibration to ensure proper perform
as follows:

1) Vibration of core and coil assembly
NOTE  —  Movement of the core and coil assembly and shielding structure, caused by the time-varying magnetic

results in vibration of the tank and ancillary equipment. However, due to the variations in the present 
practices, it is not practical to define a test code for acceptance tests covering the vibration of the core 
assembly. Development tests are not included in the scope of this test code.

2) Vibration of tank with associated stresses developed in plates, braces, and welded seams
3) Vibration of instruments, accessories, and cooling equipment

10.7.2 Preparation for Tests

The shunt reactor under test shall be completely assembled in normal operating condition with cooling equ
gages, and accessories mounted and connected.

The shunt reactor should be mounted on a level surface that will provide proper bearing for the base, in 
eliminate the generation of abnormal tank stresses.

10.7.3 Method of Measurement

The vibration of shunt reactor components shall be measured by transducers, optical detectors, or eq
measuring devices. The measuring equipment shall be accurate within ±10% at the second harmonic of the excitin
frequency. The peak-to-peak amplitude shall be determined by direct measurement, or calculated from accele
velocity measurements.

LA 10 log10
1
N
---- 10

0.1LA i

i 1=

i N=

∑ 
 
 

=
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10.7.4 Test Conditions

The shunt reactor shall be energized at rated voltage and frequency. Three-phase excitation is required for th
units. When available test power is insufficient for testing at rated voltage and/or three-phase excitatio
manufacturer shall demonstrate to the user that reduced-voltage testing shall produce sufficiently accurate 
rated conditions. The manufacturer shall notify the user of this condition during the proposal stages. Factory
ambient temperature are acceptable, but vibration measurements should be made, if a temperature rise test is
as soon as possible after the thermal test. If tests are made at ambient temperature, readings should be taken
as possible to minimize changes in the temperature of the shunt reactor components.

10.7.5 Number of Measurements

10.7.5.1 General

The minimum number of readings required will be 48. Additional readings will depend upon the size and com
of the shunt reactor core and coil construction, and the tank design.

10.7.5.2 Tank

Each of the four sides of the shunt reactor tank shall be divided into 12 rectangular areas of approximately t
size. These areas are suitably marked and numbered for reference. Points of maximum excursion for each ma
of the tank shall be located by appropriate methods for detecting vibration patterns in the tank. Vibration readin
be measured at these points and recorded in the final report. Readings may also be taken and recorded a
seams, cover, and any other locations mutually acceptable to the shunt reactor manufacturer and user. W
conditions, such as safety regulations, do not permit relocation of the measuring equipment when the shunt r
energized, those responsible for the design and application of the shunt reactor will determine, in advance, a
technique for making the required measurements.

10.7.5.3 Vibration Amplitude Levels

The average amplitude of all local maximum points shall not exceed 60 Ωm (2.36 mils) peak-to-peak. The maximum
amplitude within any rectangular area shall not exceed 200 Ωm (7.87 mils) peak-to-peak.

10.7.5.4 Instruments, Accessories, and Cooling Equipment

Instruments, accessories, and oil-cooling equipment shall be observed for evidence of vibration during the fac
(see 10.7.2, 10.7.3, and 10.7.4).

10.8 Vibration Tests on Dry-Type Shunt Reactors

10.8.1 

The design and construction of dry-type shunt reactors should be such as to avoid the detrimental effects of e
stress due to vibration.

10.8.2 

Since all parts of dry-type shunt reactors above base-support insulators are at elevated potential, a non-ener
of natural frequencies shall be performed when specified.

This test shall consist of an impact force on the reactor components of concern, and the determination
component natural frequencies and percentage damping due to this impact load. An impact-load hamm
accelerometers shall be used to record the impact force and response of the component being tested.
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The purpose of the test is to demonstrate that the natural frequency of the component is not co-inciden
frequency in the vicinity of double the system frequency.

10.9 Magnetic Characteristic Measurements

When specified, and if power requirements are attainable, the magnetic characteristics of a shunt reactor
measured at rated frequency, up to a maximum operating voltage or slightly higher, if mutually agreeable betw
and manufacturer.

The results are normally expressed in terms of the rms value of voltage and current, as long as the curve is lin
the nonsaturated region. Otherwise, the results must be expressed in terms of flux linkages and peak currents (

10.10 Seismic Performance Verification on Oil-Immersed and Dry-Type Shunt Reactors

When specified, a seismic performance verification shall be carried out using analytical methods, by testin
simulated seismic conditions, or by combined test and analysis as described in IEEE Std 344-1987  [25].

11. Construction for Oil-Immersed Shunt Reactors

11.1 Bushings

11.1.1 

Shunt reactors shall be equipped with bushings of an insulation class not less than that of the winding ter
which they are connected, unless otherwise specified.

11.1.2 

Electrical characteristics of outdoor shunt reactor bushings shall be as listed in IEEE Std 21-1976  [21].

11.1.3 

Bushings for use with outdoor shunt reactors shall have dimensions as listed in IEEE Std 21-1976  [21].

11.2 Bushing-Type Current Transformers

11.2.1 

Bushing-type current transformers, used with bushings having dimensions in accordance with IEEE Std 21-19
shall have an inside diameter adequate to accommodate the maximum D dimensions for those bushings, as shown 
the applicable tables.

11.2.2 

When specified, bushing-type current transformers, or provision for their addition in the future, shall be mu
with accuracy classification and taps, as specified by IEEE C57.13-1978  [12].
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11.2.3 

All bushing current transformer secondary leads shall be brought to an outlet box.

11.2.4 

Nonsplit terminal blocks shall be provided in a weather-resistant case of the nonsplit type, located near th
reactor base for terminating alarm circuits specified in 11.3.4, and current transformer secondaries specified 

11.2.5 

On shunt reactors 1000 kVA and larger, provision shall be made for removing bushing-type current transforme
the shunt reactor tank without removing the entire tank cover of the shunt reactor in which they are to be used

11.3 Accessories

11.3.1 

The following accessories described in 11.3.2 through 11.3.10 shall be provided:

11.3.2 Liquid-Level Indicator

A liquid-level indicator shall be mounted so as to be readable at the level of the base. Dial markings shall sho°C
level and the minimum and maximum levels. The words “liquid level” shall be shown on the face of the dial, o
suitable nameplate adjacent to the indicator.

11.3.3 Liquid-Temperature Indicator

A dial-type thermometer shall be mounted on the side of the tank.

The temperature indicator must have resettable maximum temperature limits with corresponding contacts.

Accessories Section

Liquid-level indicator 11.3.2

Liquid-temperature indicator 11.3.3

Temperature and liquid-level 
indicator alarm contacts 11.3.4

Pressure-vacuum gage 11.3.5

Drain and filter valves 11.3.6

Jacking facilities 11.3.7.3

Nameplate 11.3.8

Ground pad 11.3.10

Pressure-relief device 11.3.12
54 Copyright © 1991 IEEE All Rights Reserved



TEST CODE FOR SHUNT REACTORS RATED OVER 500 kVA IEEE C57.21-1990

ye-level
rature.

n

pting

m safe
The thermometer shall be either a direct-stem-mounted unit or a temperature-sensing unit for remote e
indication. Either unit shall be mounted in a closed well located at a suitable level to indicate the top-oil tempe
For the dimensions of the well, see Fig 9.

The dial markings shall cover a minimum range of 0 °C to 120 °C. The words “liquid temperature” shall be shown o
the dial of the thermometer, or on a suitable nameplate mounted adjacent to the indicator.

Figure 9—Dimensions of Thermometer Well

11.3.4 Temperature and Liquid-Level-Indicator Alarm Contacts

11.3.4.1 Alarm Contacts

Nongrounded alarm contacts for liquid-level indicators and temperature indicators shall be suitable for interru

1) 0.02 A direct-current inductive load
2) 0.20 A direct-current noninductive load
3) 2.5 A alterating-current noninductive or inductive load
4) 250 V maximum in all cases

The liquid-level-indicator alarm contacts shall be nonadjustable, and shall be set to close at the minimu
operating level of the liquid.

The liquid-temperature-indicator alarm contacts shall be adjustable over a range of 65 °C to 110 °C.

The winding-temperature-indicator alarm contacts shall be adjustable over a range of 95 °C to 125 °C.

11.3.4.2 Contact Wiring and Wire Color Coding

Contacts shall be in accordance with Fig 10, using cable with the color coding in Fig 10.

11.3.5 Pressure-Vacuum Gage

A pressure-vacuum gage shall be provided for shunt reactors of sealed-tank and gas-oil-sealed construction.

11.3.6 Drain and Filter Valves

A combination drain' and lower filter valve, of the ball or globe type, shall be located on the side of the tank.
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Figure 10—Contact Wiring and Wire Color Coding

This valve shall provide for drainage of the liquid to within 25 mm (1 in) of the bottom of the tank.

The drain valve shall have a built-in 10 mm (3/8 in) sampling device that shall be located in the side of th
between the main valve seat and the pipe plug.

The device shall be supplied with a 5/16-in 32 male thread for the user's connection, and shall be equipped w

The size of the drain valve shall be 25 mm (1 in) for shunt reactors through 2500 kVA, and 50 mm (2 in) for larg
ratings, and shall have NPT threads (in accordance with ANSI/ASME B1.20.1-1983 [6]) with a non-ferrous m
pipe plug in open ends.

Valves should not be located below any control cabinets. Shunt reactors through 2500 kVA shall have a 25 m
upper filter plug, or cap, located above the maximum liquid level.
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Shunt reactors above 2500 kVA shall have an upper filter valve, of the ball or globe type, located below the°C
liquid level.

The size of the upper filter valve shall be 50 mm (2 in), and it shall have 2-in NPT threads (in accordance with
ASME B1.20.1-1983 [6]) with a non-ferrous metallic-pipe plug in open ends.

11.3.7 Lifting, Moving, and Jacking Facilities

11.3.7.1 Lifting Facilities

Lifting eyes shall be provided for lifting the cover only.

Adequate facilities shall be provided for lifting the core and coil assembly from the tank. Lugs for lifting the com
shunt reactor shall be provided. The bearing surfaces of the lifting lugs shall be free from sharp edges, and ea
lug shall be provided with a hole having a minimum diameter of 21 mm (13/16 in) for guying purposes.

11.3.7.2 Moving Facilities

The base of the shunt reactor shall be designed to permit rolling in the direction of center lines, and provision
made for pulling the reactor in these directions.

The base should be designed so that the center of gravity of the shunt reactor, as normally prepared for s
should not fall outside the base support members for a tilt of the base of 15° from the horizontal, with or without oil in
the shunt reactor.

11.3.7.3 Jacking Facilities

Jacking facilities shall be located near the corners of the tank. Dimensions and clearances for jacking provisio
be as shown in Fig 11.
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Figure 11—Provision for Jacking

11.3.8 Nameplate

A stainless-steel diagram nameplate (conforming to ASTM A167-90 [8], Grade 2) shall be provided. The nam
shall include the following information:

1) The words “shunt reactor”
2) Serial number (see NOTE 1)
3) Class (OA)
4) Number of phases
5) Frequency
6) Rated kVA (see NOTE 1)
7) Rated voltage (see NOTE 1)
8) Temperature rise(s), °C
9) Name of manufacturer
10) Year of manufacture
11) Measured impedance in ohms per phase at rated voltage
12) Approximate masses in kg (lb) (see NOTE 2)
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13) Number of cubic meters (gal) of oil (see NOTE 3)
14) Connection diagram (see NOTE 4)
15) Service conditions, if special
16) Reference to instruction book or sheet
17) Basic lightning-impulse insulation levels (BIL) (see NOTE 5)
18) Symbols (see NOTE 6)
19) Patent numbers at manufacturer's option.
20) Winding material
21) Type of oil

NOTES:

1 —  The height of letters and numerals showing kVA, serial number, and voltage ratings shall be 4 mm (5/32 in) whether e
or stamped. Height of other letters and numerals shall be optional with the manufacturer.

2 —  The approximate weight in kg (lb) for the following items shall be shown for oil-immersed shunt reactors:

a)Core and coils
b)Tank and fittings
c)Oil
d)Total weight
e)Untanking (heaviest piece)

3 —  The number of cubic meters (gal) of insulating liquid, referred to elsewhere in this standard as oil, shall be shown for e main
tank and for each oil-filled compartment.

4 —  All leads brought outside the tank and all windings shall be identified on the nameplate, or on the connection diagra

A schematic view shall be included to show the relative location of external leads and internal terminals.

All internal leads and terminals that are not permanently connected shall be designated or marked with numbers or
a manner that will permit convenient reference, and will obviate confusion with terminal and polarity markings.

Where development of windings is shown, the scallop symbol should be used in accordance with IEEE Std 315-197

5 —  The full-wave basic lightning-impulse insulation level, in kV, of line and of neutral terminals shall be designated.

6 —  The following symbols shall be used where applicable:

11.3.9 Additional Nameplate Information

In addition to the information specified in 11.3.8, the following shall be included on the nameplate when appli

1) Indication of potential transformers, potential devices, current transformers, winding temperature d
etc., when used.

2) Polarity and location identification of current transformers to be shown, if used for metering or rela
(Polarity need not be shown if current transformers are used for winding temperature equipment.)

3) Maximum operating pressures of oil preservation system — kPa (lbf/in2) positive, and kPa (lbf/in2) negative.
4) Tank designed for — kPa (lbf/in2) positive, and kPa (lbf/in2) vacuum filling.
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5) Oil level below top surface of the highest point of the highest manhole flange at 25 °C — mm (in). Oil level
changes — mm (in) per 10 °C change in oil temperature. (This applies only to shunt reactors that have 
cushion above the oil.)

11.3.10 Ground Pads

Tank grounding provisions shall consist of two copper-faced steel pads or two stainless-steel pads withou
facing, each 50 mm × 90 mm (2 in × 3-1/2 in), with two holes horizontally spaced on 44.5 mm (1-3/4 in) centers, and
drilled and tapped for 1/2-in 13 National Coarse Thread. The minimum thickness of copper facing shall be 0.4
(0.015 in).

Thread protection for the ground pad shall be provided.

Ground pads shall be welded on the base, or on the tank wall near the base, and shall be located diagonally
from each other, so as not to interfere with the jacking facilities.

11.3.11 Control Wiring

All control wiring must have a minimum of 600 V insulation class.

11.3.12 Pressure-Relief Device

A pressure-relief device shall be provided on the shunt reactor cover.

11.4 Terminal Markings

The winding or windings of a shunt reactor shall be distinguished from one another by marking each terminal 
H followed by one of the numbers 1, 2, or 3, used as a subscript.

Any neutral end of the winding or windings of a shunt reactor shall be designated by using a 0, 01, 02, or 0
subscript for the H following the form of H0, H01, H02, or H03

The terminal markings of a three-phase oil-immersed shunt reactor shall increase from right to left when fac
highest voltage side of the tank, in the form H1, H2, H3.

A single-phase shunt reactor shall have the following terminal designation: H1, H0.

11.5 Oil Preservation

The nitrogen for use with inert-gas-protected shunt reactors shall be dry nitrogen with less than 0.5% by vo
impurities and less than 0.03% by weight of moisture.

The nitrogen shall be supplied in 5.66 m3 (200 ft3) cylinders equipped with connection no. 580 of ANSI/CGA V-1
1987 [7]. The filling pressure is to be 15.2 mPa (2200 lbf/in2) at 21 °C. Before it is filled, the cylinder shall be
thoroughly cleaned of water or other impurities so that the nitrogen will not be contaminated. The cylinder with
fitting, after being filled with nitrogen, shall be soap-film tested at all joints for leaks. It shall not leak.

11.6 Oil-Preservation Systems

One of the following oil-preservation systems shall be provided on shunt reactors conforming to this standard
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11.6.1 Sealed-Tank System

A sealed-tank system is one in which, (1) the interior of the shunt reactor will be sealed from the atmo
throughout a top-oil temperature range of 100 °C, and (2) the gas-plus-oil volume will remain constant, such that
internal gas pressure will not exceed 69 kPa (10 lbf/in2) positive or 55 kPa (8 lbf/in2) negative.

A pressure-vacuum bleeder device set to operate at the maximum operating pressures (positive and negative) indicated
on the nameplate shall be furnished.

11.6.2 Inert-Gas Pressure System

An inert-gas pressure system is a system in which the interior of the shunt reactor will, by means of a positive 
of inert gas maintained from a separate inert-gas source and reducing-valve system, be sealed from the at
throughout a top-oil temperature range of 115 °C, and the internal gas pressure will not exceed 34 kPa (5 lbf/in2).

11.6.3 Conservator or Expansion-Tank System

A conservator or expansion-tank system is one that, by means of an auxiliary tank partly filled with oil conne
the completely filled main tank, seals the oil in the main tank from the atmosphere by means of an air cell or dia
throughout a top-oil temperature range of 115 °C. The internal top-oil pressure in the main tank will not exceed 34 
(5 lbf/in2).

11.7 Tanks

11.7.1 Operating Pressures

Maximum operating pressures (positive and negative), for which the shunt reactor is designed, shall be indic
the nameplate. The main shunt reactor tank, and any compartment attached thereto that is subject to the 
pressures, shall be designed to withstand, without permanent deformation, a pressure 25% greater than the 
operating pressures,19 resulting from the system of oil preservation used.

11.7.2 Vacuum Filling

Tanks shall be designed for vacuum filling (essentially full vacuum) in the field on all shunt reactors with a
voltage system-voltage level of 69 kV and above, and on all shunt reactors rated 10 000 kVA and larger, any
voltage level.

11.7.3 Cover Construction

A bolted or welded main cover shall be provided.

11.7.4 Core Ground

A single-core ground shall be provided and accessible without removing oil.

11.7.5 Manholes

Shunt reactors 1000 kVA and larger shall have manholes in the cover. Manholes, if circular, shall be a minim
460 mm (18 in) in diameter. If rectangular or oval, they shall have minimum dimensions of 360 mm × 460 mm (14 in
× 18 in).

19Individual designs may not necessarily reach the maximum pressures indicated in the definition of oil preservation systems.
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11.8 Shunt Reactor Finish

The finish for shunt reactor tanks shall consist of a pigment paint.20

11.9 Other Equipment Accessories

11.9.1 Power Supply Voltage for Shunt Reactor

The power supply voltage for the shunt reactor controls shall be provided by the user.

11.9.2 Alarm and Protection Devices

Devices required for the protection of shunt reactors are listed as follows:

1) A thermally-operated alarm-circuit device, with the thermal element mounted in a well and responsive
top-oil temperature of the shunt reactor.The device should have two sets of contacts with factory set
follows:

Nongrounded alarm contacts shall be suitable for interrupting:
a) 0.02 A direct-current inductive load
b) 0.20 A direct-current noninductive load
c) 2.5 A alternating-current inductive or noninductive load
d) 250 V maximum in all cases (ac or dc)

2) A weather-resistant cabinet enclosing the switching equipment, located on the shunt reactor at a
suitable for operation by a person standing at the level of the base.

3) Wiring for control.

11.9.3 Surge Arresters

The following types of construction are available for surge protection:

1) Provision only for the mounting of surge arresters
2) Mounting complete with surge arresters
3) Surge-arrester ground pad, consisting of a tank-grounding pad (in accordance with 11.3.10) mounted 

of the tank, may be specified for each set of arresters. Exception: Where the separation of the arrest
is such that individual pads for grounding each phase arrester represent better design, individual grou
may be supplied.

NOTE  —  Material for connecting surge arresters to live parts and to ground pads is not included in 11.9.3.

20Metallic flake paints, such as aluminum, zinc, etc., have properties that increase the temperature rise of shunt reactors, except in direct sunlight.
Temperature limits and tests are Based upon the use of a pigment paint finish.

Contact Function

1 Spare

2 Initiate alarm or actuate relay
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12. Construction and Installation of Dry-Type Shunt Reactors

12.1 General Description

All parts of dry-type shunt reactors are “live,” unlike oil-immersed units where the tank is grounded. The only ex
live parts of an oil-immersed shunt reactor are the bushings.

Dry-type shunt reactors do not have an iron core. Therefore, the magnetic field is not constrained, and will occ
space around the dry-type reactor. Although the magnetic field reduces in strength with increase in distance 
reactor, the presence of this field must be taken into consideration in many dry-type shunt reactor installation

In the following sections, key issues are discussed, and some guidance is given to the user of dry-type shunt

12.2 Safety

A dry-type shunt reactor is not enclosed in a grounded steel tank. All parts of the reactor must be considered t
This also includes the situation in which the breaker used to switch the shunt reactor is located at the neutral e
even when the reactor is not carrying current, it is floating at line potential (unless disconnected on the line si

Therefore, dry-type shunt reactors must be installed such that accidental contact by station personnel is not 
Two methods that can be used to achieve this are fencing, and elevating the reactor at a safe distance above

When fencing is employed, consideration must be given to the stray magnetic field of the air-core reactor. M
fencing should be broken up into electrically insulated sections if it is located very near the reactor. Consid
should also be given to the fact that when metallic fencing is used in high voltage substations, capacitively 
voltage may appear on the fence sections. Grounding of the fence sections is important. Care should be tak
form shorted electrical loops by using a single ground connection per section of fence. The use of nonmetallic 
which is now readily available, can eliminate many of the induced current problems.

Another option that is widely used is to elevate the reactor a distance off the ground so that live parts are not a
to station personnel. Typically, eight-foot pedestals are used. Reactors can be mounted on concrete pilings (c
be taken to ensure that excessive heating of reinforcement bar does not occur), fiberglass pedestals, metallic 
specially designed such that closed loops do not occur, etc. It should be emphasized that in all cases, the s
structure must also be appropriately designed to avoid eddy-current heating of metallic parts. Other factors
correct selection of materials (stainless steel) and orientation, must be observed. Otherwise, very high temp
could be encountered that would be hazardous to station personnel and/or cause weakening of the support s

When employing dry-type shunt reactors, care should be taken in the installation of the station ground grid
vicinity of the reactors. The ground grid should be designed so as not to have shorted loops. Otherwise, curre
be induced in the grid. Grounding of other ancillary support structures or equipment in the vicinity of the re
should be accomplished without creating closed loops in the grounding system.

In all, it is preferable that support structures and fencing be designed or reviewed by the manufacturer of th
reactor.

12.3 Magnetic Clearances

Since dry-type shunt reactors have no magnetic core, the magnetic field occupies a space around the rea
depending on the mVA of the unit, can be of a substantial strength even at some distance from the reac
alternating magnetic field can induce currents in nearby metallic geometries.
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There are some simple rules of thumb that can be employed. Clearance to small metallic parts not forming clos
should be at least one-half the coil diameter radially from the edges of the reactor. Larger geometries or clos
should be located at least one coil diameter from all the surfaces of the reactor. These are rules of thum
generally can keep the user out of trouble. However, it is advisable that the manufacturer be consulted, as 
should have at his or her disposal very accurate field-plot programs and sophisticated analysis tools to calcula
and temperature rise in metallic geometries located in magnetic fields.

What this means is that circuit breakers, equipment housings, CT's, surge arresters, and other equipment s
safely located to ensure that the magnetic field of the reactor does not adversely affect equipment perform
addition, any metallic support structures for bus bar, etc., should also be designed to avoid overheating due to
eddy currents.

It should be emphasized that in cases where space is limited, the rules of thumb indicated above may be sub
reduced. The use of special materials such as fiber-reinforced plastics, austenitic stainless steel, and non
shielding can allow the trouble-free installation of dry-type shunt reactors in limited space. This step should
taken without a careful review by the reactor manufacturer.

12.4 Connections

Since bus connections with dry-type shunt reactors are metallic, care should be taken in properly selecting the
bus, since it is also exposed to the magnetic field of the reactor and thus can be susceptible to eddy-current he
a rule of thumb, the eddy losses in any metallic geometry in a magnetic field are proportional to the major ge
to the fourth power. Therefore, large tubular bus would have significantly higher eddy losses than stranded cab
case of stranded cable, eddy losses are substantially reduced due to the stranding. Bus bar can be used if it i
to be streamlined to the magnetic field (i.e., rectangular bus appropriately orientated). A good concept is to use
for longer runs, and make the final 2–3 m (6–9 ft) of connection to the reactor using stranded cable.

By using cable for the last 2–3 m (6–9 ft), eddy losses can be kept to a minimal level. Beyond the 2–3 m 
distance, the field of reactors should be substantially reduced.

If terminal temperature rise is a concern, the utilization of higher-ampere-capacity cable than is require
effectively heat sink the terminal area and maintain a low temperature rise in a bolted connection. However, it 
emphasized that the terminal temperature rise is a function of the contact resistance, throughput current, and
heating.

The connector itself is also very important if terminal temperature rises are to be kept within bounds. The co
used should also attempt to have geometries that are stream-lined to the magnetic field. Connectors that h
contact surface area, but do not provide a large frontal area to the magnetic field, are preferable.

Again, the manufacturer of dry-type shunt reactors is the best source of information regarding the type of co
and bus run to be used when connecting dry-type shunt reactors.

It should be recognized that not all of the above precautions will be necessary on every shunt reactor inst
Generally, the larger the mVA rating, the more important these factors become. For example, for units rated rou
mVA and less, many satisfactory installations exist where tubular bus is used for direct connection to the 
terminal without problems.

12.5 Installed Sound Level

The measurement of sound level is a test sometimes performed on dry-type shunt reactors as it is with oil-im
equipment. How the reactor is installed will also have an impact on observed sound level. This is true also 
immersed equipment. Foundation design, ground cover, and nearby reflecting surfaces can all have an impa
perceived sound level. Avoidance of standing waves is very critical to achieving low sound level.
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12.6 Concrete Foundations

There are several critical factors in designing foundations for dry-type air-core shunt reactors. As with any p
large equipment, a rule of thumb to ensure that no vibration occurs is to design the concrete support base t
least triple the mass of the equipment to be installed. If bedrock at site is very near the surface, or if the soil co
warrant it, a base of reduced mass can be used.

Another factor that must be considered is the use of rebar. In most cases, the distribution of the coil mas
concrete base results in the concrete being very lightly loaded. Therefore, rebar may not be necessary. If
necessary, nonmetallic or stainless-steel rebar would eliminate potential eddy heating problems. Also, where 
rebar is used, the crossover points should be electrically isolated to prevent closed loops. Pieces of hose slip
the rebar at the crossover is sufficient. If clearances greater than the coil diameter are used below the rea
precautions of isolating the rebar to prevent shorted loops and selecting stainless-steel or nonmetallic materia
be necessary.

The final major consideration is the anchoring system used to secure the coil-support structure to the concr
The anchors must be located deep enough in the concrete, and be designed to resist the overturning load im
the coil and its structure due to wind loading or seismic excitation. This is most important for reactors located
of tall support structures (e.g., fiberglass pedestals) to give required clearance for station personnel.

Again, the manufacturer of dry-type shunt reactors is the best source of definitive information.

12.7 Switching — Circuit Breakers

The type of breaker used and the location of the breaker are very complicated subjects. Breakers can be loca
line side of the reactor. Many installations utilize a breaker on the neutral side of the reactor. Another factor
often the reactor has to be switched. This will dictate the type of breaker used for the operation.

More detailed discussions in this area are beyond the scope of this document. However, one of the most si
considerations is that circuit breaker interrupting characteristics are very much dependant upon circuit 
technology and the electrical characteristics of the circuit. The high-frequency characteristics of station bus wo
be taken into consideration. In conjunction with this, it is also reasonable to ensure that detailed knowledg
electrical characteristics of the reactors at frequencies near the natural frequency of the reactors be incorpor
any decision-making process.

The above comments apply equally to both oil-immersed iron-core shunt reactors and dry-type shunt reactors

12.8 Protection Practices for Air-Core Shunt Reactors

While modern dry-type air-core reactors are generally very reliable pieces of equipment that seldom fail, it is ad
to take at least some precautions in their protection to minimize the extent and cost of potential coil failure.

Many alternative protection schemes exist, each with an associated cost.

When protecting dry-type shunt reactors, the protection engineer should endeavor to provide a low-cost schem
ensures that failure of one unit in a three-phase bank will not result in consequential failure of the units in a
phases. This objective should be in addition to the common priority of ensuring that a coil fault will not dama
associated transformer.
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Annex 

Appendix to Dielectric Tests Including Information on Wave Shape Control

(Informative)

The maximum half-value time T2 of an impulse-wave tail can be derived from the resonance frequency of the im
generator capacitance (Cg) with the test object reactance (Lt).

(Eq 1)

This is a theoretical value applying to an undamped oscillation with an opposite polarity peak of 100%. V
amounts of circuit damping will reduce this value accordingly. With a limitation of 50% for the opposite polarity 
for instance,

(Eq 2)

Values of T2 close to Eq 1 above can be achieved with the use of an inductor in parallel with the series (front) 
of the impulse circuit, with compromises generally required between wave duration, opposite polarity peak, wav
time, and peak overshoot.

The manufacturer may also elect to test a low-impedance winding by inserting a resistor of not more than 500 Ω in the
grounded end of the winding. Although this will improve the impulse wave shape, the largest portion of the test 
will be across the resistor, and not across the test-coil windings. Therefore, a shorter impulse-wave tail is pref
the insertion of a series resistor between the test object and ground.

In the case of the oil-immersed equipment, at the manufacturer's preference, low-impedance windings may b
by tying together the terminals of windings with the same insulation level.

More information on the testing of low impedance windings can be found in IEC 722  (1982), Appendix A [10

T2
π
3
--- LtCg=

T2 0.5LtCg≈
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IEEE Guide for Loading Mineral-Oil-
Immersed Transformers

Corrigendum 1

 

1. Overview

 

General recommendations for loading 65 °C rise mineral-oil-immersed distribution and power transformers
are described in IEEE Std C57.91

 



 

-1995. Recommendations for 55 °C rise transformers are described in
IEEE Std C57.91-1995. This corrigendum corrects errors in this guide.

 

1.1 Scope

 

Correct errors in IEEE Std C57.91-1995.

 

2. References

 

This corrigendum shall be used in conjunction with the following publication:

IEEE Std C57.91-1995, IEEE Guide for Loading Mineral-Oil-Immersed Transformers.

 

1

 

3. Changes to IEEE Std C57.91-1995

 

NOTE—The editing instructions contained in this corrigendum define how to merge the material contained herein into
the existing base standard to form the comprehensive standard.

 

The editing instructions are shown in 

 

bold italic

 

. Four editing instructions are used: change, delete, insert,
and replace. 

 

Change

 

 is used to make small corrections in existing text or tables. The editing instructions
specifies the location of the change and describes what is being changed by using strikethrough (to remove
old material) and underscore (to add new material). 

 

Delete

 

 removes existing material. 

 

Insert

 

 adds new
material without disturbing the existing material. 

 

Replace

 

 is used to make large changes in existing text,
subclauses, tables, figures, or equations by removing existing material and replacing it with new material.
Editorial notes will not be carried over into future editions because the changes will be incorporated into the
base standard.

 

1

 

This IEEE publication is available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331,
Piscataway, NJ 08855-1331, USA.
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5. Transformer insulation life

 

5.3 Percent loss of life

 

Replace Table 3 with the following:

 

7. Calculation of temperatures

 

7.2 Calculation of temperatures

 

7.2.4 Top-oil rise over ambient

 

Replace Equation (9) with the following:

 

(9)

 

Table 3—Time durations in hours for continuous operation above rated hottest spot 
temperature for different loss of life values

 

Hot spot 
temp. 

 

°C

 

F

 

AA

 

Percent loss of life

 

a

 

0.0133

 

b

 

0.02 0.05 0.1 0.2 0.3 0.4

 

110 1.0 24 — — — — — —

120 2.71 8.86 13.3 — — — — —

130 6.98 3.44 5.1 12.9 — — — —

140 17.2 1.39 2.1 5.2 10.5 20.9 — —

150 40.6 0.59 0.89 2.2 4.4 8.8 13.3 17.7

160 92.1 0.26 0.39 0.98 1.96 3.9 5.9 7.8

170 201.2 0.12 0.18 0.45 0.89 1.8 2.7 3.6

180 424.9 0.06 0.08 0.21 0.42 0.84 1.27 1.7

190 868.8 0.028 0.04 0.10 0.21 0.41 0.62 0.82

200 1723 0.014 0.02 0.05 0.10 0.21 0.31 0.42

 

a

 

Based on a normal life of 180 000 h. Time durations not shown are in excess of 24 h.

 

b

 

This column of time durations for 0.0133% loss of life gives the hours of continuous operation above the
basis-of-rating hottest spot temperature (110 

 

°

 

C) for one equivalent day of operation at 110 

 

°

 

C.

∆ΘTO ∆ΘTO U, ∆ΘTO i,–( ) 1
t–

τTO
-------exp– 

  ∆ΘTO i,+=
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7.2.5 Oil time constant

 

Replace Equation (12B) with the following:

 

C 

 

=

 

 0.1323 (weight of core and coil assembly in kilograms) (12B)

 

 + 

 

0.0882 (weight of tank and fittings in kilograms)

 

 +

 

 

 

0.3513 (liters of oil)

 

Replace Equation (13B) with the following:

 

C 

 

=

 

 0.1323 (weight of core and coil assembly in kilograms) (13B)

 

 + 

 

0.1323 (weight of tank and fittings in kilograms)

 

 +

 

 

 

0.5099 (liters of oil)

 

9. Loading of power transformers

 

9.2 Limitations

 

9.2.1 Temperature and load limitations

 

Change footnote (a) in Table 8 as follows

 

:

 

a

 

100 110 

 

°

 

C 

 

on a continuous 24 h basis.
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Annex D

 

(normative) 

 

Philosophy of guide applicable to transformers with 55 

  

°°°°

 

C 
average winding rise (65 

  

°°°°

 

C hottest-spot rise) insulation systems

 

D.2 Aging equations

 

Replace Equation (D-1) with the following:

 

(D-1)Per Unit Life 2.00 10
18–× EXP 15000

ΘH 273+
------------------------=
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Annex G

 

(normative) 

 

Alternate temperature calculation method

 

G.2 List and symbols

 

Change the equation symbols and descriptions for the equation symbols listed below:

 

G.3  General

 

G.3.1  Introduction

 

Change the first sentence after Equation (G.3) as follows:

 

For overload condition the oil temperature rise at the hottest spot location 

 

∆Τ

 

WO 

 

∆Θ

 

WO/BO

 

 is the
temperature rise of the oil in the winding cooling ducts above the bottom oil temperature.

 

G.3.2 Average winding temperature

 

Replace Equation (G-6A) with the following:

 

(G-6A)

 

Equation Program Description

 

P

 

E

 

PE Eddy loss of windings at rated load, W

P

 

EHS

 

PEHS Eddy loss of windings at rated load and rated winding hot spot 
temperature, W

P

 

S

 

PS Stray losses at rated load, W

P

 

T

 

PT Total losses at rated load, W

P

 

W

 

PW Winding 12R I

 

2

 

R loss at rated load, W

P

 

WHS

 

 P

 

HS

 

PWHS Winding 12R I

 

2

 

R loss at rated load and rated hot spot temperature, W

 

ΘΚ

 

 Θ

 

κ

 

TK Temperature factor for resistance correction, 

 

°

 

C

 

t

 

W

 

 τ 

 

W TAUW Winding time constant, min

QLOST W,
ΘW 1, ΘDAO 1,–
ΘW R, ΘDAO R,–
-------------------------------- 

  5 4⁄ µW R,

µW 1,

--------- 
  1 4⁄

PW PE+( )∆t=
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G.3.7 Stability requirements

Replace Equation (G-27C) with the following:

(G-27C)

Replace Equation (G-27D) with the following:

(G-27D)

G.3.8 Fluid viscosity and specific heats of materials

Change Table G.1 as follows:

Replace Table G.2 with the following:

G.1—Temperatures for calculating viscosity

Equation Number Viscosity Term Temperature for 
Calculation

8 G-6A µW,R (ΘW,R + ΘDAO,R)/2

8 G-6A µW,1 (ΘW,1 + ΘDAO,1)/2

19 G-16A µHS,R (ΘH,R + ΘWO,R)/2

19 G-16A µHS,R (ΘH,1 + ΘWO,1)/2

G.2—Specific heat and constants for viscosity calculation

Material Cpa D G

Oil 13.92 .0013573 2797.3

Silicone 11.49 .12127 1782.3

HTHC 14.55 .00007343 4434.7

Tank(Steel)   3.51

Core(Steel)   3.51

Copper   2.91

Aluminum   6.80

aW-min./lb. °C

τW
∆t
------ 1>

τW
∆t
------ 9>
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G.6 Computer program

Replace the input data for the computer program with the following:

1,

kVA base for losses ____,

Temperature base for losses at this kVA, °C ____,

I2R losses, PW, watts (see instruction a) ____,

Winding eddy losses, PE, watts (see instruction a) ____,

Stray losses, PS, watts (see instruction a) ____,

Core loss, PC,R, watts ____,

2,

One per unit kVA base for load cycle ____,

Data at this kVA (temperatures and temperature rises in °C):

Rated average winding rise over ambient ____,

Tested or rated average winding rise over ambient, ∆ΘW/A,R ____,

Tested or rated hot-spot rise over ambient, ∆ΘH/A,R ____,

Tested or rated top-oil rise over ambient, ∆ΘTO,R ____,

Tested or rated bottom oil rise over ambient, ∆ΘBO,R ____,

Rated ambient temperature, ΘA,R ____,

3,

Winding conductor, 1 = aluminum, 2 = copper ____,

Per unit eddy loss at winding hot spot, EHS (see instruction b) ____,

Winding time constant, τW, minutes (see instruction c) ____,

Per unit winding height to hot spot, HHS (see instruction d) ____,

4,

Weight of core and coils, Mcc, lb ____,

Weight of tank and fittings, MTANK, lb ____,

Type fluid, 1 =oil, 2=silicone, 3=HTHC ____,

Gallons of fluid ____,

(See instruction e) 5,

Over excitation occurs, 0 = no, 1 = yes ____,

Time when over excitation occurs, h ____,

Core loss during overexcitation, PC,OE, W ____,
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Data for load cycle, time in hours, ambient in °C (see instruction g):
10,time(1),ambient(1),per unit load(1)
11,time(2),ambient(2),per unit load(2)
12,time(3),ambient(3),per unit load(3)

. . . . . . .

. . . . . . .
xxtime (last),ambient (last),per unit load (last)

6,

Loading case, 1 or 2 ____

For case 1 the loading cycle (usually 24 h)

is assumed to repeat and the initial temperatures are not known.

For case 2, the initial temperatures (see instruction f) are input at line 7.

NOTE— Line 7 data must be input for case 2 and must not be input for case 1.

7,

(See instruction f)

Initial winding hottest-spot temperature, ΘHS, °C ____,

initial average winding temperature, ΘW, °C ____,

Initial top-oil temperature, ΘTO,°C ____,

Initial top-duct-oil temperature, ΘTDO, °C ____,

Initial bottom-oil temperature, ΘBO, °C ____,

9,

Type cooling for load cycle, 1 = OA, 2 = FA, 3 = non-directed FOA,4 = directed FOA ____,

Print temperature table, 0=no, 1=yes ____,

Time increment for printing, minutes ____,

Number of points on load cycle ____,
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Annex H

(normative) 

Operation with part or all of the cooling out of service

H.5 Forced-oil-cooled transformers with part of coolers in operation

Change the first sentence of Clause H.5 as follows:

For forced-oil-cooled (FOA or FOW) transformer ratings, with part of the coolers in operation, use the
reductions in permissible loading to give the losses given in Table H.1.

Change Table H.1 as follows:

Table H. 1—Loading capability for FOA transformers

% of total coolers in 
operation

Permissible total losses 
load in % of total losses 
at final load nameplate 

rating

100 100

80 90

60 78

50 70

40 60

33 50
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Introduction

(This introduction is not part of IEEE Std C57.93-1995, IEEE Guide for Installation of Liquid-Immersed Power Transforme

Power transformers usually represent one of the most important and most costly single items in subs
Furthermore, particularly for large transformers, their failure usually results in lengthy outages or downgrad
service. For these reasons, a high degree of care is required to properly install and maintain them.

Because of these considerations, IEEE and other standards-developing organizations have published, since a
early 1920s, various recommendations for testing, installing, and maintaining transformers. This guide cons
and replaces IEEE Std C57.12.11-1980 and IEEE Std C57.12.12-1980, which cover large transformers, a
C57.93-1958, which covers smaller units.

The intention of this guide is to assist users and manufacturers in the shipping, handling, inspection, installat
maintenance liquid-immersed power transformers and to assure that the units are placed in service in ac
condition to provide years of reliable service. This guide also provides information on developing a maintenan
monitoring program.

This guide discusses two sizes of transformers:

 Clause 3:501 kVA to 10 MVA (oil/air cooled [OA]) with primary windings less than 69 kV
 Clause 4:10 MVA and above with high-voltage windings 69 kV and above

The working group of this guide recognizes that substantial variations exist among transformer manufactu
certain aspects of transformer installation requirements and that these vary with size and voltage. This guide 
to accommodate these variations and facilitate a full understanding between manufacturer and user. Generally
must conform to the manufacturer's minimum recommendations in order to obtain a proper warranty.
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1. Scope

The recommendations presented in this guide apply to the shipping, handling, inspection, installatio
maintenance of liquid-immersed power transformers rated 501 kVA and above with secondary voltages of 100
above. This guide covers the entire range of power transformers, including extra high voltage (EHV) transf
with distinctions as required for various sizes, voltage ratings, and liquid insulation types.

Clause 3 contains information for use with transformers rated below 10 MVA with high voltages less than 
Clause 4 applies to transformers rated 10 MVA and above with primary voltages of 69 kV and above, includin
transformers.

NOTE  —  The user should carefully read the instruction book supplied by the manufacturer. Any conflict with this guide thy
occur should be resolved with the manufacturer for each specific installation.

2. References

This standard shall be used in conjunction with the following publications. When the following standard
superseded by an approved revision, the revision shall apply.

ASTM D877-95, Standard Test Method for Dielectric Breakdown Voltage of Insulating Liquids Using 
Electrodes.

ASTM D923-91, Standard Test Method for Sampling Electrical Insulating Liquids.1

ASTM D1816-84a (1990), Standard Test Method for Dielectric Breakdown Voltage of Insulating Oils of Petro
Origin Using VDE Electrodes.

ASTM D4559-92, Test Method for Volatile Matter in Silicone Fluid.

1ASTM publications are available from the American Society for Testing and Materials, 100 Barr Harbor Drive, West Conshohocken, PA 19428-
2959, USA.
Copyright © 1996 IEEE All Rights Reserved 1
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ASTM D4652-92, Standard for Specification for Silicone Fluid Used for Electrical Insulation.

ASTM D5222-92, Standard Guide for High Fire-Point Electrical Insulating Oils of Petroleum Origin.

IEEE Std C57.12.00-1993, IEEE Standard General Requirements for Liquid-Immersed Distribution, Powe
Regulating Transformers (ANSI).2 

IEEE Std C57.12.90-1993, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and Reg
Transformers, and Guide for Short-Circuit Testing of Distribution and Power Transformers (ANSI). 

IEEE Std C57.104-1991, IEEE Guide for the Interpretation of Gasses Generated in Oil-Immersed Trans
(ANSI). 

IEEE Std C57.106-1991, IEEE Guide for Acceptance and Maintenance of Insulating Oil in Equipment (ANSI)

IEEE Std C57.111-1989, IEEE Guide for Acceptance of Silicone Insulating Fluid and Its Maintenan
Transformers (ANSI). 

IEEE Std C57.121-1988, IEEE Guide for Acceptance and Maintenance of Less Flammable Hydrocarbon F
Transformers (ANSI). 

3. Liquid-immersed power transformers rated 501 kVA to 10 MVA (OA) with primary 

windings less than 69 kV

3.1 General

In general, these transformers can be either of the station or pad-mount configuration. They normally have
liquid or inert gas insulation preservation systems, and may have draw-lead-type high-voltage and bottom-co
low-voltage bushings. The radiators (if provided) may be welded directly to the tank and may have load-tap-ch
(LTC) equipment.

For outdoor applications, the insulating liquid normally is conventional mineral oil. For special applications, or f
indoors, they may contain less flammable or non-flammable liquids.

Forced cooling (if present) normally use fans.

Transformers in this size range are usually shipped filled with insulating fluid and do not have shipping braces 
Units rated 7.5–10 MVA (oil/air cooled [OA]) are sometimes shipped without liquid and with the high-vo
bushings removed. Depending on shipping limitations, insulating fluid may be delivered separately for installa
site.

In this size and voltage range, impact recorders are seldom utilized and most shipments are by truck, directly t
or a receiving facility. The presence of the manufacturer's or the carrier's representative (other than the d
seldom available upon receipt of the transformer at the destination.

2IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-
1331, USA.
2 Copyright © 1996 IEEE All Rights Reserved
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3.2 Inspection and receipt

Many transformers in this size and voltage range are shipped completely assembled, tested, and filled with in
liquid, ready for immediate service.

Upon receipt, each transformer should be checked for evidence of damage or leaks, and internal pressure 
measured. A positive or negative pressure indicates that the tank did not leak. Zero gauge pressure s
investigated. The de-energized tap switch should be operated to ensure that it is functional.

If the transformer has been supplied with a series-parallel connection, the switch or other device that accompl
change in connection should be checked to assure the contact is in the high-voltage position, unless otherwise
by the customer.

Prior to energization, the transformer should be thoroughly inspected for nicks, dents, and scratches. Any da
weather-resistant finishes should be repaired promptly.

Facilities for measuring core grounds, internal pressure, and access to the gas space for dew point determi
smaller transformers are seldom provided, unless specified. If provided, core insulation should be tested.

In this size range, some tank designs may not be able to withstand a vacuum and must therefore be refilled
vacuum chamber. For this reason, removal of the insulating liquid in the field for any reason should be avoide

3.2.1 Station-type configuration

In addition to the above, all accessories, such as the liquid-level gauge, pressure-relief vent, thermomete
winding temperature indicator (if provided), should be checked to ensure that they are operating properly. 
voltage bushings have been supplied separately, they should be thoroughly checked for damage or leaks upo

3.2.2 Pad-mount configuration

Pad-mount transformers are almost always supplied completely assembled, tested, and filled with insulating
ready for service. If specified, accessories are found in the high- or low-voltage terminal compartments. Make s
all of the correct equipment has been provided and all items required for service are complete.

3.3 Internal inspection

If there is evidence of damage, notify the manufacturer. If tank openings are available so that an internal insp
feasible, it is first necessary to break the seal by venting the internal pressure and purging the gas space with d
has a minimum dew point of –62 °F at 30 °F ambient temperature.

CAUTION: Verify that the internal atmosphere is nonhazardous and that the oxygen content of the gas in the
19.5% or more before entering the tank.

If there is no provision for an internal inspection, and there is evidence of internal damage, the transformer 
should be contacted to arrange for field inspection by the manufacturer's representative or for return of the tran
to the manufacturer.

3.4 Handling

Transformers should always be handled in accordance with the manufacturer's special instructions, and norm
upright position. Smaller transformers may be bolted or otherwise attached to a pallet that can be easily hand
a fork-lift truck. Larger units will have lifting lugs designed to lift the transformer completely assembled and 
Copyright © 1996 IEEE All Rights Reserved 3
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with insulating liquid. The transformer tank cover should always be securely fastened into place before lifting.
lifting pull angles should not exceed 30 degrees from vertical. Otherwise, spreaders should be used to hold th
cables apart to avoid any bending of the structure or lifting hooks. Do not attempt to lift a transformer by pla
continuous loop of cable or chain around the transformer or lifting lugs. Jacking facilities will also be availa
larger units; jacks should only be placed under the jack pads provided. When jacking a transformer ensure tha
two jacks are used and that two adjacent corners are raised simultaneously and evenly to avoid warping the ba
to the manufacturer's instructions for specific details pertaining to each unit. When using rollers, use as m
necessary to distribute the weight evenly.

To pull sideways, attach pulling eyes to the holes in the base at either end of the transformer. Care must be
avoid damage to the base and cabinet and to avoid tipping the transformer when pulling horizontally.

3.4.1 Pad-mount configuration

Most of the weight in a pad-mount transformer assembly is in the main tank, which holds the core and coil as
and the insulating liquid. For this reason, the lifting and jacking facilities are mounted on the transformer tank
The terminal compartments are largely empty and weigh relatively little. Improper use of hoists or jacks
seriously damage the transformer or its attachments or cause personal injury.

On some transformers in this class, the terminal compartments will be permanently mounted to the transform
and the lifting and jacking facilities will be designed to accommodate the center of gravity of the complete ass
Pad-mounted transformers may have a removable terminal compartment and the manufacturer's outline d
should be consulted to determine if the lifting and jacking facilities are positioned for the assembled or disass
configuration.

3.5 Assembly

Since transformers in this size range are normally shipped fully assembled and ready for service, there is li
assembly required. Units may be shipped filled with insulating liquid, but with the high-voltage bushings an
removed for shipment. Above 7.5 MVA (OA), some suppliers may ship the transformer filled with nitrogen or d
and ship the insulating liquid separately in drums or by tank truck. If oil-handling is required, see clause 
mounted transformers are normally shipped fully assembled with the insulating liquid in the transformer and
positive gas pressure, ready for service. Transformers should be mounted on a level pad that is strong e
support the total weight involved. The transformer should be secured to the pad, especially in seismic zone 2 o

Surge attesters supplied with the transformer, or separately purchased, should be installed. Manufacturer's ins
should be followed in the installation of protective fuses, switches, surge arresters, and other accessory equip

3.6 Storage

The transformer should be stored upright, completely assembled with the insulating liquid at its proper level 
gas space pressurized at approximately 2 lbf/in2 (14 kPa) at ambient temperature. Periodic inspection should en
that the pressure gauge does not return to zero and that proper liquid level is maintained at all times.

A sealed tank unit, supplied without insulating liquid, can be stored for a maximum period of six months w
inspection, or as otherwise instructed by the manufacturer, providing a positive pressure is maintained. Inspec
drying should precede extended storage if required. It is desirable that the transformers be stored und
Transformers stored outside a fenced area should be secured and barricaded.

Insulating liquid supplied in drams or other containers should be placed in a dry location with moderate temp
variation and must comply with the insulating liquid supplier's instructions. Drams stored outside must be pr
from the possibility of water contamination. The drams should not be stored unprotected in an upright posi
water could collect on the top head. The insulating liquid would then be susceptible to water contamination
4 Copyright © 1996 IEEE All Rights Reserved
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expansion and contraction of the liquid, which can create suction causing water seepage into the dram thr
bung spaces. Covers are available to protect drams from moisture ingress. All insulating liquids should be tes
to use.

Should it be necessary to store the removable accessories, they should be stored in a clean dry place. The ma
should be contacted for explicit instructions on the storage of individual pieces for longer periods of time.

3.7 Tests

Limited pre-energization testing is normally required on small lower voltage transformers that are essentially s
fully tested, complete, and ready for being placed into service. As a minimum, with a megohmmeter, the w
resistance should be measured. For larger units, it is desirable to check the tums ratio at all de-energized taps
voltage switch (or series parallel terminal board) positions and to check the dielectric strength of the insulatin
prior to placing the transformer into service. If a core ground lead is available, the core insulation should be te

When sampling facilities are available, the liquid sample should be taken when the temperature of the unit is 
or warmer than the surrounding air to avoid condensation of moisture on the liquid.

Test samples should be taken only after the liquid has settled for some time, varying from eight hours for a 
several days for bulk fluid. Cold insulating liquid is much slower in settling. Liquid samples from the transfo
should be taken from the sampling valve at the bottom of the tank in accordance with the requirements of
D923-91.3

3.7.1 Pad-mount configuration

Pad-mount transformers are equipped with a variety of optional equipment. Many types of fuses and switc
available, and different gauges, drain valves, and pressure-relief devices may be obtained. Most such acces
factory-installed, and no field work is normally required to prepare them for operation. Follow manufac
instructions for testing accessories or attachments. Make sure that all connectors (permanent or separ
correctly rated for the application.

Surge arresters shall be disconnected before tests are mn on the transformer and should be reconnected im
after tests are completed.

3.7.2 Hydrocarbon-based insulating oils (conventional and less flammable)

The dielectric strength of the oil sample should not be less than 30 kV, according to ASTM D877-87, and not le
26 kV using the 0.04 in gap or 40 kV using the 0.08 in gap, according to ASTM D1816-843. ASTM D877
recommended for testing new oil as received from the refinery. ASTM D1816-843 is recommended for oil s
within new equipment.

3.7.3 Other insulating liquids

Refer to the supplier's instructions for applicable tests, sampling positions, and acceptability of levels.

3.8 Energization

Prior to energization, there are a number of things that shall be checked to ensure that the correct internal con
have been made, that the transformer is properly grounded, and that proper precautions have been taken.

3Information on references can be found in clause 2.
Copyright © 1996 IEEE All Rights Reserved 5
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3.8.1 Connections

Make sure that the de-energized tap connection is proper for the required voltage.

NOTE  —  Changes in tap connections must be done only with the transformer high-voltage and low-voltage circuits compl
energized.

Transformers equipped for dual-voltage or delta-wye (reconnectable winding) operation usually have an ex
operable switch mounted on the face plate in the high-voltage terminal compartment. Units combining dual-
and delta-wye features may have two separate switches.

The transformer shall be de-energized before dual-voltage or delta-wye switches are operated. Attempting to
dual-voltage or delta-wye switches on an energized transformer could result in damage to the equipment an
personal injury.

When dual-voltage or delta-wye switches are set to connect transformer windings in parallel, tap changers m
the corresponding position shown on the transformer nameplate.

Before re-energizing the transformer after resetting dual-voltage or delta-wye switches, tap-changer settings s
checked against nameplate information for correct voltages and a transformer ratio test should be performed

Transformers equipped with an internal terminal board should be shipped with the higher voltage connected
otherwise specified by the customer.

3.8.2 Connecting to bushings

Connections to bushings must be made before the transformer is initially energized. Connections must b
without placing undue mechanical stress on the bushing terminals. Conductors should be securely fastened
and supported properly, with allowance for expansion and contraction.

3.8.3 Energization under cold conditions

IEEE Std C57.12.00-1993  considers starting temperatures below –20 °C as unusual service.

Three characteristics of the insulation/coolant system must be considered relative to cold start. These are 
strength versus temperature, specific gravity versus temperature, and the thermal characteristics of the liquid

Dielectric liquids may exhibit a drop in dielectric strength at lower temperatures if moisture precipitates out. If,
temperature, the density of the insulating oil is greater than the density of water, free ice or free water could ex
system and cause dielectric discontinuity and possible failure. It is prudent to energize any extremely cold tran
without load, and then to increase the load slowly. Temporarily, localized temperatures may exceed normal
These transient conditions are readily tolerated by a properly designed transformer. At very low ambient tempe
it will be some time before external radiators become effective, but at these low temperatures, the additional
should not be needed.

For start-up temperatures below –20 °C, energize the transformer, and hold at no-load for at least 8 h.

3.9 Maintenance

Lack of attention to a transformer in service may lead to serious consequences. Careful periodic inspection is e
The frequency of the inspection is determined by climatic conditions and severity of loading. Spare transf
should be given the same care as a transformer in operation. Check with the manufacturer for recomme
regarding special maintenance for the specific unit in question.
6 Copyright © 1996 IEEE All Rights Reserved
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3.9.1 Insulating liquid

Critical transformers should have their insulating liquid tested frequently for the first few weeks of operation to
sure that no gas or moisture is being driven from the solid transformer insulation into the liquid. The unit sho
thoroughly tested after the first three months, six months, and subsequently at one-year intervals. If at any t
liquid should test below values specified in IEEE Std C57.104-1991 or IEEE Std C57.106-1991, it should be pr
until a satisfactory value is obtained.

3.9.2 External inspection

a) In locations where abnormal conditions prevail, such as excessive dust, corrosive gases, or salt dep
bushings should be regularly inspected and kept clean.

b) Radiators should be kept clean and free from any obstructions (bird's nests, wind-blown debris, b
snow, etc.) that may interfere with the natural or forced-air flow across the cooling surfaces. Che
surfaces for evidence of corrosion.

c) Ventilators or screened openings on control compartments should be kept clean. Trapped insects
accumulation will interfere with the free flow of air.

d) Accessory wiring and alarm devices should be checked annually and replaced if defective.
e) The external ground connection should be checked annually for continuity by measuring the res

between the tank and ground.
f) On all sealed tank units, the pressure-vacuum gauge should be checked daily for the first week, then q

for the first year, and then annually. It is evidence of either a defective gauge or a leak in the system
gauge reads zero under different loading conditions.

g) For critical transformers, the liquid level should be checked daily for the first week, then quarterly for th
year, and then annually. Also check the liquid levels of liquid-filled bushings at this frequency.

h) Transformers equipped with auxiliary cooling equipment, such as fans and pumps, should have the fo
tests:
1) Operate fans (check if direction of rotation is correct).
2) Operate pumps and check liquid-flow indicator.

i) If the transformer has a load tap changer (LTC), refer to 4.13.3.
j) Retrofilled transformers may require special attention relating to different fluid viscosities, flammab

specific gravity, and lubricating properties.

4. Liquid-immersed power transformers rated 10 MVA and above with high-voltage 

windings 69 kV and above

4.1 General

The recommendations presented in this clause apply to modem large liquid-immersed power transformers w
voltage windings rated 69 kV and above. However, appropriate subclauses may be applied to lower-
transformers when similar conditions and similar transformer construction exist, and may also be used in s
older transformers that have been opened for maintenance or repair work.

Increasing applications of larger capacity high-voltage transformers with reduced basic impulse level (BIL) has
brought forth the need for increasing care during installation and service. New transformers are being design
reduced BIL, at lower primary voltages than has been the practice in the past. Installation and handling requ
become more stringent for these units, and this clause may apply to these transformers. High-voltage trans
with even higher dielectric and thermal stresses, demand a higher degree of care during installation. The r
large investment in high-voltage transformers and their importance to the power system demonstrates the 
rigorous refinements in transformer preparation.
Copyright © 1996 IEEE All Rights Reserved 7
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To maintain the dielectric strength of the insulation system, it is essential to avoid moisture and entrapped gas
Since the dielectric liquid is an essential portion of the insulation system, liquid quality and care in handli
extremely important. Large power transformers are usually shipped without liquid to reduce weight. To prev
entrance of moisture during transit, the tank is filled with dry air or nitrogen under pressure.

NOTE  —  In some cases, these transformers are partially or completely liquid-filled when received, in which case the insons
relative to initial filling may be disregarded. It will not be necessary to drain this liquid from the transformer exc
required for inspection and repair.

At the installation site, all reasonable precautions should be exercised to avoid exposure of the insulation sy
moisture. Generally, the user must conform to the transformer manufacturer's minimum recommendations in 
maintain a warranty. Prior to starting installation of the transformer, a detailed procedure for handling, insp
assembling, vacuum treating, and testing the transformer should be developed, and agreement between a
concerned should be obtained. Manufacturers require some degree of vacuum treatment before filling with d
liquid, specify the vacuum to be maintained during filling, and recommend limits on residual moisture, gas c
and dielectric strength of the liquid after filling. Limiting values for each transformer will be supplied by
manufacturer. Only the general order of magnitude of limits and the means required to reach these values are
in this guide.

Normally, the manufacturer will recommend the level of insulation dryness to be attained. Surface moisture 
can be estimated from the moisture equilibrium chart, with the transformer in a correct state of equilibrium. (Se
B.2 in annex B.)

4.2 Shipping

4.2.1 General

This subclause is intended to apply not only for original shipment of transformers from the factory to the user, 
as a guide for later shipment by the user, whether to another station, another utility, or to the factory for repai
power transformers are normally shipped on railroad cars. When the distance involved and weight and dimen
the transformer permit, shipment may be done by truck.

When shipping weight permits, the transformer may be shipped filled with insulating liquid. For larger units sh
by rail, the transformer is usually shipped filled with commercially dry nitrogen or dry air, with the insulating l
shipped separately. For personnel safety, dry air is recommended. Internal gas pressure should be high e
assure that it will remain positive during any expected low temperatures in transit, especially during mo
crossings.

4.2.1.1 Transformers shipped FOB factory

Power transformers purchased “free on board” (FOB) factory become the purchaser's property as soon as t
the factory and are accepted by the carder. The purchaser is responsible for any transit damage and also for
proof that damage occurred in transit. The purchaser must initiate filing of the necessary claim forms and obta
that any damage occurred as a result of shipment. The purchaser may be assisted by the manufacturer in thi

4.2.1.2 Transformers shipped FOB destination

Power transformers purchased FOB destination are owned by the manufacturer during shipment and bec
purchaser's property when they are accepted at the destination. The manufacturer is responsible for transit da
should this occur, is also responsible for obtaining proof that damage occurred in transit. The manufacturer
assisted in this effort by the purchaser. The manufacturer must initiate filing of the necessary claim forms an
proof that any damage occurred as a result of shipment.
8 Copyright © 1996 IEEE All Rights Reserved
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4.2.2 Railroad shipments

4.2.2.1 Routing

The rail route that the shipment will follow must be thoroughly cleared with the accepting carrier for both weig
dimensional clearances. Railroad carriers will not guarantee any routing clearance for an extended period of 

4.2.2.2 Acceptance by carrier

Detailed instructions for affixing a transformer to an open-top rail car can be obtained from the railroad
originating railroad should inspect the loaded car to determine that it complies with appropriate rules and reg
on loading of rail cars. Measurements of oversized loads should be made by the originating railroad at this t
should be reported to all carriers involved in the route. Oversize loads are also measured at each carrier inter

4.2.2.3 Rail cars

Various types of rail cars are available for special shipments. Rail cars with lowered centers provide a m
shipping tall transformers to meet shipping height restrictions. A transformer may be shipped with a tempora
height, shipping cover with the permanent cover shipped separately. In some cases, a very tall transformer ma
on one side for shipping. Only transformers specifically designed with extra bracing to support the core and c
be laid on one side for shipment. A special Schnabel car can be used to gain additional height clearanc
transformer is designed for such a car. Specialty cars are in short supply and so should not be requested unles
needed.

In general, the load capacity of the car should be selected according to the weight of the load. A high-capacity
example, should not be used to carry a light load because of excessive vibration and shock to the load. W
transformer shipping weight is close to the car's weight capacity, the transformer will receive a much soft
Conversely, the car must be capable of transporting the weight of the transformer.

When the rail car is delivered to the shipper, an inspection of the car should be made to be sure the car is
condition. All wood-floor cars should have all floor boards in place and in good condition. Steel floors sho
reasonably flat and free of protrusions.

After the transformer is loaded, the rail car springs should be checked to ensure that they are not exc
compressed. Also, the distance between the top of rail and the bottom of drop-center cars should be chec
loading to determine if required railroad clearances are being met.

4.2.2.4 Block and tie-down

a) Bottom blocking, consisting of steel channels or bars, should be positioned against the transformer
bottom plate and then welded to the car.

b) In addition to blocking the bottom of the transformer on the car, the transformer may also be bolted to
floor. This is done with long bolts through a hole in each jacking pad and the car floor.

c) All top and bottom tie-down rods and bolts should be double-nutted and prick-punched. This p
retightening in transit. Nuts should not be welded. Spring-loaded tie rods are not recommended.

d) All top tie-down rods should be brought as close to vertical into the rail car pocket as possible. Cris
rods are to be used only when some obstruction prevents using vertical rods.

e) When using steel-floor cars, 1 in x 6 in or larger wood planks or sheathing should be placed un
transformer weight-bearing surfaces to provide cushioning.

4.2.2.5 Rail car loading standard

The Association of American Railroads has published a standard for loading rail cars. See [B8] .4

4The numbers in brackets correspond to those of the bibliography in annex A.
Copyright © 1996 IEEE All Rights Reserved 9
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4.2.2.6 Travel recorders

An impact meter which records impacts should be affixed firmly to the transformer main tank. For large transfo
this should record longitudinal, vertical, and if possible, latitudinal impacts. This instrument will provide a perm
record of any impacts which the load undergoes in transit. The recorder must run long enough to allow for d
shipment. For larger transformers or those of critical importance, consider the requirement of duplicate rec
Recorders attached directly to the car may be sufficient for some transformers. The transformer manufacture
be consulted.

4.2.2.7 Personal escort, special freight team service

For critical shipments, particularly where transit time is important, an escort familiar with railroad operation
accompany the shipment. The escort can attest to how the load was handled and minimize delays at switchin
Daily phone reports on shipping progress can be provided.

Special freight team service can be arranged, and is sometimes required, for special routes where the tran
loaded car travels in a separate train and is not normal freight service.

4.2.3 Truck shipments

Truck shipment requirements from the factory, directly to the substation site, and from the rail siding to the sub
are set by consultation with the trucking firm.

Tie down and blocking procedures should be similar to that used for rail shipment but normally chains an
blocks are used to secure the transformer to the truck bed. Travel recorders suitably calibrated for truck ship
available but seldom used since, in general, truck shipments impose smaller impact loads on the transformer
shipments.

4.2.4 Water shipment

These can be in the hold of a ship or on the top of barges. Usually the accessories, such as bushings, radiato
fans. etc., are shipped separately (but normally on the same vessel) in containers.

Water shipments can expose the transformer exterior to excessive moisture and, therefore, liberal use of de
control boxes, current transformer compartments, etc., is strongly recommended.

In addition, it is prudent practice to cover and seal off exposed instruments, dial gauges, etc., to prevent the in
moisture, sea water, or both.

4.3 Inspection and receipt

The proper handling and storage of all accessory components is necessary. Carefully follow the manufa
recommendations as to type of storage, positioning, and support of all accessories.

4.3.1 External, prior to unloading

When a transformer is received, a thorough external inspection should be made before the unit is removed from
Inspect carefully for any apparent damage or shifting of the transformer during transit. If there is evidence of d
or rough handling in transit, an inspector representing the carder and the manufacturer should be notified. In a
the manufacturer's instructions should be followed. For shipments equipped with impact recorders, represe
from the purchaser and carrier should be present to inspect the transformer and examine the impact recorde
the site location. For smaller transformers in this size range, this may not be considered necessary.
10 Copyright © 1996 IEEE All Rights Reserved
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NOTE  —  Rough handling, for which the railways are responsible, generally begins at 5 g, horizontal impact.

Check the impact recorder charts for accelerations in excess of the manufacturer's recorded limits. The hauli
should be present when the seal is broken. Check guy rod tension, tie rods, blocking, and welds to the rail ca

For gas-filled shipments, the gas pressure should remain positive even in the coldest weather. Upon arrival a
check the gas pressure in the tank and in the supply cylinder, if one is provided. If the gas pressure is zero, 
possibility that outside air and moisture may have entered the tank and the manufacturer should be notified. C
oxygen content and dew point of the gas in the tank. It may be safely assumed that the transformer has 
contaminated in transit with outside air or moisture if the dew point of the gas indicates a relative humidity of le
1% and the oxygen content is below 1% (if shipped in nitrogen) and more than 10% (if shipped in dry air). M
content, in terms of temperature, pressure, and dew point, should be essentially the same as when the unit wa
If the oxygen content and dew points are outside these values, drying may be necessary and the manufactu
be notified. The core grounds should be tested.

4.3.2 Internal, prior to unloading

Some users and manufacturers recommend that an internal inspection be made of the transformer on the rai
cases. Others recommend an internal inspection on the rail car only if an external inspection indicates 
shipping damage, or if there is no provision to check the core ground externally. If an internal inspection is m
the rail car, it should be made after notifying the carrier and the manufacturer and with their respective represe
present. If there is provision for checking the core ground this should be done. On some transformers it 
necessary to break the seal to gain access to the core grounding strap. It will be necessary to bleed the press
before opening the access opening. Check the core ground, reseal the opening, and then introduce dry air
desired positive pressure is reached.

Dry air should be continuously supplied into the transformer while the manhole cover is removed. Extreme ca
be taken that the oxygen content is 19.5% or more whenever anyone is inside. Dew point should be kept as
possible to the value as measured at the factory. The transformer should not be left open any longer than ne
preferably less than 2 h.

If the delivering carrier will not permit internal inspection of the transformer on the car, note on the acceptance s
there are “possible internal or hidden damages.” When the transformer has been removed to the installation 
some other convenient location to permit internal inspection, proceed as outlined in 4.4. Request that a repre
of the carrier be present during the inspection.

4.4 Internal inspection

4.4.1 Atmospheric conditions

Moisture may condense on any surface cooler than the surrounding air. Excessive moisture in insulation or d
liquid lowers its dielectric strength and may cause a failure of the transformer. The transformer should not be
under circumstances that permit the entrance of moisture, such as on days of high relative humidity (60% or
without precautions to limit the entrance of moisture. If the transformer is brought to a location warmer th
transformer itself, the transformer should be allowed to stand until all signs of external condensation have disa
There should be a continuing determination of tank oxygen content and a supply of dry purging air.

4.4.2 Special considerations for different types of tanks

If the transformer is of the split-tank-type construction or has removable bushing pockets and has been ship
the upper section of the tank or pockets removed, it will be necessary to remove the temporary covers before 
of the tank to the final configuration. Because of the different types of internal construction and the different w
Copyright © 1996 IEEE All Rights Reserved 11



IEEE Std C37.93-1995 IEEE GUIDE FOR INSTALLATION OF

eration

 through

g gas
. This

hipped

om the
 or seine
k. Tools

annot be

ion will
t for
g, and

ormers,
 for dirt,
ring this
 foreign

facturer
ls, it may
 type of

igned for

 means
 When
each lug.
lace. Use
rs are
ight of
tion for
joining tank sections together used by the various manufacturers, detailed instructions for performing this op
will be furnished by the transformer manufacturer.

4.4.3 Inspection

If the transformer was shipped in its permanent tank, access for internal inspection and assembly is obtained
a manhole.

CAUTION:  After the manhole cover is removed, the transformer should not be entered until the shippin
(including dry air) is completely purged with breathable dry air, making sure the oxygen content is at least 19.5%
replacement of gas with dry air is necessary to provide sufficient oxygen to sustain life. If the unit was initially s
in nitrogen, there is a possibility of trapped nitrogen pockets, unless a vacuum is applied prior to purging.

To avoid the danger of any foreign objects falling into the transformer, all loose articles should be removed fr
pockets of anyone working above the open transformer tank and all tools should be tied with clean cotton tape
cord securely fastened either to outside of the transformer tank or to a readily accessible point inside of the tan
with parts that may become detached should be avoided. If any object is dropped into the transformer and c
retrieved, the manufacturer should be notified.

When the internal inspection is made, the manufacturer's recommendations should be followed. Inspect
include, for example, removal of any shipping blocking; examination for indication of core shifting; tes
unintentional core grounds; visual inspection of windings, leads, and connections including clamping, bracin
blocking; inspection of tap switches, including contact wipe, line-up, and pressure; inspection of current transf
including supports, and condition and clearance of leads; examination of bushing draw leads; and checking
metal particles, moisture, etc. If any internal damage that may have been due to rough handling is found du
inspection, the carrier and the manufacturer should be notified. The manufacturer should also be notified if any
material is discovered. All tools should be accounted for after the internal inspection.

4.5 Handling

4.5.1 Complete transformer

The transformer should always be handled in the normal upright position unless information from the manu
indicates it can be handled otherwise. Where a transformer cannot be handled by a crane or moved on whee
be skidded or moved on rollers or slip plates, depending upon compatibility of transformer base design and the
surface over which it is to be moved. Transformers built in accordance with current standards have bases des
rolling in two directions.

4.5.2 Lifting with slings

Lifting lugs and eyes are normally provided for lifting the complete transformer, and the necessary additional
are provided for lifting the various parts for assembly. The lifting lugs and eyes are designed for vertical lift only.
lifting the complete transformer or a heavy piece, the cable should be so attached to provide a vertical force to 
As an added precaution to prevent buckling the tank walls, the cover should always be securely fastened in p
lifting cables of appropriate length so that the transformer will be lifted evenly. Lifting lugs on most transforme
designed to lift the transformer completely assembled and filled with dielectric liquid. The approximate total we
the transformer is given on the nameplate and on the outline drawing. Refer to the manufacturer's informa
proper handling and lifting instructions.
12 Copyright © 1996 IEEE All Rights Reserved
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4.5.3 Raising with jacks

Jack bosses or pads are provided on all transformers in this class so that the transformers can be raised by
jacks. On some transformers, jacks may be placed under the transformer bottom plate at points designate
manufacturer. The drawings or manufacturer's instruction book should be consulted.

4.6 Preliminary liquid filling

This step is optional, performed when required either by the manufacturer or user. This clause is usually appl
EHV transformers.

4.6.1 Oil filling

Install valves and fittings which are located lower than the top of the core and coils. If the high-voltage 
connected below the top section of a winding, install bushing, using dry air as described in 4.4.3. Immediately e
the tank to 2 mmHg (260 Pa) or below and hold the vacuum for 4 h, or more if required by the manufacturer.
transformer under vacuum with dried, filtered, degassed dielectric fluid to approximately 5 cm above the top
winding insulation or a few centimeters below the temporary shipping cover, if one is used. Break the vacuum w
bottled gas or its equivalent. (See also IEEE Std C57.106-1991). 

4.6.2 Less-flammable liquid filling

The two general types of less-flammable insulating liquids are high molecular weight hydrocarbon (HMWH
silicone (PDMS). If these liquids are used, the manufacturers recommended instructions and filling procedure
be followed. These procedures may vary from those used for conventional transformer oil.

4.7 Assembly

4.7.1 General

The transformer should be securely grounded before the start of installation.

Moisture ingress should be minimized by opening only tank access ports necessary at any time. After the
inspection has been completed, the bushings and radiators or unit coolers should be installed. The radiators
and bushings will be handled in different ways as prescribed by the manufacturer of the equipment, but in 
should be lifted in a vertical position during handling and installation. Many different types and shapes of gask
be used in assembling the various components. Specific instructions for these are usually provided 
manufacturer. If a temporary shipping cover or bushing pockets are used, remove and replace them with the p
device and pressure test the transformer. The manufacturer may require liquid filling prior to removing the s
cover. Evacuate the transformer and fill with dry air making certain that the oxygen content of the entire gas 
at least 19.5%. During the following internal work, maintain a continuous supply of dry air for the safety of per
and the minimization of the entrance of moisture. If internal work will take more than one day, the transformer
be sealed under positive pressure overnight. The transformer should then be purged with dry air before 
resumed.

4.7.2 Bushings

Bushings should be absolutely clean and dry when installed. Gaskets and gasket recesses should be carefull
Gaskets should be carefully placed and uniformly clamped so that tight seals are formed. Current-carrying con
should be thoroughly cleaned and solidly bolted, except that cone-disk washers, if used to maintain bolt p
should be depressed to the manufacturer's recommendations. The bushing central cavity should be swabbed 
particulate contaminants. Instructions for handling the high-voltage bushings should be included with the b
Copyright © 1996 IEEE All Rights Reserved 13



IEEE Std C37.93-1995 IEEE GUIDE FOR INSTALLATION OF

o power

hed (if
e

o mount a
ired. The
d gasket
 should

 heat
re prior to
h filtered

ance with
operates
ed on all
. Check
hould be
 ratio and

rior to
isture
, proceed

uctions
r other
rawing

and full
um must

, caution
 arresters,
s could
d to ensure

 does not
 pressure-
essure
 least 4 h
.

crate. Mechanical loading on ends of bushings should not exceed design limits. The bushing should underg
factor or dissipation factor testing prior to its installation onto the transformer.

4.7.3 Heat exchangers and piping

Radiators or heat exchangers, liquid piping, valves, and fittings should be thoroughly cleaned and flus
contaminated) with clean, warm 25–35 °C (80–100 °F) dielectric liquid before being fitted to the transformer. Mak
sure that all gaskets are properly seated on the gasket seats at the time of installation. Where necessary t
gasket in a vertical plane, the use of gasket cement to hold the gasket in place during installation may be requ
use of white petroleum jelly on the gasket surface may ease installation and prevent damage of a cemente
during installation. Radiators or heat exchangers are usually capable of withstanding full vacuum. If not, these
not be installed until after the tank has been filled with dielectric liquid under vacuum. If liquid-to-water
exchangers are provided, it is recommended that the water passage be drained and vented to atmosphe
drawing a vacuum on the transformer tank. Pressure test the liquid passages of the heat exchangers wit
dielectric liquid.

4.7.4 Other accessories

The tap changers, liquid-level gauge, temperature gauges, and other accessories should be installed in accord
manufacturer's instructions. Check the tap winding ratio and operation of the tap changer to be sure that it 
properly in both directions and that full contact area on all taps and adequate contact pressure is maintain
contacts. A winding ratio test on the de-energized tap changer, prior to filling the transformer is recommended
the operation of the liquid-level gauge before sealing the tank. The conservator tank and associated piping s
inspected and cleaned as necessary to remove any debris. The current transformer should be checked for
polarity before filling the transformer.

4.8 Vacuum treatment

Many smaller transformers in this size range do not require preliminary oil filling or heating the core and coils p
vacuum filling. Check with the manufacturer's specific requirements. If field drying of the insulation due to mo
ingress is not required, as determined by moisture content in terms of temperature, pressure, and dew point
with vacuum treatment and final filling as follows.

4.8.1 Preparation

Leave the pressure-relief device blanked off until after the final vacuum filling, unless the manufacturer's instr
indicate the device can withstand full vacuum. If separate liquid-expansion tanks or inert-gas equipment o
devices that will not withstand full vacuum are provided, these should be isolated from the main tank before d
vacuum. In some transformers the barriers between the main tank and other compartments will not withst
vacuum on one side with atmospheric pressure on the other side. Where such conditions prevail, a partial vacu
also be established on the other side so that the pressure differential will not damage the barriers. Additionally
should be taken to assure that there are no rigid external connections made up to the bushings, tank-mounted
or insulators during vacuum operation. Tank deflections to these items with rigid connections to the porcelain
result in porcelain breakage. After all parts have been assembled, the tank should be sealed and pressure teste
that all joints are tight. Pressure-test the entire assembly at a minimum gauge pressure of 5 lbf/in2 (35 kPa). Some
manufacturers also recommend using a vacuum test to determine that the pressure rise with the tank sealed
exceed manufacturer's recommendations. With either pressure or vacuum tests it is important to be sure of the
differential conditions permissible on the LTC panel, which may not be capable of withstanding any pr
differential. Check all gasketed joints with a suitable leak detector. The tank should hold the gas pressure for at
without leakage. All leaks detected in the above manner must be eliminated before starting the vacuum filling
14 Copyright © 1996 IEEE All Rights Reserved
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NOTES:

1 —  Any air leakage into the transformer tank, while a vacuum is being drawn on the transformer, may seriously contam
transformer insulation. Air, when drawn into a vacuum, expands and drops in temperature, consequently releasing m
If the core and coils are cold, the moisture released from the air will condense on these parts and will be absorbed
paper insulation. To avoid this hazard, all leaks should be eliminated before starting the vacuum processing, and the
coils may be heated. This may be done by applying heat externally, by short-circuiting, or prior to vacuum treatm
partially filling with dielectric liquid circulated through a heat exchanger. If external heat is applied, it must be at a morate
temperature to avoid overheating the insulation. If short-circuit current is used, the current must be held to a value tont
hot spots in the windings, which could easily damage the insulation. Recommendations of the manufacturer regar
maximum allowable temperature should not be exceeded.

2 —  As an aid to field personnel using vacuum equipment calibrated in various units, table B. 1 is included for ready conn.

3 —  If a liquid other than conventional transformer oil is used, the user should check with the manufacturer regarding 
procedures to follow concerning testing, filling, handling, and use of the liquid.

If preliminary liquid filling was used, ensuring that all leaks have been eliminated, drain the liquid and procee
the vacuum treatment. The liquid may be drained as quickly as desired, but a rapid rate may create a partia
within the tank. The drain valve should be closed immediately after the tank is empty to prevent entrance of air 
the drain connection. Because unforeseen delays may occur before the vacuum treatment is applied, it is reco
that the dielectric liquid be replaced with dry gas during the draining process. Make certain that sufficient gas c
are available to fill the tank. After the liquid drain valve is closed, continue to admit dry gas until a positive 
pressure exists in the tank.

4.8.2 Vacuum treatment

The principal function of vacuum treatment is to remove trapped air and moisture from the insulation and en
insulation to attain its full dielectric strength. Small gas bubbles have much lower dielectric strength than the di
liquid and may, if located at a point of high stress, lead to failure. By removing most of the gas from the trans
and from the liquid by vacuum filling, the hazard of the small bubbles of free undissolved gas that remain
windings and insulation is greatly reduced. The vacuum treatment is generally recommended when the tempe
the core and coils is above 50 °F.

The degree of vacuum required depends on the design of the windings and insulation and should be deter
consultation between the manufacturer and purchaser before assembly is begun. In general, a vacuum tre
pressures of the order of 2 mmHg (absolute) may suffice for transformers rated below 138 kV. For higher 
transformers, vacuum treatment at pressures less than 1 mmHg absolute pressure may be required. An 
benefit gained from the treatment at high vacuum is that the moisture introduced into the transformer insulation
assembly can be removed before the transformer is energized.

A vacuum pump capable of evacuating the tank to the required degree of vacuum in approximately 2
recommended. Connect the vacuum pump to the vacuum fill connection on top of the transformer with 
reinforced hose of sufficient size to minimize line losses. If no connection was provided for this purpose, an 
plate for the pressure-relief outlet, with suitable pipe connection, can be fabricated. In order to obtain an a
vacuum value, it is essential that connection of the gauge or manometer be as close to the tank as possible and
at a different location on the tank than the vacuum hose. Check all pipe joints for leaks by pulling a high vacuu
pressure testing before connecting to the transformer. Close all liquid and gas valves. Start the vacuum p
continue pumping until the tank pressure is constant. Close the vacuum pump valve and check for leaks in th
piping. If all joints are tight, there should be no appreciable increase in residual pressure in a period of 30 min

4.8.3 Processing dielectric liquid

If dielectric liquid is delivered in tankers or drums, check the quality of the fluid while it is still in the containers
acceptable properties of the insulating liquid as received, after processing and prior to energization, 
manufacturer and utilities instructions and IEEE Std  C57.106-1991. 
Copyright © 1996 IEEE All Rights Reserved 15
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The ability of the filter press to remove water from the liquid depends upon the dryness of the filter papers
papers should be oven-dried immediately before being inserted into the filter press. The filter should be c
frequently, with a hygrometer used to measure its effectiveness.

If liquid-storage facilities are available, a sufficient quantity of new dielectric liquid to fill the transformer shou
dried and stored in the clean liquid-storage tank with a desiccant dryer before starting to fill the transformer. If
storage facilities are not available, continue circulating dielectric liquid through the processing equipment u
prescribed dielectric strength is consistently obtained. A sample of the liquid should be taken prior to fillin
retained for future checks, such as power factor, etc.

CAUTION:  Dielectric liquid passing through filter papers may acquire an electrostatic charge that will
transferred to the transformer windings as the transformer is filled. Under some conditions, the electrostatic v
on the winding may be hazardous to personnel or equipment. To avoid this possibility, all externally acc
transformer terminals, as well as the tank and liquid filtering equipment, should be properly grounded during f

4.8.4 Vacuum filling

After attaining the required vacuum and holding for 4 h or more, depending on manufacturer's instructions, fillin
begin. Fill with processed, warm dielectric fluid, as specified by the manufacturer. An oil temperature between°C
and 80 °C is recommended as higher temperature oil will speed up the impregnation of solid insulation. The di
liquid should be introduced from a point opposite the vacuum pump above the core and coils in a manner su
will not stream on the paper insulation. (Fluid inlet and vacuum connections should be separated as far as po
keep liquid spray from entering the vacuum pump.) The liquid line should be connected to the upper filte
connection or other suitable connection on top of the tank. The processed liquid is admitted through this connec
rate of flow being regulated by a valve at the tank to maintain a positive liquid pressure external to the tank at a
and to maintain the vacuum at or near its original value. The filling rate should not exceed 1/2 in/min (1.25 cm

Filling, at least to a point above the core and coils, should be in one continuous operation. If the vacuum is br
any substantial period, it may require draining and refilling to prevent formation of gas bubbles. Maintain a p
inlet liquid hose gauge pressure during the entire filling process. Gas bubbles or water in the liquid will exp
proportion to the vacuum obtained and be drawn out by the vacuum pump. (CAUTION:  Do not allow dielectric liquid
to enter the vacuum pump.) For transformers with nitrogen pressure systems, fill the tank to the indicated leve
conservator-type transformers, fill as high as possible (perhaps 100 mm from the top) before removing the v
Break the vacuum with dry bottled gas to a positive pressure. For nitrogen pressure systems, this should be
pressure of 2–5 lbf/in2 (15–35 kPa).

Remove vacuum equipment. For nitrogen-pressure-type transformers, activate the automatic gas equipm
maintain positive pressure continuously. For conservator-type transformers, install the conservator and any re
fittings and accessories. Complete the filling of the transformer and fill the conservator in accordance w
manufacturer's instructions. Extreme caution must be taken with the pressure-relief device blanked off. Ov
without pressure relief can cause tank damage. Open all designated vent points until a solid stream of oil eme
operating the pumps, in case of forced-oil-cooled transformers. The assembled transformer should not be ene
at least 12 h to allow the insulating oil to absorb residual gas and thoroughly impregnate the insulation.

4.9 Field drying of insulation

In the event that the internal inspection reveals signs of moisture in the transformer or if the gas seal on the 
damaged in transit, field drying may be necessary. If possible, determine the extent of the moisture and the m
which it entered the tank. The transformer manufacturer should be requested to make recommendations co
further checks and steps for drying out the transformer. The goal of field drying is to attain a comparable v
residual moisture content to that found in the factory. If drying is determined to be necessary, one or more
following methods may be used:
16 Copyright © 1996 IEEE All Rights Reserved
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Method 1—Circulating hot oil. This method is very slow and not as effective as the vacuum methods
Method 2—Short-circuited windings (oil-filled), vacuum (without oil). A low value of residual moisture can
be obtained by this method.
Method 3—High vacuum. This method is used with and without heat. Heat increases the efficiency
decreases the drying time required. It is the method generally used for large MVA units, for high voltag
for reduced insulation classes.
Method 4—Hot air. The method is not as effective as the vacuum methods.

Other methods or combinations of these methods may be used where facilities are available. The equipmen
in annex C will provide the necessary capability for the vast majority of cases. A thorough knowledge of v
technology and of vapor pressure will greatly assist field personnel in their job performance.

4.9.1 Method 1—Circulating hot oil

This method is not commonly used. It requires the use of a suitable oil filter, either vacuum-drier type or blotte
plus an oil heater. The heater must be capable of raising and maintaining an oil temperature of approximately °C as
the oil is circulated in the transformer tank until the insulation is dry. The transformer should be filled with oil to
the core and windings and the oil circulated through either the filter-press valve and drain valve or through 
bottom radiator valves. Wherever possible, to reduce heat losses due to radiation, the oil should be preven
circulating through the coolers. The outside of the transformer tank and the piping should be insulated to red
dry-out time and the amount of heating required to keep the oil temperature constant.

Another version of the method is to circulate hot oil to heat the unit. When the core and coils reach temperatur
is drained and a vacuum pulled. The unit is then purged with nitrogen or dry air, and a dew point is taken
unacceptable dew point is obtained, the process is repeated.

With this method, the moisture is removed through the oil filter. If a blotter-press filter is used, the rate of
extraction will depend upon the degree of saturation of the filter papers. Filter papers must be extremely dry an
must be changed frequently if this method is to be effective. If a vacuum-drier type of oil filter is used, the rate o
extraction will depend upon the vacuum maintained in the filter and upon the rate of transfer of water from th
insulation to the oil. This rate of transfer of moisture increases with temperature; hence, it is desirable to opera
highest temperature that will not cause deterioration of the oil. The rate of drying can be increased by applic
vacuum to the surface of the oil. It is preferable to maintain a vacuum on the order of 1 mmHg (130 Pa) abov
during the above heating cycle, although a low positive gauge pressure 1–2 1bf/in2 (7–14 kPa) of dry gas can be use
at this stage if desired. Following this treatment, quickly drain the main tank oil to storage, either under a vac
with a blanket of dry gas, and commence vacuum treatment. If less flammable dielectric liquids are used, they
warmed to a higher temperature to facilitate impregnation of the cellulose insulation. Contact the liquid's manu
for exact recommendations.

4.9.2 Method 2—Short-circuited windings, vacuum

The transformer should be filled with dielectric liquid to the normal level. This method requires a source of en
heat the transformer by circulating current through the windings plus a suitable vacuum pump to extract moistu
the insulation. A refrigerated condenser trap in the vacuum line to collect water is also required. If possible, in
refrigerated condenser, such as a dry ice and antifreeze cold trap (see annex C), on the top cover with a sh
diameter (4–8 in [10–20 cm] or more) connection. Since these traps may be heavy, check with the manufa
make sure that the tank, when under full vacuum, can support this weight without special bracing; if not, b
required. Insulate the outside of the transformer tank to reduce the heating required. Connect the vacuum p
suitable valve at the top of the tank.

Care must be exercised to prevent the temperature of the windings and insulation from reaching a value whic
excessive aging to the insulation. The temperature of the windings should not exceed 95 °C, and the liquid 85 °C.
Frequent measurements of the resistance of the windings and of the liquid temperature should be made.
Copyright © 1996 IEEE All Rights Reserved 17
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The power supply may be connected to either winding, with the other winding short-circuited. The secondarie
current transformers in the tank should also be short-circuited. All tap coils should be connected in the windin

For forced-oil-cooled transformers, the oil pumps should be operating while the transformer is being heated,
cooling medium, either air or water, should be shut off. Short-circuit currents up to full rated current can be 
heat forced-oil-cooled transformers for a short period of time. For self-cooled transformers, up to full rated 
may be used while the transformer is cold, then reduced as the transformer approaches rated temperature. T
required to circulate this current will depend upon the impedance of the transformer.

After the desired winding and liquid temperatures have been reached, disconnect the power supply and d
dielectric liquid from the transformer tank. When the liquid has been drained from the tank, close the valves a
the vacuum pump. Continue pulling vacuum on the transformer until water extraction stops. This procedure 
repeated as many times as necessary to attain the desired degree of dryness. The minimum water cont
insulation can be estimated from table B.1). Water extraction from the insulation will stop when the vapor pres
water in the insulation at the temperature and pressure equals the partial pressure of water vapor prevailing in
at this temperature and pressure.

4.9.3 Method 3—High vacuum

This method requires the use of a suitable vacuum pump, capable of pumping down to an absolute pressur
mmHg (7 Pa) or lower, and a refrigerated vapor trap to collect the water. While no additional heat is require
adequate vacuum pump is used and the insulation temperature is above freezing, heating the insulation will
the efficiency and reduce the time required significantly.

Drain the liquid from the transformer, filling the tank with dry nitrogen as the liquid is drained. Heat exchanger
be left on the unit if the top valve is closed and the bottom valve left open to assure that no moisture condens
heat exchanger. Seal all tank openings, preferably with blanking plates. Connect the vapor trap and vacuum p
suitable pipe connection on the tank. To minimize line losses and speed up the drying, the vapor trap should b
as close to the transformer tank as possible. (A small quantity of water expands into a large volume of vapo
low pressures, hence the capacity of the vacuum pump is greatly increased by using the vapor trap to remo
ahead of the pump.) Seal the tank and pressure test for leaks. After ensuring that all leaks have been elimina
the vacuum pump. Water extraction from the insulation will begin when the residual vapor pressure in the 
reduced below the vapor pressure of water in the insulation. If any leaks are present, this pressure may not be
hence, it is imperative that all leaks be eliminated. After the residual pressure in the transformer has been re
the point that water is being extracted, the residual water content of the insulation may be estimated from figure
the prevailing winding temperature and pressure. Drying may be continued as long as moisture is being extr
may be terminated when the residual moisture content of the insulation has been reduced to the desired leve

Another empirical method is to seal the tank and frequently measure pressure rise with a total gas vacuum ga
a 30 min period. The vapor pressure is then determined from the change of pressure rise rate after extrapol
gas leakage effects back to zero. Still another method is to monitor absolute pressure with both McLeod type (
and thermocouple or Pirani-type (total gas) vacuum gauges until the absolute or differential pressures, or bo
predetermined levels. The manufacturer may also specify some period of vacuum treatment; in any case, a m
of 12 h is recommended. The knowledge of vapor pressure and of the insulation temperature can be used
moisture equilibrium chart shown in figure B.2 to determine insulation dryness and to provide an inte
determination of the vacuum treatment endpoint.

4.9.4 Method 4—Hot air

With the transformer assembled in its tank, the tank should be insulated in order to reduce the amount of
required, and also to keep the interior of the tank at a uniform temperature to prevent condensation in the tan

Clean dry air should be forced by a fan over the heating elements, then through an opening at the base of th
pass over and through the coils before exhausting through an opening in the cover. Baffles should be placed
18 Copyright © 1996 IEEE All Rights Reserved
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the hot-air inlet and the windings to prevent the flow of hot air from being concentrated on one small portion
windings.

Thermometers should be positioned in the inlet and outlet air streams and the quantity of air circulated should
that only a small difference between inlet and outlet temperatures is obtained. The temperature of the inlet a
be about 100 °C. (CAUTION:  When drying liquid-soaked insulation with hot air, care should be taken to avoid o
flames near the transformer, particularly near the air exhaust where liquid vapors will be concentrated. The
point of conventional transformer oil is approximately 145 °C. Fire extinguishers, preferably the carbon dioxide typ
should be located near the transformer before beginning the drying.)

The volume of air required to obtain minimum drying time varies with the size of the tanks. The following 
approximate guide:

4.9.5 Completion of the drying

As soon as the transformer can be considered to be dry, it is essential that the tank be immediately filled with d
liquid to cover the core and winding. Filling under vacuum is preferred.

During the entire drying-out process, regular readings of winding temperatures and of insulation resistance 
windings and between each winding and ground should be recorded.

Note that some methods of measuring insulation resistance and power factor can result in excess voltage 
windings not in oil. As the drying proceeds, it will be noted that the insulation resistance will fall, due to the in
in temperature and release of moisture. The resistance will then begin to rise, the rate of increase slowing dow
drying nears completion. When the insulation resistance flattens out to a constant value, the transforme
completely dry but it has reached the maximum degree of dryness obtainable with the drying system being u

Power factor tests may be used instead of or in addition to insulation resistance tests for determining the progr
drying. Power factor will increase as the temperature increases, then decrease as moisture is extracted. and 
as the drying nears completion.

CAUTION:  At some stages in the drying-out procedure, an explosive mixture of liquid vapors and air may exi.

4.10 Recirculation

Recirculation may not be necessary for all transformers in this size range. Check with the manufacturer. If re
circulate insulating liquid continuously through a vacuum oil treatment plant for at least 8 h, or 2 volumes, to r
remaining moisture and dissolved gases. If allowed by the instruction book, all transformer pumps, but not fans
be operated during this circulation process. The recirculation time may vary, depending upon manufa
recommendations, voltage, and BIL. Moisture and dissolved gas content should be monitored regularly. Recir
may not be necessary where proper vacuum oil treatment and degassification equipment have been used in 
transformer. Upon completion of this process, the transformer should not be energized for approximately 24 h

Area of tank base (ft2) 30 60 100 125 150

(m2) 2.8 5.6 9.3 11.6 14.0

Volume of air (ft3/min) 1000 2000 3000 4000 5000

(m3/min) 28 56 85 114 140
Copyright © 1996 IEEE All Rights Reserved 19
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4.11 Tests

After the transformer has been assembled and filled with dielectric liquid, tests should be made and the tes
preserved to ensure that the transformer is ready for service and to provide a basis for comparison wit
maintenance tests. The following tests are suggested. All or any portion of these tests may be made, depend
equipment available and the importance of the particular transformer.

a) Insulation resistance test on each winding to ground and between windings.
b) Insulation power factor or dissipation factor test on each winding to ground and between windings

insulation should also be tested.
c) Power factor or dissipation factor test on all bushings equipped with a power factor tap or capacitanc
d) Winding ratio test on each tap. If LTC transformer, check winding ratio on all LTC positions.
e) Check winding resistance of all windings with a Kelvin bridge or another suitable test device and co

with factory test results.
f) Check operation of liquid-level and hot-spot temperature indicating and control devices.
g) Check dissolved gas, dielectric strength, power factor, interfacial tension, neutralization number, an

content of the dielectric liquid.
h) Check oxygen content and total combustible gas content of nitrogen gas cushion in sealed tank trans

A total combustible gas test, where applicable, and a dissolved gas-in-oil test of the dielectric fluid 
also be made soon after the transformer is in service at operating temperature to provide a suitab
energization reference “bench mark.”

i) Check operation of auxiliary equipment, such as LTCs, liquid-circulating pumps, fans, or liquid or wate
meters in accordance with manufacturer's instructions.

j) Check polarity, magnetization current, and impedance.
k) Check resistance, ratio, and polarity of instrument transformers when provided. These tests should b

from terminal blocks from the control cabinet.
l) Test bushings.

All these tests should be within acceptable limits prior to energization.

4.12 Energization

Perform the selected tests of those listed in 4.11. Set cooling controls to automatic (if possible), energ
transformer, and hold at rated voltage and no-load for at least 8 h. Test gas blanket for oxygen and combus
Check operation of LTC mechanism and auxiliary equipment during this time. Note excessive audible no
vibration.

The transformer is now ready for service. However, observe the transformer carefully (particularly in critic
ambient temperature areas) for the first few hours after load is applied.

After several days, retest the dielectric liquid for moisture and dissolved gas, and the gas blanket for oxygen
dioxide, and combustible gas.

4.13 Maintenance

Because of their electrical location in a power system, transformers are often subjected to heavy electr
mechanical stresses. To avoid failures and problems, it is essential to conduct a program of careful supervi
maintenance. The life of a transformer is highly dependent upon the heat prevailing in the windings and cor
unit; therefore, it is important that the temperature be periodically monitored. Also, as is the case with all liquid
electrical apparatus, the integrity of the dielectric liquid is extremely important and should be maintained at
quality. If the liquid is removed so that the level falls below the top of the core and coil assembly, all of the
should be removed and the transformer vacuum-filled, as described in 4.8.4.
20 Copyright © 1996 IEEE All Rights Reserved
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It is important that the LTCs be maintained in accordance with the manufacturer's recommendations. It is g
accepted that all new LTCs are inspected internally at the end of the first year of service, regardless of the nu
operations. The purpose of this internal inspection is two-fold. First, it is to ensure that the internal mecha
functioning properly; second, to measure switching contact wear so that the time interval between sub
inspections may be estimated.

4.13.1 Maintenance intervals for transformers

For the first few days, daily inspections are recommended for recently energized transformers. Before the w
period ends, all new transformers should be maintained as described under the three-year maintenance inter

4.13.1.1 Maintenance—station inspection interval (at least monthly)

Inspections of power plant transformers should be made weekly.

a) Check the liquid level.
b) Record hot-spot and top liquid temperatures (both instantaneous and maximum values).
c) For gas-blanketed transformers, the transformer gas pressure should be recorded. The cylinder pre

transformers equipped with nitrogen systems should also be checked.
d) Check the mechanical relief device for operation or a target indication.
e) Check the general condition of the unit, including ground connections, paint condition, chipped bus

possible liquid leaks, etc.
f) If applicable, test transformer alarm annunciator and any other monitoring or alarm device.
g) Check transformer loading, voltage, and neutral current values.
h) Check liquid levels of liquid-filled bushings.

NOTE  —  It may be necessary to use field glasses or de-energize to properly verify the level.
i) Transformers equipped with auxiliary cooling equipment such as fans and pumps should have the fo

tests:
j) Operate fans.
k) Operate pumps and check liquid-flow indicator.
l) Unusual or abnormal conditions may require further investigation or tests.

4.13.1.2 Maintenance—one to three years, based on voltage and BIL

a) Test the transformer insulating liquid for dielectric strength. Additional tests, such as moisture co
interfacial tension, or acid value, may be appropriate.

b) Conduct a total combustible gas (TCG) analysis test of the gas space on all gas-blanketed transfor
desire or need for closer monitoring will require frequent testing.

c) Conduct a dissolved gas analysis. Guidelines are published in IEEE Std C57.104-1991. The ana
dissolved gas data in less-flammable dielectric liquids may be different than in conventional transform
The user is referred to the liquid manufacturer's specific guidelines. Extreme care must be exerc
drawing this sample. Do not draw a sample unless the transformer is under positive internal press
ensure a reliable and accurate analysis, the proper container and sampling instructions are essential

Once a guideline value has been exceeded, further investigation and analysis should be made. More freque
may be needed.

4.13.1.3 Maintenance—three to seven years, based on voltage and BIL

Performance of the following maintenance requires that the transformer be removed from service. Perfo
maintenance as listed in 4.13.2.2, plus the following:

a) Inspect the bushings for any chipped spots; clean the surface to remove any foreign material.
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b) Check all external connections, including the ground connections, to assure a solid mechanical and e
connection.

c) Conduct power-factor or dissipation factor tests of the insulation system and compare these test res
previous tests to determine a trend in insulation deterioration. Increasing values may require further a

d) Verify the integrity of thermal and alarm sensors and circuitry.
e) A transformer-turns-ratio test should be conducted.
f) Winding resistance measurements should be made and compared with factory measurements.
g) Verify the condition of all oil pumps by checking running current.

4.13.2 Maintenance intervals for transformer load-tap-changing (LTC) equipment

Regardless of the measured arcing contact wear, most LTC manufacturers set a limit in the number of 
operation between inspections. This limit may vary between three and five years.

4.13.2.1 Maintenance—station inspection interval

a) Record operations counter reading.
b) Record tap position indicator, both instantaneous and drag hand values, and reset.
c) Check the liquid levels of each oil-filled compartment, such as the tap changer compartment, the chan

selector compartment, and the diverter switch compartment.
d) Check breather vent for any discharge of liquid. Check desiccant if present.
e) Check compartment exteriors for liquid leaks.
f) Inspect motor mechanism and control circuitry for abnormal conditions.
g) Verify control switch positions and compartment heater operation.

4.13.2.2 Maintenance—one to three years, based on voltage and BIL

a) Test the insulating liquid for dielectric strength and acidity.
b) Conduct an operational test of any relay and control equipment (voltage management).

4.13.2.3 Maintenance—three to seven years, based on voltage and BIL

Although this subclause addresses a three-to-seven-year interval, the actual required interval will depend
following factors:

a) Measured arcing contact wear after the first year of service and projected contact life.
b) Maximum period between internal inspections specified by the LTC manufacturer.
c) Owner's policy regarding inspection intervals. This may be a different time period than allowed b

manufacturer but should always consider the manufacturer's recommendation.

It should be noted that some LTCs are completely self-contained, i.e., the tap changer, the change-over selecto
diverter switches are mounted in separate oil-filled compartments, allowing internal inspections without remov
transformer's insulating fluid.

There is a second type of LTC, in which the tap changer and the change-over selector is located within the tra
tank, normally suspended from an insulating compartment that contains the diverter switches. With this type 
the diverter switches may be examined without disturbing the transformer oil. However, an inspection of 
changer and change-over selector normally requires the removal of the insulating fluid and entrance to the tran

The following procedure applies to self-contained LTCs:

a) De-energize the transformer and apply grounds to the bushings.
b) Drain the LTC compartment(s).
c) Remove cover plates and flush carbon deposits from operating mechanism and compartment walls.
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d) Make a thorough inspection of all internal components, particularly noting contact wear. An effort sho
made to determine the remaining contact life. Both stationary and movable contacts should be observ
evidence of inadequate or uneven contact pressure, contact alignment, and carbon formation on any
of all contact structures.

For LTCs mounted on the cover of the transformer where the tap changer and change-over selector are loca
main transformer oil, the manufacturer's instructions should be followed.

IMPORTANT:  If the inspection of the tap changer and change-over selector contacts show any sign of arc
differentiated from overheating, the cause of the arcing must be determined and corrected. Arcing on the non
contacts may lead to a catastrophic failure of the LTC. The LTC manufacturer should be informed and cor
action taken.

Where applicable, the following applies:

a) Change-over selector. Normally these contacts are subjected only to mechanical wear and should not in
any erosion. They do not operate as often as the selector switches and do not break load current. Bu
these contacts do carry the full load current of the LTC at all times, it is essential to check them for any
buildup or pitting, which many indicate poor contact pressure and overheating.

b) Vacuum interrupters. During each tap change a small quantity of contact metal is vaporized, resulti
eventual erosion of the contact tips. Since the contacts are not visible, an external wear indicator is n
provided to help determine the remaining contact life. Consult the manufacturer's instructions for 
gauging technique. An ac hi-pot test should be applied to the bottle to validate its vacuum.

c) Check all gear train assemblies for chipped or broken teeth. A nominal amount of backlash sho
expected in the mating of these gears.

d) Check all connections for tightness and overheating.
e) Operate the mechanisms through their entire range to be certain that there is no mechanical interfer

that contact alignment is proper on all steps.
f) Operate the regulating equipment to the full “raised” and the full “lowered” positions to check the uppe

lower switches.
g) Observe whether the drive mechanism is stopping properly on position.
h) Check counter for proper operation.
i) Inspect all oil seals and mechanism drive train for liquid leaks and lubrication.
j) Conduct an inspection and test of the LTC control, including voltage level, time delay, bandwidth, etc.
k) Perform a transformer-turns-ratio test on three tap positions: full-raised, neutral, and one step below 
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Annex B Figures and table

(Informative)

Figure B.1—Conversion from dew point or frost point to vapor pressure
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Figure B.2—Moisture equilibrium chart
(with moisture content in percent of dry weight of insulation)
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Figure B.3—Some examples of insulation characteristics
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Table 1—Vacuum-pressure conversion based on atmospheric pressure
of 29.92 inHg at 15.6 °°°°C (60 °°°°F)

Vacuum Absolute pressure

Pound-force 
per square inch 

(lbf/in 2)

Inches of 
mercury
(inHg)

Millimeters of 
mercury 
(mmHg)

Pascals 
(Pa)

Inches of 
mercury
(inHg)

Millimeters of 
mercury 
(mmHg)

Pascals 
(Pa)

0 0 0 0 29.92 760 101 323

4.9 10 254 33 864 19.92 506 67 460

9.8 20 508 67 728 9.92 252 33 597

14.2 29 736.6 98 205 0.92 23.4 3 120

14.46 29.526 750 99 992 0.394 10 1333

14.63 29.88 759 101 192 0.0394 1 133

14.65 29.918 759.95 101 318 0.00197 0.05 7
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Annex C Field equipment for oil-filling EHV transformers and  determination of 

insulation dryness

(Informative)

C.1 Recommended minimum equipment ratings (for new transformers)

C.1.1 Oil-processing equipment (preferably an integrated trailer unit)

a) Oil pumps and hoses with a mechanical filter capable of 10 (preferably 5) µm retention at a flow rate of at
least 1200 gal/h (1.3 L/s).

b) Oil heating equipment to suit climatic conditions preferably capable of at least +50 °C oil output at 1200 gal/h
(1.3 L/s).

c) Oil degassifier with a final stage operating below 1 mmHg (130 Pa) at a design flow of at least 120
(1.3 L/s).

d) Bulk oil storage facilities including heated tanks for cold weather conditions.

The processing equipment above should be capable of reducing water content of oil to 10 ppm and the disso
content to 0.5%.

C.1.2 Vacuum pumps

a) Mechanical vacuum pump capable of at least 0.05 mmHg (7 Pa) blank-off and a displacement of 
350 ft3/min; the use of a high-capacity mechanical booster vacuum pump should be considered.

b) Vacuum pumps with interstage cooling should be considered.
c) “Cold trap,” the vapor pumping capability of a combination of special vacuum pumps, will not norm

exceed the condensate pumping rate of a suitably sized dry ice and antifreeze trap. See C.2.

C.1.3 Dry gas

Commercial supply of bottled nitrogen and air of a dew point of –50 °C or lower, or preferably a low-pressure a
compressor and dryer capable of continuously producing at least 20 ft 3/min (0.01 m3/s) at a dew point of –50 °C or
lower.

C.1.4 Test equipment

a) Air dew point test set capable of operating at low or negative inlet pressure at climatic conditions an
good resolution to –60 °C dew point or lower.

b) Oxygen in gas by volume.
c) Oil dielectric test set, preferably including capability specified in ASTM D 1816–84a.
d) Suitable vacuum-measuring instrumentation.
e) Insulation temperature bridge as described in C.2 or suitable alternatives for determining ins

temperature if vacuum dryout is required.
f) Gas in oil by volume test set.
g) Optional moisture in oil by weight test set or equivalent.

C.2 Determination of insulation dryness

During field installation, vital parts of a transformer are often subjected to inadvertent exposure. The dan
moisture pickup by the insulation structure is generally recognized, and precautions are taken to avoid the en
humid air into the transformer. Perhaps the most difficult source of moisture to control is that from expi
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transpiration, and perspiration of individuals who enter the tank for inspection and fitting operations. Cont
purging with dry air during working hours is usually practiced. Even with these precautions, it is not certa
transformer dryness is maintained.

There is no practical field procedure for measuring with absolute accuracy the all-important average moisture
of the transformer's complex oil-impregnated insulation structure. However, there are procedures, which, if
understood and followed with care, can be used to determine with adequate accuracy the dryness of the trans
is imperative to confirm the dryness of the transformer by the best practical method of measurement.

C.2.1 Moisture determination of cellulosic insulation

Two applicable methods of moisture determination in cellulosic insulation are discussed in order of preferenc

a) Dew point measurement. During recent years, the potential of the dew point measurement techniqu
become recognized. Enough experience has been gained to say that the technique provides an acc
reliable method of moisture determination in a gas space. When used with proper understanding, it c
very useful tool.

The dew point within a closed vessel is responsive to the surface moisture on the insulation. A r
measurement requires that a state of equilibrium be achieved between the surface moisture level and t
surrounding gas space. Equilibrium is reached in 6–12 h. When the insulation atmospheric environ
changed, for example, by the introduction of dry air or dry nitrogen following an installation or inte
inspection, a new period of equilibration must occur for the dew point to adequately represent the 
moisture. Equilibrium exists when, in an otherwise static condition, the moisture content is constant for 6

The migration of moisture internal to oil-impregnated insulation is slow and may require many days, 
some cases weeks, to equalize with the surface moisture. See figure B.2 (annex B). At a uniform temp
moisture migration can be accelerated somewhat by creating a “super-dry” surface moisture condition
manufacturers use the stability of this super-dry surface moisture level over a period of 12–24 h to
whether the internal moisture level is excessively high. A surface moisture level that remains approxi
constant at 0.2% during the 24-h period has been found to imply that the average moisture leve
insulation is probably no greater than the desired 0.5%. Some knowledge of the duration of the expo
moisture must enter into the determination of the vacuum processing period used to remove the 
moisture prior to measurement. It is definitely not suggested, however, that the user try to duplic
manufacturer's attainment of 0.2% surface moisture. On the contrary, it is important that the user not
transformer to a greater degree than was done at the factory. This could result in shrinkage and 
loosening of the insulation. A surface moisture determination of 0.5% in the stage of equilibriu
completely satisfactory for EHV transformers.

The manufacturer's instructions for the dew point measurement should be followed. Knowing the dew
in degrees Celsius, figure B.1 (annex B) can be used to obtain the vapor pressure. If the total pressu
dew point instrument is different from the tank pressure, the measured vapor pressure must be corr
multiplying the measured value by the ratio of the absolute tank pressure to the absolute pressure at
point instrument. Winding resistance can be measured and converted to winding temperature. The in
temperature is assumed to be equal to the winding temperature. The average surface moisture conte
insulation structure can be found using figure B.2 (annex B), based on the insulation temperature 
vapor pressure of the insulation environment.

An example using the following measured conditions illustrates this procedure:
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On figure B.1 (annex B), read the vapor pressure as 100 µm (13 Pa). Correct this vapor pressure to ta
conditions:

On figure B.2 (annex B), read the moisture content 0.75% of the dry weight of insulation at the junct
114 µm (15 Pa) vapor pressure and the insulation temperature of 20 °C.

Local “wet spots” in the insulation cannot be detected readily, although they will raise the measured m
level. It is advisable to measure pressure, temperature, and dew point several times during the eq
period (12–24 h) to assure that equilibrium is achieved. Equilibrium exists when, in an otherwise
condition, the moisture content remains constant for at least 12 h.

Four precautions need emphasis when making a dew point measurement:
1) Equilibrium conditions must be reached
2) Insulation temperature must be known accurately
3) The measuring equipment shall be properly calibrated, and be in good working order
4) It may be necessary to remove the dew point probe or other detector after each use to minimize

of contamination from oil vapor and splashed oil. Contamination will destroy its calibration.

b) Cold trap technique. The requirement for better vacuum during the field processing cycle has mad
application of a cold trap indispensable. A cold trap serves two purposes. First, the contamination
vacuum pump oil is minimized, increasing the efficiency of the pump so as to produce the low vacuum
necessary. Second, it provides the operator with the opportunity to determine the condition of the tran
by measuring the quantity of condensate removed from the transformer. The total quantity of water
insulation can be estimated by knowing both the weight of the insulation and its moisture content in p
by dry weight of insulation. This may be difficult to estimate for an oil-impregnated insulation in a f
exposed situation, but can be done with adequate accuracy. Upon comparing the accumulated w
condensate against the estimate, the condition of dryness can be determined. A comparison of co
weights by 6 h periods will reveal the rate of water removed and can suggest a termination point.

Most cold traps consist of two containers. One is located inside the other. The inside container is fille
a coolant of dry ice and a suitable low-temperature antifreeze. Some utilities have used acetone an
have used trichloroethylene for the antifreeze, but most of these are somewhat hazardous. Presently, 
and isopropyl alcohol are recommended. The outside container has two connections that permit ins
of the cold trap in the vacuum line between the transformer and the vacuum pump. Vapors extracted f
active parts of the transformer are brought in contact with the super-cooled surface of the cold-trap
they condense. For efficient moisture removal, the necessity for a low vacuum and the desirability
addition of heat is again emphasized. Refer to figure B.3(b) and figure B.3(c) (annex B). To obtain a m
content below 0.5% (by dry weight) of the insulation, it will be necessary to use equipment that will 
provide a vacuum below 100 µm (13 Pa) at 30 °C or provide hot-oil-circulating equipment that will raise th
insulation temperature. Figure B.3(b) (annex B) shows that there is a partial pressure differential betw
surface and the inner portions of the insulation. This is true for transformer insulation as well as for
insulation. Field experience demonstrates that these inner regions contain 50% more moisture than fig
(annex B) shows, depending upon the length of the moisture exposure time, transformer insulation des
design and effectiveness of the cold trap, the vacuum line arrangement, and the weather conditions at
of processing.

— Dew point –40 °C

— Insulation temperature 20 °C

— Tank gauge pressure 2 lbf/in2(14 kPa)

— Pressure at dew point—instrument 0 lbf/in2(0 kPa)

— Atmospheric pressure 14.7 lbf/in2(103 kPa)

14.7 2+
14.7

------------------- 100⋅ 114µm 15Pa( )=
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C.2.2 Moisture determination of transformer oil

Frequently, opinion prevails that transformer oil received directly from the refinery is ready to be pumped 
completely processed EHV transformer. Refineries usually supply oil having a moisture content of approxi
30 ppm. Oil that has been degassed, and with a moisture content below 10 ppm at the refinery, will usu
contaminated during the loading and shipping procedures from the condition of the tank car and other expo
that dehydration, degassification, and filtering are necessary before the oil can be pumped into the transfor
figure B.3(d) (annex B). It is prudent to check the moisture condition of the oil before it is placed in the transf
The generally used “Karl Fischer method” is a delicate process which, under the best conditions of laboratory
of samples taken in the field and transported to the laboratory, often produces differences of ±10 ppm, which are
unacceptable. Laboratory repeatability is difficult to achieve. It is desirable to perform the test in the field imme
after the oil sample is taken, using a portable Karl Fischer test set, photovolt aquatest, panametric hygrom
comparable measuring equipment. This can eliminate several factors that lead to inaccuracies.
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An American National Standard

IEEE Recommended Practice for 
Installation, Application, Operation, and 
Maintenance of Dry-Type General Purpose 
Distribution and Power Transformers

1. Scope

1.1 Transformers Covered

This recommended practice covers general recommendations for the application, installation, operation and
maintenance of single and polyphase dry-type general purpose, distribution, power, and auto-transformers of the
following types:

1) Ventilated, indoor and outdoor, self-cooled cooled or forced air cooled
2) Nonventilated, indoor and outdoor, self-cooled or forced air cooled
3) Sealed, indoor and outdoor, self-cooled

1.2 Transformers Not Covered

This recommended practice does not apply to the following:

1) Instrument transformers
2) Step voltage and induction voltage regulators
3) Arc furnace transformers
4) Rectifier transformers
5) Specialty transformers

NOTE  —  Both ventilated and nonventilated transformers may be furnished with windings utilizing materials such as solid
insulating material which allow or require different practices from those required in this recommended practice. In such
equipment the recommendations in this recommended practice may be modified by specific manufacturer’s
recommendations.

1.3 Purpose

This recommended practice is intended for general use in the application, installation, operation, and maintenance of
dry-type transformers manufactured in accordance with ANSI/IEEE C57.12.01-1979 [10]1, ANSI C57.12.50-1980 [2],
ANSI C57.12.51-1981 [3], ANSI C57.12.52-1981 [4] and ANSI/NEMA ST 20-1972 [13]. Familiarity with other
American National Standards applying to dry-type transformers and to their protection is assumed and the provisions
of those standards are indicated herein only for clarity.

1The numbers in brackets correspond to the references listed in Section 2 of this standard.
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2. References

When the following American National Standards referred to in this recommended practice are superseded by a
revision approved by the American National Standards Institute, the latest revision shall be used.

[1] ANSI C2-1981, National Electrical Safety Code2 

[2] ANSI C57.12.50-1981, American National Standard Requirements for Ventilated Dry-Type Distribution
Transformers 1 to 500 kVA, Single Phase: and 15—500 kVA, Three-Phase with High Voltage 601—34 500 Volts, Low
Voltage 120—600 Volts 

[3] ANSI C57.12.51-1981 American National Standard Requirements for Ventilated Dry-Type Power Transformers,
501 kVA and Larger, Three-Phase, with High-Voltage 601 to 34 500 Volts, Low-Voltage 208Y/120 to 4160 Volts 

[4] ANSI C57.12.52-1981, American National Standard Requirements for Sealed Dry-Type Power Transformers,
501 kVA and Larger, Three-Phase, with High-Voltage 601 to 34 500 Volts, Low Voltage 208Y/120 to 4160 Volts 

[5] ANSI C57.12.70-1978, American National Standard Terminal Markings and Connections for Distribution and
Power Transformers 

[6] ANSI C57.12.80-1978, American National Standard Transformer Terminology 

[7] ANSI C57.96-1959, American National Standard Guide for Loading Dry-Type Distribution and Power
Transformers (Appendix to ANSI C57.12 standards) 

[8] ANSI C62.2-1980, American National Standard Guide for Application of Valve-Type Lightning Arresters for
Alternating Current Systems 

[9] ANSI C84.1-1977, American National Standard Voltage Ratings for Electric Power Systems and Equipment
(60 Hz) (includes supplement ANSI C84.1a-1980) 

[10] ANSI/IEEE C57.12.01-1979, IEEE Standard General Requirements for Dry-Type Distribution and Power
Transformers 

[11] ANSI/IEEE C57.12.91-1979, IEEE Standard Test Code for Dry-Type Distribution and Power Transformers 

[12] ANSI/IEEE Std 100-1977, IEEE Standard Dictionary of Electrical and Electronics Terms 

[13] ANSI/NEMA ST 20-1972(R1978), American National Standard for Dry-Type Transformers for General
Applications

[14] ANSI/NFPA 70-1981, National Electrical Code3

[15] IEEE Std 4-1978, IEEE Standard Techniques for High Voltage Testing 

[16] IEEE Std 142-1972, IEEE Recommended Practice for Grounding of Industrial and Commercial Power Systems
(IEEE Green Book) 

[17] ANSI/IEEE C57.98-1968, IEEE Guide for Transformer Impulse Tests (Appendix to C57.12.90) 

2ANSI documents are available from the American National Standards Institute, 1430 Broadway, New York, NY 10018.
3The National Electrical Code is published by the National Fire Protection Association, Batterymarch Park, Quincy, MA 02269. Copies are
available from the Sales Department of American National Standards Institute, 1430 Broadway, New York, NY 10018.
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3. Definitions

ventilated dry-type transformer: A dry-type transformer which is so constructed that the ambient air may circulate
through its enclosure to cool the transformer core and windings.

nonventilated dry-type transformer: A dry-type transformer which is so constructed as to provide no intentional
circulation of external air through the transformer, and operating at zero gauge pressure.

sealed dry-type transformer: Self-Cooled. A dry-type self-cooled transformer with a hermetically sealed tank.

NOTE  —  The insulating gas may be air, nitrogen or other gases, such as fluorocarbons.

4. Application

4.1 Fire Protection

Dry-type transformers are generally applied in locations where minimum fire hazard is essential. They are constructed
of materials designed to operate at high temperatures.

4.2 Unusual Operating Conditions

4.2.1 High Altitude Operation

Dry-type transformers are designed for operation at altitudes not to exceed 1000 m (3300 ft). Operation at greater
altitude requires special precaution. The reduced air density at higher altitudes adversely affects the dielectric strength
of the transformers which depend on air for insulation. Special designs incorporating larger clearances may be
required for high altitude operation. Additional information and correction factors are covered in ANSI/IEEE
C57.12.01-1979 [10]. Reduced air density at high altitudes increases the temperature rise of transformers. The
capability to dissipate heat losses is reduced and, therefore, transformer loading capability may be reduced. Additional
information and data on this is contained in ANSI C57.96-1959 [7].

4.2.2 Impact Loading

ON-OFF switching of loads, such as full voltage starting of motors can place severe mechanical stress on the winding
conductors and support components. Where this type of loading is anticipated, transformer specifications should
describe loading duty. Special design measures may be necessary to restrain the mechanical forces.

4.2.3 Overexcitation

Operation at voltages in excess of rating may cause core saturation and excessive stray losses. This can result in
overheating and abnormally high noise levels. Special care should be taken where overexcitation is anticipated.
See ANSI/IEEE C57.12.01-1979 [10].

4.3 Surge Voltage Protection

Where dry-type transformers are connected to lines subject to lightning exposure or other voltage surges, careful
coordination of transformer BIL levelsand protective surge arresters must be made. The ANSI Surge Attester
Application Guide, ANSI C62.2-1980 [8], and manufacturer’s surge attester product data provides specific
information on over-voltage protection of dry-type transformers. Transformers in systems having solid state control,
which may cause voltage transients and distorted current wave forms require special consideration.
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4.4 Environmental Considerations

4.4.1 Ventilated and Nonventilated Dry-Type Transformers

Ventilated dry-type transformers should not be located in environments containing contaminants including dust,
fertilizer, excessive moisture, chemicals, corrosive gases, oils, or chemical vapors. Ventilated dry-type transformers
are normally designed for installation in dry environments, however, they can be designed for outdoor installations
with additional environmental protection. Both designs will operate successfully where humidity is high, but under
this condition it may be necessary to take precautions to keep them dry if they are de-energized long enough to reach
ambient temperature. Locations where there is falling or driven water or snow, should be avoided. If this is not
possible, suitable protection such as baffling should be specified to prevent moisture from entering the transformer
case. When installed indoors, precautions should be taken to guard against accidental entrance of water such as might
be the result of an open window, a break in a water or steam line, or from the use of water near the transformer.

4.4.2 Sealed Dry-Type Transformers

Sealed dry-type transformers are not affected by moisture and other contaminants as are other types of dry-type
transformers. In general, they may be installed in any environment suitable for liquid insulated transformers. Sealed
dry-type transformers containing insulating gases that condense at low temperatures must be applied with caution
where the transformer is left deenergized for appreciable periods of time. A supplementary heat source may be
required to vaporize the gases prior to energizing the transformer. See 7.3.3.

4.4.3 Hazardous Areas

Specific requirements for dry-type transformers operating in hazardous locations are covered in ANSI/NFPA 70-1981
[14], Articles 500, 501, 502, 503.

4.5 Maintenance Accessibility

4.5.1 

Accessibility for maintenance should be considered when locating dry-type transformers. Transformers should be so
located that there are sufficient clearances from walls and other obstructions and sufficient spacing between
transformers to permit the unrestricted opening of hinged or removable doors, covers, and panels for the purpose of
inspection, maintenance, and testing. Adequate space should be provided to accommodate such barriers and guards as
are necessary to protect personnel performing these functions.

4.5.2 

When located inside buildings, transformer rooms, or enclosures, means should be provided to permit the removal and
replacement of a unit in the event of a failure. A route should be available which provides entrances, doorways, and
passages with sufficient clearances to permit removal of the transformer. Electrical and mechanical connections of the
transformer to other electrical equipment should be of a type which will permit the removal of the transformer without
removal or major disassembly of the other equipment.

4.5.3 

Dry-type transformers located in high rise buildings represent a particular problem of accessibility. In many instances,
particular attention to the design of the transformer may permit the use of the building elevator system for removing
and replacing damaged units. Removal of the transformer enclosure and partial disassembly of the core and coils may
further increase the size of a unit that can be moved by the building elevators. When transformers are too large to be
removed by elevator, a means of removing these transformers should be provided. In many cases, mobile cranes can be
a satisfactory alternate. When mobile cranes are not available or the height of the building is beyond their capability,
booms or cranes mounted on the roof of the building either permanently or temporarily should be considered.
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4.6 Personnel and Public Safety

4.6.1 

Dry-type transformers should be specified to have all necessary protection and safeguards so that they do not represent
a hazard to the general public, workmen in the area, or personnel working on the transformers. To the extent that it is
practical, rooms and spaces in which dry-type transformers are installed should be so arranged with fences, screens,
partitions or walls, or other means to prevent entrance by unauthorized persons. Warning signs should be prominently
displayed at all entrances.

4.7 Room Requirements

4.7.1 

Dry-type transformers located indoors should comply with the application requirements of ANSI/NFPA 70-1981 [14],
Section 450.

4.7.2 

The room in which dry-type transformers are located should be sized to permit locating transformers with sufficient
spacing between units and sufficient clearances to walls and other obstructions to permit the free circulation of air
around each unit. Sufficient space should also be provided to permit routine inspection and maintenance (see 4.5,
Maintenance Accessibility).

4.7.3 

Adequate ventilation is essential for the proper cooling of transformers. Clean, dry air is desirable. Filtered air at or
above atmospheric pressure may reduce maintenance if dust or other contaminants present a particular problem. When
transformers are located in rooms or other restricted spaces, sufficient ventilation should be provided to hold the air
temperature within established limits when measured near the transformer inlets. This will usually require
approximately 100 ft3/min of air per kilowatt of transformer loss. The area of ventilating opening required depends
upon the height of the room, the location of openings, and the maximum loads to be carried by the transformer. Room
ventilation should not impede normal circulation of air through the transformer.

When possible, the air inlet to the room should be near the floor with the outlet in the opposite upper end of the room.
The exhausting air should not exeed 15 °C over the inlet air temperature. When necessary, forced air exhaust should be
used to maintain this maximum differential. For self-cooled transformers, the required effective area should be at least
3 in2 of inlet and outlet area per kilovoltampere of transformer capacity in service except the required effective area
should be at least 1 ft2 for any capacity under 50 kVA, after deduction of the area occupied by screens, gratings, or
louvers.

4.8 Outdoor Applications

4.8.1 

Dry-type transformers may be used in outdoor locations with suitable protective measures such as weather-resistant
enclosures, vehicular traffic guards and adequate drainage.

In addition accessories such as gauges, control, and terminal chambers must be suitably protected. When located in
areas accessible to the general public, the transformer enclosure must be tamper resistant and must otherwise meet the
requirements of ANSI C2-1981 [1].
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4.8.2 

The weather-resistant enclosure may be an integral part of the transformer or separate from the transformer.
The enclosure should be constructed to limit the entry of water (other than flood water) so as not to impair the
operation of the transformer. All ventilating openings should be specified to have baffles, grills, or barriers which
effectively prevent the entry of rain, sleet, or snow.

4.8.3 

Nonventilated dry-type transformers should be provided with a weather-resistant enclosure when used in outdoor
applications.

4.9 Loading

4.9.1 

In general, dry-type transformers are designed to operate continuously at their nameplate kilovoltampere rating. ANSI
C57.96-1959 [7] provides guidance for loading under unusual conditions including:

1) Ambient temperatures higher or lower than the basis for rating
2) Short term loading in excess of nameplate kilovoltampere with normal life expectancy
3) Loading that results in reduced life expectancy

4.9.2 

The most commonly used insulation system classes for dry type transformers are 150 °C, 185 °C, and 220 °C for
average winding temperature rises of 80 °C, 115 °C and 150 °C, respectively. Consideration should be given to the
specific application of the transformer such as the nature of the load to be served, the space available for the
installation, and any weight restrictions before specifying the class of insulation system to be used.

4.10 Audible Sound Control

4.10.1 Audible Sound Sources

The audible sound produced by transformers is due to energizing of the core by the alternating voltage applied to the
windings. This creates vibrations whose fundamental frequency is twice the frequency of the applied voltage. The
vibrations producing audible sound can occur in the core, coil, mounting and in the housing. The transmission of
sound from the transformer can be by various media such as air, metal, concrete, wood or any combination.
Amplification of audible sound can occur in a given area due to the presence of reflecting surfaces.

4.10.2 Control of Audible Sound Sources

The core and coil mounting bolts should be adjusted to the manufacturer's recommendation. Other bolts, fasteners and
devices should be examined for possible audible sound sources.

Vibration isolators installed between the transformer and its mount will reduce case vibration and compensate for
slight unevenness of the mount. They should be sized for the appropriate loading at the fundamental frequency.

The transformer housing must be securely fastened to the mount to eliminate possible sound generation.

Fans used for ventilation should be studied carefully for their contribution to the general audible sound level.
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4.10.3 Control of Audible Sound Transmission

Flexible connections should be used on all incoming and outgoing lines to reduce vibration transmission.

Acoustical absorbing material should be mounted on reflecting surfaces to reduce sound transmission and possible
amplification. Transformers should be mounted on a firm support having as great a mass as possible. Vibration pads or
properly designed springs will reduce transmittal of sound considerably.

A careful study of the location of vaults within buildings can go far toward not only reducing sound but also reducing
complaints. If practicable, vaults should not abut sleeping areas, study areas, or other frequently occupied areas where
the ambient sound level is low.

Interrupting the sound transmission medium can also be considered during initial vault or pad construction. This could
include installing sound absorbing foam, etc, in ceilings and walls or separating the transformer pad from foundation
construction.

5. Installation

5.1 Visual Inspection

5.1.1 Inspection upon Receipt

5.1.1.1 

New transformers should be inspected when received before removing from cars or trucks to determine if any damage
is evident or if there is any indication of rough handling. A claim should be filed with the carrier at once and the
manufacturer notified if damage is evident. Megohmeter and ratio tests may be performed as part of the inspection
procedure. On sealed dry-type transformers, internal tank pressure should be checked to assure the integrity of the tank
seal.

5.1.1.2 

If there is evidence of damage, an internal inspection will be required. In this inspection, note should be made of loose
or broken connections, damaged or displaced parts, cracked insulators, dirt or foreign material and of evidence of free
water or moisture Corrective measures should be taken where necessary. For drying procedures see 8.3.

5.1.1.3 

The internal inspection of a ventilated dry transformer can be readily accomplished at a suitably clean and dry location
on the site.

5.1.1.4 

The internal inspection of a sealed dry transformer may be made on the site or at the factory as determined between the
owner and the manufacturer. The tank cover should be removed only after the insulating gas has been removed per the
manufacturer's recommendations.

NOTE  —  Proper precautions must be taken where the insulating gas is toxic or can cause asphyxiation.
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5.1.2 Inspection Prior to Energization

5.1.2.1 

After a transformer is moved, or if it is stored before installation, the inspection should be repeated before placing the
transformer in service.

5.1.2.2 

After the transformer is placed in permanent position, shipping braces should be removed, and shipping bolts,
if present, should be loosened or removed per manufacturer's recommendations.

5.1.2.3 

Before placing in service, check the operation of fans, motors, relays, and other auxiliary devices. Verify the selection
of taps and ratio connections. Check tightness and clearance of all electrical connections.

5.1.2.4 

Before placing a sealed dry transformer in service the tank should be checked for pressure tightness, and to assure the
gauge indicates the proper pressure at the specific ambient temperature recorded. If the tank pressure is appreciably
less than that indicated on manufacturer's charts for a given ambient temperature, the unit should be checked for leaks,
repaired and make-up gas added per manufacturer's maintenance instructions.

5.2 Handling

5.2.1 Handling in Inclement Weather

Dry-type transformers can be handled much like liquid-immersed transformers except that greater care may be
required because of the lighter case or higher center of gravity. If it is necessary to handle ventilated indoor dry-type
transformers outdoors during inclement weather, they should be thoroughly protected against the entrance of dust, rain
or snow.

5.2.2 Precautions in Lifting

When lifting a transformer, the lifting cables should be held apart by a spreader to avoid bending the lifting lugs or
other parts of the structure. Lifting cable pull angles should not be greater than 30° from the vertical. Lifting of sealed
dry transformers with the tank covers removed is not recommended.

5.2.3 Skidding or Rolling

When a transformer cannot be handled by a crane, it may be skidded or moved on rollers. Care must be taken not to
damage the base or overturn the transformer.

5.2.4 Protection of Accessories

Care must be exercised not to jolt or jar the transformer in the handling process. Do not attempt to move a transformer
by attaching to filling valves or other attachments. Where a transformer is required to be tilted for movement through
restricted passages, the manufacturer should be consulted relative to acceptable tilt angles.

5.3 Grounding

Consideration must be given to equipment grounding (case and core grounding) and to system grounding
(such as neutral or other grounding). Grounding methods and practices are well established and are beyond the scope
of this recommended practice. ANSI/ IEEE Std 142-1972 [16] is a recent publication on this subject and contains an
extensive bibliography.
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6. Testing

6.1 General

Preservice tests should be made after installation and prior to placing a new transformer in service to determine
serviceability, and to record data for future comparison.

Periodic tests should be made as a preventive maintenance procedure. Tests should also be made before reinstalling a
dry type transformer that has been out of service or has been repaired.

If a transformer is known to be wet or if it has been subjected to unusually damp conditions, it should be dried out
before testing. See 8.3.

6.2 Preservice Tests

6.2.1 

It is recommended that the following preservice tests be made before placing a new transformer in service to determine
that it is in satisfactory operating condition and to obtain data for future comparison:

1) Insulation resistance test
2) Applied-voltage test (distribution andpower transformers)
3) Ratio test

6.2.2 

The following additional tests may be made if desired:

1) Resistance measurements of windings
2) No load losses and excitation current
3) Polarity and phase relation
4) Induced-voltage test (requires frequency above 60 Hz)
5) Power factor test

NOTE  —  The insulation system power factor of a dry-type transformer is a function of the type of winding design and the type of
insulating materials used in the windings plus other possible design variables. As a result, it is not possible to specify a
single satisfactory power-factor value. However, data on changes in power factor over a period of time may prove useful,
particularly when considered in conjunction with other maintenance test data such as insulation resistance. Care must be
exercised in recording atmospheric conditions (humidity, temperature), insulation system temperature, time since being
energized and when the transformer was last cleaned, all of which influence the power factor. See ANSI/IEEE
C57.12.91-1979 [11] for further information on how this test should be conducted.

6.3 Periodic Tests

6.3.1 

It is recommended that the following tests be made as preventive maintenance tests before reinstalling a dry-type
transformer that has been out of service:

1) Insulation resistance test
2) Applied-voltage test
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6.3.2 

The following tests are recommended if the unit has beenrepaired or may be made, if desired, as periodic tests:

1) Resistance measurements of windings
2) Voltage ratio
3) No load losses and excitation current
4) Polarity and phase relation
5) Induced-voltage test
6) Power factor test (see 6.2.2 note)

If any of these tests are made, it is preferable that they be made before the applied-voltage test.

6.4 Test Procedures

6.4.1 Insulation Resistance Test

The insulation resistance test is of value for future comparative purposes and also for determining the suitability of the
transformer for the applied-voltage test. The insulation resistance tests should be made before conducting the applied
voltage test. The insulation resistance is measured in accordance with ANSI/IEEE C57.12.91-1979 [11]. For purpose
of future comparison, the test data should be recorded with temperature and humidity at the time of measurement.

The insulation resistance of dry-type transformer insulation systems in their new and dry condition is a function of the
type of winding design and the types of material used in the insulation system. This makes it difficult to set minimum
acceptable insulation resistance values that are realistic for the wide variety of insulation systems that are in use and
performing satisfactorily. If a transformer is known to be wet or if it has been subject to unusually damp conditions, it
should be dried before application of the applied voltage test or before being placed in service without regard to
insulation resistance test value.

Due to the variety of insulation systems that are in use, it is recommended that the minimum insulation resistance
specified in the manufacturer's instructions be followed.

In the event the manufacturer's recommended values are not available, the following minimum readings may be used:

Normally, dried transformers may be expected to have readings 5 to 10 times the above minimum values.

6.4.2 Applied-Voltage Test

Both dc and ac sources are acceptable for applied-voltage testing. Test methods are described in ANSI/IEEE Std
4-1978 [14] and ANSI/IEEE C57.12.91-1979 [11]. Initial installation tests using ac test equipment should be
limited to 75% of factory test value and routine ac maintenance tests to 65% of factory test value. If dc test
equipment is used, the test voltage should not exceed factory rms test voltage. Standard factory rms test voltages
are given in ANSI/IEEE C57.12.01-1979 [10].

Winding 
kV Class

Insulation 
Resistance 

(MΩΩ)
1.2 600

2.5 1000

5.0 1500

8.7 2000

15.0 3000
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7. Operation

7.1 Safety

The integrity of the transformer case must not be jeopardized while the transformer is energized. The no load tap
changer (when supplied) must not be operated while the transformer is energized for reasons of personal safety and
damage to the transformer.

7.2 Effect of Humidity on Ventilated and Nonventilated Dry-Type Transformers

While the transformer is in service, humidity conditions are generally not important. In the event that a dry-type
transformer is de-energized and allowed to cool to ambient temperature, consideration must be given to the possible
effects of humidity.

If a shutdown exceeds 24 hours, particularly if atmospheric conditions are such as to cause condensation within the
housing, precautions should be taken. Small strip heaters may be energized in the bottom of the unit shortly after
shutdown to maintain the temperature of the unit a few degrees above that of the outside air. If such precautions are not
taken the unit should be inspected for evidence of moisture, and insulation resistance checked. If there is evidence of
moisture or if the insulation resistance is low, the transformer should be dried.

7.3 Effect of Pressure on Sealed Dry-Type Transformers

7.3.1 

Gas density in the transformer tank affects the dielectric strength and heat transfer capability. If the gas pressure in the
tank is less than the design value, the transformer may be unable to carry rated load without exceeding rated
temperatures. Operating records should be kept of the pressure-temperature-load relation.

7.3.2 

The overload capacity is limited not only by winding hot-spot temperatures but also by the tank pressure. On
overloads, the pressure will increase in proportion to the increase of inside gas temperature. It is recommended that the
maximum pressure rating of the tank not be exceeded, otherwise tank distortion may result.

7.3.3 

Transformers containing gases which condense at low temperatures should not be energized if this condition exists.
When such a gas condenses, the tank pressure will drop abruptly and if the temperature continues to drop, a partial
vacuum will exist. Before energizing, a supplementary heat source will be required to vaporize the medium to a
gaseous state. The transformer manufacturer should be consulted for the proper procedure.

7.3.4 

If there is reason to suspect that moisture has entered the transformer while in transit or storage, it should be checked
for dryness before being energized. This can be done by making a power factor or insulation resistance test.
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8. Maintenance

8.1 Periodic Inspection and Maintenance

8.1.1 Caution

Before entering or working on the transformer, it should be de-energized and the tank (case) grounded. This ground
should be connected to all transformer winding terminals. These connections must be removed before the transformer
is placed in service. For sealed units the tank must be purged with air before entering.

8.1.2 Inspection of Ventilated and Nonventilated Dry-Type Transformers

Like other electric equipment, transformers require maintenance from time to time to assure successful operation.
Inspection should be made at regular intervals and corrective measures taken when necessary to assure the most
satisfactory service from this equipment. Evidence of rusting, corrosion, and deterioration of the insulation, varnish or
paint should be checked, and corrective measures taken when necessary. Auxiliary devices should be inspected and
serviced during these inspection periods.

Windings should be inspected for dirt, especially accumulations on insulating surfaces or where it would tend to
restrict air flow, for loose connections, for the condition of tap changers or terminal boards, and for the general
condition of the transformer. Observation should be made for signs of overheating and overvoltage creepage on
insulating surfaces as evidenced by tracking or carbonization.

The frequency at which ventilated and nonventilated dry transformers should be inspected depends on operating
conditions. For clean dry locations an inspection annually, or a longer period, may be sufficient, however, for other
locations, such as may be encountered where the air is contaminated with dust or chemical fumes, a more frequent
inspection may be required. Usually after the first few inspection periods, a definite schedule can be set up based on the
existing conditions.

8.1.3 Maintenance Ventilated and Nonventilated Dry-Type Transformers

Accumulations of dirt on the windings or insulators of ventilated and nonventilated dry transformers should be
removed to permit free circulation of air and to guard against the possibility of insulation breakdowns. Particular
attention should be given to cleaning top and bottom ends of winding assemblies, and to cleaning ventilating ducts.

The windings may be cleaned with a vacuum cleaner, a blower, or with compressed air. The use of a vacuum cleaner
is preferred as the first step in cleaning followed by the use of compressed air or nitrogen. Care should be taken to
maintain adequate ventilation during cleaning. The compressed air or nitrogen should be clean and dry and should be
applied at a relatively low pressure (not over 25 lb/in2 ). Lead supports, tap changers and terminal boards, bushings,
and other major insulating surfaces should be brushed or wiped with a dry lint free cloth. The use of liquid cleaners is
undesirable because some of them have a solvent or deteriorating effect on most insulating materials.

8.1.4 Sealed Dry Types

For sealed dry types, the gas pressure must be maintained and periodically checked. Inspection items should include
bushings, tank and accessories.
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8.2 Storage

8.2.1 Ventilated and Nonventilated Dry-Type Transformers

Condensation and moisture absorption must be prevented during storage. Ventilated and nonventilated dry
transformers should be stored in a warm, dry location. Openings should be covered to keep out dust. If outdoor storage
cannot be avoided, the transformers must be protected to prevent the entrance of water, moisture, and other foreign
material. Electric heaters may be installed inside the transformer enclosure to prevent condensation during storage.

8.2.2 Sealed Dry-Type Transformers

No special precautions are necessary for sealed transformers except to provide mechanical protection for bushings,
valves, and similar protrusions. Bushing shipping covers when supplied, should be left in place during storage. The
transformer internal gas pressure should be checked when placed in storage and again when removed and if evidence
of a leak is found, the unit should be checked for dryness. (See 7.3.4)

8.3 Drying Core and Coil Assembly

8.3.1 General

When it is necessary to dry a transformer before installation or after an extended shutdown one of the following
methods may be used:

1) Internal heat
2) External heat
3) External and internal heat

Before applying any of these methods, free moisture should be blown or wiped off of the windings to reduce drying
time.

8.3.2 Drying by Internal Heat

Drying by internal heat is the preferred method of drying a transformer in place. It is fast and safe. An adequate source
of impedance voltage is required. The transformer should be located to allow free circulation of air through the coils
from the bottom to the top of the case. One winding should be short-circuited, and sufficient voltage at normal
frequency should be applied to the other winding to circulate approximately 50—100% of normal current. Generally,
the voltage required will be the rated voltage times the per unit impedance. Provision should be made to control the
rate of temperature rise and to limit the maximum winding temperature. It is recommended that the winding
temperature not be allowed to exceed a temperature equal to average winding temperature rise or 100 °C which ever
is greater as measured by resistance or by thermometers placed in the ducts between the windings. The thermometers
used should be of the spirit type because mercury thermometers give erroneous readings due to the generation of heat
in the mercury as a result of induced eddy currents and if broken, may contaminate the windings and cause a health
hazard. The thermometer should be in physical contact with the winding insulation. The end terminals of the windings
(and not the taps) must be used in order to circulate current through the entire winding. Proper precaution should be
taken to protect the operator from dangerous voltages.

8.3.3 Drying by External Heat

External heat may be applied to the transformer by one of the following methods:

1) By placing the core and coil assembly in a suitably ventilated oven
2) By directing heated air into the bottom air inlets of the transformer case
3) By placing the core and coil assembly in a non flammable enclosure with openings at the top and bottom

through which heated air can be circulated.
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It is important that most of the heated air passes through the winding ducts and not around the sides. Good ventilation
is essential in order that condensation will not take place in the transformer itself or inside the case. A sufficient
quantity of air should be used to assure approximately equal inlet and outlet temperatures.

When using either of the latter two external heating methods, heat may be obtained by the use of resistance grids or
space heaters. These may either be located inside the case or enclosures or may be placed outside and the heat blown
into the bottom of the case or enclosure. The core and coil assembly and any accessories such as fan motors should be
carefully protected against direct radiation from the heaters.

It is recommended that the air temperature not exceed 110 °C.

8.3.4 Drying by External and Internal Heat

This is a combination of the two methods previously described and is by far the quickest method. The transformer core
and coil assembly should be placed in a nonflammable enclosure or kept in its own case, if suitable, and external heat
applied as described in the second method and current circulated through the windings as described in the first method.
The current required will be considerably less than when no external heating is used but should be sufficient to produce
the desired temperature of the windings. It is recommended that the temperatures attained not exceed those stated in
the foregoing.

8.3.5 Determining Drying Time

8.3.5.1 General

Drying time depends on the condition of the transformer, size, voltage, amount of moisture absorbed, and the method
of drying used.

8.3.5.2 Measurement of Insulation Resistance

The measurement of insulation resistance is of value in determining the status of drying. Measurements should be
taken before starting the drying process and at two-hour intervals during drying. The initial value, if taken at ambient
temperature, may be high even though the insulation may not be dry. Because insulation resistance varies inversely
with temperature, comparative readings should be taken when the transformer temperature is relatively constant.
As the transformer is heated, the presence of moisture will be evident by the rapid drop in resistance measurement.
Following this period, the insulation resistance will generally increase gradually until near the end of the drying period
when it will increase more rapidly. Sometimes it will rise and fall through a small range before steadying because
moisture in the interior of the insulation is working out through the initially dried portions. A curve with time as
abscissa and resistance as ordinate should be plotted and the drying should be continued until the insulation resistance
levels off and remains relatively constant for three to four hours. A typical curve is shown in Fig 1. Insulation
resistance measurements should be taken for each winding to ground with all windings grounded except the one being
tested. Before taking insulation resistance measurements the winding should be short-circuited and grounded for at
least one minute to drain off any static charge. All readings should be taken after the same time interval following
application of the test voltage, preferably one minute.
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Figure 1— Typical Drying Curve for Transformer Windings

8.3.5.3 Caution

Constant attendance during the drying process is desirable. It is advisable to have a suitable fire extinguisher
convenient for use in an emergency.

8.3.6 Drying Sealed Dry Type Transformers

Sealed dry-type transformers will require drying only if the seal is broken, allowing moisture to enter the tank.

8.3.6.1 

To remove the moisture from a sealed dry-type transformer it will be necessary to circulate air through the core and
coils. This may involve untanking the transformer. The drying operation can then proceed as with a ventilated dry
transformer.

8.3.6.2 

Before resealing the case, purge with dry nitrogen to remove air and free moisture. Follow by refilling the case with the
recommended gas at the pressure and temperature designated by the manufacturer. There are special precautions and
procedures to be followed on tanking and untanking sealed dry type transformers. The manufacturer should be
consulted.
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Introduction

 

(This introduction is not part of IEEE Std C57.96-1999, IEEE Guide for Loading Dry-Type Distribution and Power
Transformers.)

 

This guide covers loading dry-type distribution and power transformers with 80 °C, 115 °C, and 150 °C
average winding rises, and has been developed to cover modern dry-type transformers through 10 000 kVA.

The 150 °C, 180 °C, and 220 °C insulation systems meet the thermal evaluation criteria established by
IEEE Std C57.12.56-1986.

 

a

 

Work completed by the IEEE Insulation Subcommittee, comprising life test on transformer models, is the
basis for the insulation life vs. temperature relationship, designated as minimum life expectancy in
IEEE Std C57.12.56-1986, which in turn is based on the Arrhenius reaction rate theory. To avoid ambiguity,
this guide will use the term 

 

normal life expectancy

 

 to indicate the life to be expected at a given temperature.
The normal life expectancy at 140 °C, 175 °C, and 210 °C hottest-spot temperature in a 30 °C ambient for 80
°C, 115 °C, and 150 °C rise transformers, respectively, is 20 y.

The load profile used in the preparation of the loading tables in this guide was chosen as a representative
daily cycle. Loss of life was determined by computer computation of the actual hottest-spot profile for the
load cycle and ambient conditions. This method of calculation is more accurate than previous methods.
Hand-calculation methods are illustrated in Clause 6.

The assumed characteristics were obtained by a consensus of users and manufacturers as being the best typ-
ical characteristics for modern transformers.

Annex A of this guide was developed for ventilated dry-type distribution and power transformers with solid-
cast and/or resin-encapsulated epoxy windings manufactured in accordance with IEEE Std C57.12.01-1998.
This annex contains complete information for loading cast-resin transformers. Reference to the main part of
the guide is not required.

There are many cast-resin transformer designs available with different insulation temperature classes. Cur-
rent practice by manufacturers has been to rely on tests of individual materials to determine the rated insula-
tion temperature class to assign to their designs. Operating experience indicates that this gives acceptable
life when cast-resin transformers are operated at nameplate ratings. At the present time industry has not
established Arrhenius insulation aging curves to give loss of insulation life for cast-resin transformer wind-
ings operated above the rated insulation temperature class.

The loading recommendations and equations presented represent the best available information based on a
consensus of users and manufacturers of cast-resin transformers at the time this guide was approved.
Although this document is not a performance standard, it is expected that manufacturers will perform testing
to substantiate their performance claims and demonstrate that the loading of their designs equals or exceeds
these recommendations. 

 

a

 

Information on references can be found in Clause 2 and A.2.
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IEEE Guide for Loading Dry-Type 
Distribution and Power Transformers

 

1. Overview

 

1.1 Scope 

 

This guide covers general recommendations for the loading of dry-type distribution and power transformers
that have 80 °C, 115 °C, and 150 °C average winding rises and insulation systems limited to 150 °C, 180 °C,
and 220 °C maximum hottest-spot operating temperatures, respectively. The guide includes recommenda-
tions for ventilated, nonventilated, and sealed dry-type transformers having impregnated insulation systems.
For more specific recommendations for a particular transformer, the manufacturer of that transformer should
be consulted.

 

1.2 General information

 

It must be recognized that the recommendations given in this guide are based solely on the thermal charac-
teristics of dry-type transformers. Loads above rating, based on this guide, may be applied only after a
thorough study has been made of all the other various limitations that may be involved. Among these limita-
tions are gas expansion and pressure in sealed dry-type units and, in both ventilated and sealed transformers,
the thermal capability of associated equipment, such as bushings, leads, connections, tap changers; and ancil-
lary equipment, such as cables, reactors, circuit breakers, disconnecting switches, and current transformers.
Also, limitations may be imposed by voltage regulation necessary for satisfactory operation of connected
apparatus and by the increased operating costs due to the higher losses accompanying loads above nameplate
rating. These may constitute the practical limit on load-carrying ability and should be considered before
applying loads in excess of nameplate rating.

It is intended that dry-type transformers be installed based on the recommendations given in
IEEE Std C57.94-1982.

 

1

 

 If dry-type transformers are installed in subsurface vaults or enclosures of mini-
mum size where the natural ventilation is insufficient to prevent marked changes in the ambient temperature
with changes in transformer losses, then the increase in effective ambient temperature for expected increased
transformer losses must be determined before loading limitations can be estimated.

Dry-type transformers are generally designed to permit loading in line with these guides, but if there are any
questions as to the capability of a particular transformer to carry the desired load, the manufacturer should
be asked for specific recommendations.

 

1

 

Information on references can be found in Clause 2.
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1.3 Transformer life expectancy

 

Recommendations in this guide are based on life expectancy of transformer insulation as affected by operat-
ing temperature and time.

Transformer life expectancy at various operating temperatures is not accurately known, but the information
given regarding loss of life of insulation is considered to be conservative, and the best that can be produced
from present knowledge of the subject. (The effects of temperature on insulation life are being investigated
continuously, and new findings may affect future revisions of the guide. The word 

 

conservative

 

 is used in the
sense that the expected loss of insulation life for recommended load will not be greater than the amount
stated.)

 

1.4 Transformer rated output

 

The rated kilovolt-ampere output of a transformer is that load that it can deliver continuously at rated sec-
ondary voltage and rated frequency without exceeding the specified temperature rise under usual service
conditions, as described in Clause 4 of IEEE Std C57.12.01-1998. The term 

 

rated output

 

 or 

 

rated load

 

 used
in this guide refers to nameplate rating of continuously rated transformers. For transformers that do not have
a continuous rating, the manufacturer should be consulted for additional information when such information
is not indicated on the nameplate.

The temperature rise on which the rating is based takes into consideration the experience of the industry
regarding the following:

a) Insulation life as affected by operating temperature; and

b) The ambient temperature assumed to exist throughout the life of the transformer.

The actual output that a transformer can deliver at any time in service, without undue deterioration of the
insulation, may be more or less than the rated output, depending upon the ambient temperature, altitude, and
other attendant operating conditions.

 

1.5 Aging of insulation

 

Aging or deterioration of insulation is a function of time and temperature. Since, in most apparatus, the tem-
perature is not uniform, the part that is operating at the highest temperature will ordinarily undergo the greatest
deterioration. Therefore, aging studies consider the aging effects produced by the highest temperature.

Practically all of the data in reference to the aging of insulation at different temperatures has been obtained
in laboratory tests in which the changes in mechanical or electrical properties, or both, have been measured.
The relation between the life expectancy of insulation, as indicated by laboratory tests, and the actual life of
a transformer is largely theoretical; thus loading based on such information should be tempered by sound
judgment based on experience.

Because the cumulative effects of temperature and time in causing deterioration of transformer insulation are
not thoroughly established, it is not possible to predict with a great degree of accuracy the length of life of a
transformer, even under constant or closely controlled conditions, much less under widely varying service
conditions.

The change in rate of deterioration with change in temperature has been widely studied, but the amount of
change in actual transformer life with a change in operating temperature remains debatable. However, there
is agreement that, in all of the methods of calculating the effect of operating temperature on insulation life,
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higher than normal operating temperatures, whether they are due to loads above rating or to high ambients,
result in some reduction in transformer life expectancy.

The many variables mentioned, and particularly the many varying conditions of load and ambient to which a
transformer can be subjected in service, make it impossible to give precise rules for the loading of transform-
ers. However, it is possible to give suggested loadings under specified conditions to assist the user in making
loading decisions.

 

1.6 Ambient temperature

 

Ambient temperature is an important factor in determining the load capability of a transformer, since the tem-
perature rise for any load must be added to the ambient to determine the operating temperature. Whenever the
actual ambient temperature can be determined from readings taken at the time of the load being considered,
such temperatures should be used to determine the winding hottest-spot temperature and the load capability
of the transformer.

It is often necessary to predict the load that a transformer can carry with no sacrifice of life expectancy at
some future time when the actual ambient temperature is unknown. For dry-type transformers used in indoor
installations, the ambient temperature can be approximated from heating or air conditioning records of the
installation. For transformers used outdoors, the ambient temperature for the month in which the expected
load is anticipated can be obtained from reports gathered by the Climatic Services Branch of the National
Climatic Data Center, which is a part of the National Oceanic and Atmospheric Administration. These
reports are available for areas throughout the world.
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These ambients should be used as follows:

a) For loads with normal life expectancy, use the average temperature over a period of years for the
month involved.

b) For short-time loads above rating with moderate sacrifice of life expectancy, use the average of the
daily maximum temperatures for the month involved, averaged with similar values for the same
month over a period of years.

 

1.7 Influence of ambient temperature

 

The average ambient temperature should cover periods of time not exceeding 24 h, with the maximum tem-
perature not more than 10 °C greater than the average temperature. For each degree Celsius that the average
temperature of the cooling air is above or below 30 °C, a transformer may be loaded below or above its
nameplate kilovolt-ampere rating for any period of time, as specified in Table 1.  

Loading on the basis of ambient temperature with the loads permitted by Table 1 can give approximately the
same life expectancy as if the transformers had been operated at nameplate rating and standard ambient tem-
peratures over the same period. The operation of transformers in cooling air above 50 °C, or below 0 °C, is not
covered by Table 1; the manufacturer should be consulted for these operating conditions. Since the ambient
temperature is an important factor in determining the load capability of a transformer, it should be controlled
for indoor installations by adequate ventilation, and it should always be considered in outdoor installations.

 

1.8 Influence of altitude on loading

 

Because transformers are dependent upon air for dissipation of heat loss, the effect of the decreased air den-
sity due to high altitude is to increase the temperature rise of the transformers.
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This information can be obtained by writing to the National Climatic Data Center, Federal Bldg., Asheville, NC 28801.
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Transformers may be operated at rated kilovolt-amperes at altitudes greater than 1000 m (3300 ft) without
exceeding temperature limits, provided the average temperature of the cooling air does not exceed the values
of Table 2 for the respective altitudes. The data included in Table 2 apply to ventilated dry-type transformers
only, and are not applicable to sealed and nonventilated dry-type transformers.

Transformers may be operated in a 30 °C ambient at altitudes greater than 1000 m (3300 ft) without exceed-
ing temperature limits, provided the load to be carried is reduced below rating by the percentages given in
Table 3 for each 100 m (330 ft) that the altitude is above 1000 m (3300 ft).

 

Table 1—Self-cooled continuous loading on basis of average ambient temperature

 

Type of unit Maximum rated hottest-
spot temperature (

 

°

 

C)

Hottest-spot 
temperature in a 30

 

 °

 

C 
ambient (

 

°

 

C)

Percent of rated kVA/

 

°

 

C 
increase for average ambient 

less than 30 

 

°

 

C, or decrease for 
average ambient greater than 

30 

 

°

 

C

 

Ventilated 
self-cooled

150 140 (0.57)

180 170 (0.43)

220 210 (0.35)

Sealed 
self-cooled

150 140 (0.65)

180 170 (0.49)

220 210 (0.40)

 

Table 2—Maximum allowable 24 h average temperature of cooling air, in 

 

°

 

C, for operation at 
rated kVA under unusual temperature and altitude conditions

 

Type of Apparatus

Altitude

1 000 m
(3 300 ft)

2 000 m
(6 600 ft)

3 000 m
(9 900 ft)

4 000 m
(13 200 ft)

Class AA

 

80 

 

°

 

C rise 30 26 22 18

115 

 

°

 

C rise 30 24 18 12

150 

 

°

 

C rise 30 22 15 7

 

Class AA/FA and AFA

 

80 

 

°

 

C rise 30 22 14 6

115 

 

°

 

C rise 30 18 7 –5

150 

 

°

 

C rise 30 15 0 –15

 

Table 3—Rated kVA derating factors for altitudes greater than 1000 m (3300 ft) 
at 30 

 

°

 

C average ambient temperature

 

Type of transformer Types of cooling Derating factor (%)

 

a

 

a

 

For each 100 m (330 ft).

Dry-type, self-cooled AA 0.3

Dry-type, forced-air-cooled AA/FA and AFA 0.5
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(withdrawn).
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IEEE Std C57.110-1998, IEEE Recommended Practice for Establishing Transformer Capability When Sup-
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3. Basic loading conditions for normal life expectancy

 

3.1 Basic conditions

 

The basic loading conditions of a transformer for normal life expectancy are as follows:

a) The transformer is continuously loaded at rated kilovolt-amperes and rated delivered voltage.

b) The average temperature of the cooling air during any 24 h period is equal to 30 °C and the temper-
ature of the cooling air at no time exceeds 40 °C.

c) The altitude does not exceed 1000 m (3300 ft).

The hottest-spot temperature of the winding is the sum of the ambient temperature, the average temperature
rise, and the hottest-spot allowance. For dry-type transformers operating continuously under the foregoing
conditions, the hottest-spot temperature has been assumed to be 140 °C for transformers incorporating
Class 150 °C limiting temperature insulation system; 170 °C for transformers incorporating Class 180 °C
limiting temperature insulation system; and 210 °C for transformers incorporating Class 220 °C limiting
temperature insulation system in a 30 °C ambient. These hottest-spot temperatures are expected to yield a
normal life expectancy of 20 y for transformers covered in this guide.

Unusual service conditions, as given in 4.2 of IEEE C57.12.01-1998, are not covered by this guide.

Years of experience have indicated that a transformer rated in accordance with IEEE C57.12.01-1998 and
operated under the foregoing conditions will have an economically acceptable life.

 

3

 

 

 

IEEE publications are available from the Institute of Electrical and Electronic Engineers, 445 Hoes Lane, P.O. Box
1331 Piscataway NJ 08855-1331 USA (http://www.standards.ieee.org/).

 

4

 

IEEE Std C57.12.59-1989 has been withdrawn; however copies can be obtained from Global Engineering, 15 Inverness
Way East, Englewood, Colorado 80112, USA (http://global.ihs.com/).
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3.2 Loading for life expectancy under specified conditions

 

Transformers may be loaded above rated kilovolt-amperes with no sacrifice of life expectancy if the loads
and the load correction factors are applied under the conditions specified in 3.3, 3.4, 3.5, and 3.6.

The loading values and corrections given here are compromise values for a wide variety of transformers, and
they have been selected so that allowable loads for practically all transformers covered by this guide will be
at least as great as those given.

 

3.3 Loading determined by measured temperature

 

Dry-type transformers may be loaded above rating for any period of time with normal life expectancy, pro-
vided that the 24 h average hottest-spot temperature of 210 °C for sealed units; and 140 °C, or 170 °C, or
210 °C for ventilated units, is not exceeded for transformers with 150 °C, 180 °C, and 220 °C insulation sys-
tems, respectively. Hottest-spot temperatures may be obtained from hottest-spot temperature indicators if
they are available.

Because of the variations in the gradient between the winding conductor hottest-spot temperature and the top
air or top gas temperature of various designs under full load, neither inside air temperature for ventilated or
nonventilated dry-type transformers nor top gas temperature should be used alone as a guide in loading
transformers. However, either may be used as a guide in loading if the variation of the winding conductor
hottest-spot rise over inside air or gas temperature is known.

 

3.4 Loading on the basis of short-time loads

 

The permissible load on dry-type transformers may be increased above rated load for short times by the mul-
tipliers shown in Table 4, Table 5, and Table 6, provided that 

a) The short-time peak load occurs not more than once in any 24 h period.

b) The short-time peak load does not exceed the values listed in Table 4, Table 5, and Table 6.

c) The short-time peak load follows, and is followed by, either a constant load or an equivalent constant
load calculated by means of 6.1.

d) The limitations of 1.2 and the basic conditions of 3.1 are met.

The values given in Table 4, Table 5, and Table 6 were obtained from a computer program described in 6.3
and a time constant of 30 min was used for each of the insulation systems. The time constant of 30 min was
chosen as a conservative value for all dry-type transformers. If data is available for a different time constant,
similar tables can be generated using the computer program in 6.3. Care should be taken by users of the
computer program to avoid load cycles that exceed the maximum temperatures given in Table 4, Table 5, and
Table 6 without a thorough investigation for abnormal consequences.

 

3.5 Effects of various factors existing at one time

 

When two or more of the following factors affecting loading for normal life expectancy exist at one time, the
effects are cumulative and the increase in loads due to each may be added to secure the maximum suggested
load. (Each increase must be based on rated kilovolt-amperes.)

a) Loading on basis of ambient temperature;

b) Loading on basis of measured temperature rise;

c) Loading on basis of short-time loads above rating.            
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Table 4—Daily loads above rating to give normal life expectancy in 20 

 

°

 

C average ambient 
for transformers with a 30 min time constant

 

Peak load time 
in hours

Times rated kVA

150 

 

°

 

C insulation system following and followed by a constant load of

90%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

70%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

50%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

 

1/2 1.56 (210) 1.64 (217) 1.71 (220)

1 1.37 (196) 1.42 (203) 1.45 (206)

2 1.27 (181) 1.29 (185) 1.30 (186)

4 1.19 (165) 1.21 (169) 1.21 (169)

8 1.14 (155) 1.14 (156) 1.15 (158)

 

Peak load time 
in hours

180 

 

°

 

C insulation system following and followed by a constant load of

90%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

70%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

50%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

 

1/2 1.49 (255) 1.57 (261) 1.64 (266)

1 1.32 (239) 1.36 (245) 1.39 (249)

2 1.23 (221) 1.24 (224) 1.26 (229)

4 1.16 (204) 1.17 (206) 1.18 (209)

8 1.11 (191) 1.12 (194) 1.12 (194)

 

Peak load time 
in hours

220 

 

°

 

C insulation system following and followed by a constant load of

90%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

70%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

50%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

 

1/2 1.38 (282) 1.47 (290) 1.53 (292)

1 1.25 (269) 1.28 (274) 1.31 (278)

2 1.17 (251) 1.19 (254) 1.20 (259)

4 1.13 (238) 1.13 (239) 1.14 (241)

8 1.09 (227) 1.09 (227) 1.09 (227)



 

IEEE
Std C57.96-1999 IEEE GUIDE FOR 

 

8

 

Copyright © 1999 IEEE. All rights reserved.

 

Table 5—Daily loads above rating to give normal life expectancy in 30 

 

°

 

C average ambient 
for transformers with a 30 min time constant

 

Peak load time 
in hours

Times rated kVA

150 

 

°

 

C insulation system following and followed by a constant load of

90%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

70%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

50%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

 

1/2 1.47 (204) 1.59 (216) 1.65 (220)

1 1.30 (192) 1.36 (201) 1.39 (206)

2 1.20 (177) 1.23 (183) 1.25 (186)

4 1.13 (164) 1.15 (168) 1.16 (169)

8 1.07 (153) 1.09 (156) 1.09 (156)

 

Peak load time 
in hours

180 

 

°

 

C insulation system following and followed by a constant load of

90%

Maximum 
hottest-spot 
temperature 
reached dur-

ing load 
cycle (

 

°

 

C)

70%

Maximum 
hottest-spot 
temperature 
reached dur-

ing load 
cycle (

 

°

 

C)

50%

Maximum 
hottest-spot 
temperature 
reached dur-

ing load 
cycle (

 

°

 

C)

 

1/2 1.42 (249) 1.53 (261) 1.59 (267)

1 1.27 (236) 1.32 (244) 1.35 (248)

2 1.17 (216) 1.20 (223) 1.22 (228)

4 1.11 (201) 1.13 (206) 1.14 (209)

8 1.06 (189) 1.08 (194) 1.08 (194)

 

Peak load time 
in hours

220 

 

°

 

C insulation system following and followed by a constant load of

90%

Maximum 
hottest-spot 
temperature 
reached dur-

ing load 
cycle (

 

°

 

C)

70%

Maximum 
hottest-spot 
temperature 
reached dur-

ing load 
cycle (

 

°

 

C)

50%

Maximum 
hottest-spot 
temperature 
reached dur-

ing load 
cycle (

 

°

 

C)

 

1/2 1.33 (278) 1.43 (289) 1.49 (291)

1 1.21 (267) 1.25 (274) 1.28 (278)

2 1.14 (251) 1.15 (254) 1.16 (257)

4 1.09 (237) 1.10 (240) 1.10 (240)

8 1.05 (225) 1.06 (228) 1.06 (228)
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Table 6—Daily loads above rating to give normal life expectancy in 40 

 

°

 

C average ambient 
for transformers with a 30 min time constant

 

Peak load time 
in hours

Times rated kVA

150 

 

°

 

C insulation system following and followed by a constant load of

90%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

70%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

50%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

 

1/2 1.33 (192) 1.52 (214) 1.59 (217)

1 1.18 (179) 1.30 (199) 1.34 (204)

2 1.09 (166) 1.18 (183) 1.19 (184)

4 1.04 (157) 1.10 (168) 1.11 (170)

8 1.00 (150) 1.03 (155) 1.04 (157)

 

Peak load time 
in hours

180 

 

°

 

C insulation system following and followed by a constant load of

90%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

70%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

50%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

 

1/2 1.33 (240) 1.48 (260) 1.55 (264)

1 1.19 (226) 1.28 (244) 1.31 (248)

2 1.11 (201) 1.16 (223) 1.18 (228)

4 1.05 (197) 1.09 (206) 1.10 (209)

8 1.01 (187) 1.03 (192) 1.04 (194)

 

Peak load time 
in hours

220 

 

°

 

C insulation system following and followed by a constant load of

90%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

70%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

50%

Maximum 
hottest-spot 
temperature 

reached 
during load 
cycle (

 

°

 

C)

 

1/2 1.27 (273) 1.38 (285) 1.44 (290)

1 1.16 (262) 1.21 (262) 1.24 (276)

2 1.09 (246) 1.12 (255) 1.13 (257)

4 1.05 (235) 1.07 (241) 1.07 (241)

8 1.01 (222) 1.02 (226) 1.02 (226)
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4. Loading transformers with moderate sacrifice of life expectancy

 

4.1 Factors affecting transformer life

 

Dry-type transformers may be loaded above rated kilovolt-amperes under conditions other than those
specified in the preceding clauses, with a sacrifice of life expectancy dependent on the load capability of the
transformer and on the actual operating conditions.

The overload capability of dry-type transformers varies widely and is affected by the following characteristics:

a) Hottest-spot winding conductor rise over ambient;

b) Ratio of load losses to no-load losses;

c) Time constant;

d) Ambient temperature.

Operating conditions for dry-type transformers are so variable that no single set of practical loading data can
be presented for all possible combinations of conditions and loading. However, methods are outlined in this
clause whereby the user can estimate allowable loads for the user’s own conditions by taking into account
the probable number and nature of such loads during the life of the transformer, and the approximate per-
centage of life expectancy that the user is willing to sacrifice.

In general, permissible temperatures and loads calculated by the means outlined here will be higher than
those given in 3.2, which are necessarily conservative in order to cover the wide variation in sizes and makes
of dry-type transformers.

The necessary curves, tables, equations, and definitions used as a basis for the methods given here are pre-
sented in Clause 6. Information given is considered to be the best that can be produced from the present
knowledge of the subject. In spite of its approximate nature, it is believed that it will be of value as a guide to
the user.

 

4.2 Aging of insulation due to operation above rated hottest-spot temperature

 

This guide assumes that the insulation deterioration relationship, with respect to temperature and time, fol-
lows an adaptation of the Arrhenius reaction rate theory, which states that the logarithm of insulation life is a
function of the reciprocal of absolute temperature, as follows:

log life (

 

t

 

) = (

 

B

 

10

 

/

 

T

 

) + 

 

A

 

10

 

 (1)

or

log

 

e

 

 life (

 

t

 

) = (

 

B

 

e

 

/

 

T

 

) + 

 

A

 

e

 

where

t is the time in hours,

T is the absolute temperature, in Kelvin, at the hottest spot (i.e., ΘHS + 273),

ΘHS is the temperature, in degrees Celsius, at the hottest spot [see Equation (5)],

A10, B10 are constants to the base 10 for the appropriate life expectancy curve of each insulation system 
as shown in Figure 1,

Ae, Be are constants to the naperian base for the appropriate life expectancy curve of each insulation 
system as shown in Figure 2.
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HOTTEST SPOT TEMPERATURE, °C

Figure 1
Life Expectancy Curve - Base 10
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When the aging effect of one load cycle or the cumulative aging effect of a number of load cycles is greater
than the aging effect of continuous operation at rated load over a given period of time, the insulation is dete-
riorated at a rate faster than normal. The rate of deterioration is a function of time and temperature, and may
be expressed as a relative rate of aging for various hottest-spot winding temperatures. The reciprocal of the
relative rate of aging is the relative life expectancy. The relative life expectancies shown in Figure 3 were
used in the preparation of this guide.

It should be clearly understood that, while the insulation aging rate information is considered to be conserva-
tive and helpful in estimating the relative loss of life due to loads above rating under various conditions, this
information is not intended to furnish a basis for calculating the normal life expectancy of transformer insu-
lation. Deterioration of insulation is generally characterized by a reduction in mechanical strength and in
dielectric strength, but these characteristics may not necessarily be directly related. In some cases, insulation
in a charred condition will have sufficient insulating qualities to withstand normal operating electrical and
mechanical stresses. A transformer having insulation in this condition may continue in service for many
months, or even years, if undisturbed. On the other hand, any unusual movement of the conductors, such as
may be caused by expansion of the conductors due to heat resulting from a heavy overload or due to large
electromagnetic forces resulting from a short circuit, may disturb the mechanically weak insulation so that
turn-to-turn or layer-to-layer failure may result.

The uncertainty of service conditions is one of the reasons why this loading guide is conservative in its sug-
gested loading schedule. As a guide, an average loss of life of 1% per year due to overloading, in addition to
normal loss of life at rated load, is considered reasonable.

= HOTTEST SPOT TEMPERATURE, °C

Figure 3
Relative Life Expectancy as a Function of Hottest-Spot Temperature
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4.3 Constant loads and life expectancy estimated by measured temperature

When measured winding temperatures are known and when the load is constant [or when the actual load
cycle can be reduced to an equivalent constant load without peaks by means of Equation (3)], loads and life
expectancy may be estimated by the methods outlined in this subclause.

4.3.1 Relative life expectancy

The relative life expectancy in percent, P, for a constant load and measured temperature may be determined
as follows:

a) When the hottest-spot winding conductor temperature, ΘHS, is known, read the relative life expect-
ancy directly from Figure 3.

Example:
For a 150 °C maximum hottest-spot transformer, assume the load and ambient temperature is such
that the actual hottest-spot temperature is 130 °C. From Figure 3, the relative life expectancy is
200%.

b) When the hottest-spot temperature rise, ∆ΘHS, is known and when the ambient, Θa1, is also known,
calculate ΘHS using Equation (5). From Figure 3, read the relative life expectancy that corresponds
to the calculated hottest-spot temperature, ΘHS.

Example:
For a ventilated dry-type unit with a 150 °C maximum hottest-spot allowance, assume that the ambi-
ent, Θa, equals 30 °C, the constant load equals 90% (L1 = 0.9), and that the user’s loading data show
that the hottest-spot temperature rise, ∆ΘHS, equals 93 °C when the load is 90%.

1) ΘHS = 30 + 93 = 123 °C;

2) From Figure 3, P = 400%.

4.3.2 Constant load

The constant load permitted for a selected relative life expectancy in percent, P, may be determined when the
hottest-spot winding conductor temperature, ΘHS, versus load is known.

a) Select the desired relative life expectancy in percent, P, and determine ΘHS1 from Figure 3.

b) From the user’s load data of ΘHS versus load, select the load that will give ΘHS1 from Figure 3.

Example:
For a ventilated dry-type unit, assume that the user desires 70% of normal life expectancy (P = 70%):

1) From Figure 3, ΘHS1 = 145 °C;

2) From the user’s load data of θ vs. load, select whatever constant load will give ΘHS1 = 145 °C.

The values of ΘHS will vary with the ambient temperature, Θa, and the permissible load will vary with
changes in the ambient temperature. As long as ΘHS for a given load does not exceed the values determined
by the means outlined in this subclause, the given load will yield a life expectancy of no less than the
selected life expectancy.
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4.4 Constant loads and life expectancy estimated by calculated temperatures

When only the ambient temperature, Θa, and the hottest-spot winding temperature rise, ∆ΘHS, at 100% load
are known, and when the load is constant [or can be reduced to an equivalent constant load without peaks by
means of Equation (3)], the loads and life expectancy may be estimated by the methods in this subclause.

The relative life expectancy in percent, P, for a constant load and calculated temperature may be determined
as follows:

a) Estimate the hottest-spot winding temperature, ΘHS, using Equation (5), Equation (6), and
Equation (7).

b) For ΘHS, calculated in item (a) above, select P from Figure 3.

Example:
Assume a ventilated dry-type transformer with the following conditions:

Θa0 = 30 °C

∆ΘHS0 = 110 °C

ΘHS0 = 140 °C at 100% load or at L0 = 1

To determine the relative life expectancy that will result from continuous operation at 105% load in
a 25 °C ambient, perform the following:

1) From Equation (7):

∆ΘHS2 = 110 × [(1.05/1.00)]1.6

∆ΘHS2 = 119 °C

2) From Equation (5):

ΘHS1 = 25 + 119 = 144 °C

3) From Figure 3:

P = 75% for ΘHS1 = 144 °C

The constant load permitted for a selected relative life expectancy may be calculated by reversing the
sequence of the steps in the preceding example.

4.5 Short-time loading and life expectancy determined by 
measured temperatures 

When measured hottest-spot temperatures are known for various loads and when the actual load cycle can-
not be reduced to a constant load, the methods outlined in this subclause may be used to estimate permissible
loads and life expectancy.

The relative life expectancy in percent, P, for an initial equivalent constant load followed by an equivalent
constant peak load may be determined as follows, using measured temperatures:

a) Reduce the actual load cycle to an equivalent load cycle by the method given in 6.1. This equivalent
load cycle should consist of an equivalent constant load, L1, of duration t1, followed by an equivalent
constant peak load, L2, of duration t2.

b) From the user’s measured load versus temperature data, determine the hottest-spot winding conduc-
tor temperature, ΘHS1 for L1 and ΘHS2 for L2, directly or by means of Equation (5), Equation (6),
and Equation (7). ΘH1 is the steady-state hottest-spot temperature for L1; it is also the initial hottest-
spot temperature, ΘHS1, for the transient occurring during the peak load, L2. ΘHSu is the ultimate, or
steady-state, hottest-spot temperature for L2. 
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c) Using exponential transient paper (see Figure 4), plot the measured initial hottest-spot temperature,
ΘHS1, on the left ordinate and the measured ultimate hottest-spot temperature, ΘHSu , on the right
ordinate. Connect the two by a straight line.    

d) Using the measured time constant, t, of the transformer and the duration of the peak load, t2, deter-
mine t2/t and read the peak load temperature, ΘHS2, from Figure 4 as prepared in item (c) above.

e) From Figure 3, determine the relative life expectancies in percent: P1 for ΘHS1 and P2 for ΘHS2.

f) The relative life expectancy resulting from such a load cycle repeated every t1 + t2 hours during the
operation of transformers is

Pr = (t1 + t2)/[(t1/P1) + (t2/P2)] (2)

Example:

Assume a ventilated, self-cooled, dry-type transformer having a load cycle that can be reduced (as
shown in 6.1) to an equivalent load: L1 = 0.7 for t1 = 22 h, followed by a peak of L2 = 1.25 for
t2 = 2 h. The ambient Θa1 equals 29 °C and the ambient Θa2 equals 40 °C. The user’s loading data
show the time constant, t = 1.3 h, and the measured hottest-spot rises for the two loads are

L1 = 0.7, ∆ΘHS1 = 62 °C

and

L2 = 1.25, ∆ΘHS2 = 158 °C

U
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U

Figure 4—Hottest-spot temperature as a function of time
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Determine the relative life expectancy if the above cycle occurs daily:

1) From Equation (5) and item (b):

ΘHS1 = 29 + 62 = 91 °C

ΘHSu = 40 + 158 = 198 °C.

2) See item (c), Figure 5, and Figure 6.

3) From item (d), f (t2/t) = f (2/1.3) = 1.54 and ΘHS2 = 175 °C.

4) From item (e) and Figure 3:

P1 = 3700% for ΘHS1 = 91 °C

P2 = 12% for ΘHS2 = 175 °C.

5) From item (f):

P = (22 + 2)/[(22/3700) + (2/12)] = 139%.     

Many combinations of constant loads followed by short-time peak loads may be chosen to give a selected
life expectancy. In order to determine load cycles to give a particular life expectancy, it is necessary to
reverse the sequence of the steps in 6.1, beginning with a selected resultant relative life expectancy, P, and
assuming combinations of P1, P2, t1, and t2.

Figure 5—Assumed load cycle
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4.6 Short-time loading and life expectancy estimated by 
calculated temperatures

When only the ambient temperature, Θa1, and the hottest-spot winding temperature rise at 100% load,
∆ΘHS, are known, and when the actual load cycle cannot be reduced to a constant load, the methods outlined
in this subclause may be used to estimate permissible loads and life expectancy.

The relative life expectancy in percent, P, for an initial equivalent constant load followed by an equivalent
constant peak load may be determined as follows, using calculated temperatures:

a) Reduce the actual load cycle to an equivalent cycle by the method given in 6.1. This equivalent
should consist of an equivalent constant per unit load, L1, of duration t1, followed by an equivalent
constant peak load, L2, of duration t2.

b) Calculate the hottest-spot winding conductor temperatures: ΘHS1 for L1 and ΘHSu for L2, using
Equation (5). ΘHS1 is the steady-state hottest-spot temperature for L1; it is also the initial hottest-
spot temperature, ΘHS1, for the transient occurring during the peak load, L2. ΘHSu is the ultimate
hottest-spot temperature for L2.

c) Using exponential transient paper (see Figure 4), plot the calculated initial hottest-spot temperature,
ΘHSi, on the left ordinate and the calculated ultimate hottest-spot temperature, ΘHSu , on the right
ordinate. Connect the two by a straight line.

d) Determine the time constant of the transformer, T, using Equation (8). Then using the duration, t2, of
the peak load, L2, determine t2/T and read the peak load temperature, ΘHS2, from the transient curve
prepared in item (c) above.

e) From Figure 3, determine the relative life expectancies in percent: P1 for ΘHS1 and P2 for ΘHS2.

f) The relative life expectancy resulting from such a load cycle repeated every t1 + t2 hours during the
life of the transformer can be calculated using Equation (2).

Example:
Assume a ventilated self-cooled, dry-type transformer with copper windings and having a load cycle
that can be reduced by the method given in 6.1 to an equivalent per unit load: L1 = 1.0 for
t1 = 364 days + 16 h, followed by an equivalent constant peak load, L2 = 1.25 for t2 = 8 h. Assume an
average ambient of Θa1 = 29 °C and Θa2 = 40 °C, a reported hottest-spot rise by resistance at 100%
load of ∆ΘHS = 110 °C, and assume that no measured temperature versus load data are available.
From the reported tests, the total loss at 100% load is W = 3600 and, from the nameplate, the core and
coil weight is 2042 kg. Determine the life expectancy for the above cycle repeated yearly.

1) From item (b) and Equation (7):

∆ΘHS1 = 110 [(1.0/1.0)]1.6 = 110 °C

∆ΘHS2 = 110 [(1.25/1.0)]1.6 = 157 °C.

2) From item (c) and Equation (5):

ΘHS1 = 29 + 110 = 139 °C

ΘHS2 = 40 + 157 = 197 °C.

3) See item (d) and the line for Example 4.6 in Figure 4.

4) From item (e) and Equation (8):

t = (0.033 × 2042 × 80)/3600 = 1.5,

then t2/t = 8/1.5 = 5.33; ΘHS2 = 197 °C.
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5) From item (e) and Figure 3:

P1 = 103% for ΘHS1 = 139 °C

P2 = 4% for ΘHS2 = 197 °C.

6) From item (f):

Pr = [(364 × 24 + 16) + 8]/[{[(364 × 24) + 16]/103}+(8/4)] = 8760/[(8752/103) + (8/4)]

Pr = 100.5% life expectancy.

5. Supplemental cooling of existing self-cooled transformers

The load that can be carried on existing self-cooled transformers can be increased considerably by the addi-
tion of auxiliary cooling equipment such as fans. The amount of additional loading varies widely depending
on the following:

a) Design characteristics of the transformer;

b) Type of cooling equipment;

c) Permissible increase in voltage regulation;

d) Limitations of associated equipment.

No general guides can be given for such supplemental cooling, and each transformer, depending on whether
it is a sealed or ventilated type, should be considered individually.

6. Basis for calculations of temperatures, loss of life, and loads

An outline of methods that may be used to determine short-time loads with no sacrifice of life expectancy is
given in 3.2. Methods for determining constant loads and short-time loads with moderate sacrifice of life are
given in Clause 4. All the methods given in the preceding clauses are based on the equations, assumptions,
and empirical data presented here, which give results that are of the right order of magnitude and that are in
general agreement with tests and data from several independent sources.

6.1 Method for converting actual load cycle to equivalent constant load

Permissible loading, as obtained from Table 4, Table 5, and Table 6, is a function of the initial load, the peak
load, and their duration. Each loading combination in Table 4, Table 5, and Table 6 may be considered as a
simple rectangular load cycle consisting of an essentially constant initial load of 50%, 70%, or 90% of rating,
followed by a rectangular peak of the magnitude and time as given in the tables, and with the load returning
to the initial load at the end of the rectangular peak. The assumed loading for the calculations in the tables is
illustrated in Figure 5.

Ordinarily, the daily load cycle is not so simple, but more often is like the cycle represented by the solid line
in Figure 6 throughout the day, and usually with one period in the daily load cycle when the load builds up to
a considerably greater value than any reached at other times. Generally, the maximum value or peak load is
not reached and passed suddenly, but builds up and falls off gradually.

To use the loading recommendations, the actual fluctuating load cycle must be converted to a thermally
equivalent, simple rectangular load cycle such as represented by the dashed line in Figure 6. A transformer
supplying a fluctuating load generates a fluctuating loss, the effect of which is about the same as that of an
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intermediate load held constant for the same period of time. This is due to the heat storage characteristics of
the materials in the transformer. A load, generating losses at the same rate as the average rate caused by the
fluctuating load, is an equivalent load from a temperature standpoint. Equivalent load for any portion of a
daily-load cycle may be expressed by Equation (3).

LEQ = [(L1
2t1 + L2

2 t 2 + … + Ln
2 t n)/(t1+ t2 + … + tn)]0.5 (3)

where 

L1, L2, …, Ln are various load steps in percent, per unit, in actual kilovolt-amperes or current, 

t1, t2, …, tn are the duration of these loads, respectively.

Equivalent initial load is the root-mean-square (rms) load obtained by Equation (3) over a chosen period pre-
ceding the peak load. Experience with this method of load studies indicates that quite satisfactory results are
obtained by considering the 12 h period preceding the peak in the determination of the equivalent initial
load. Time interval (t) of 1 h is suggested as a further simplification of the equation that, for a 12 h period,
becomes the following:

equivalent initial load = 0.29 (L1
2 + L2

2 + … + L12
2)0.5 (4)

where L1, L2,…, L12 are the average load by inspection for each 1 h interval of the 12 h period preceding
peak load.

Equivalent peak load for the usual load cycle is the rms load obtained by Equation (3) for the limited period
over which the major part of the actual irregular peak seems to exist. The estimated duration of the peak has
considerable influence over the rms peak value. If the duration is overestimated, the rms peak value may be
considerably below the maximum peak demand. To guard against overheating due to high, brief overloads
during the peak period, the rms value for the peak load should not be less than 90% of the integrated 1/2 h
maximum demand.

This method may be used to convert an irregular load cycle, as in Figure 6, to a rectangular load cycle. In this
case, the continuous portion is 70% and the peak is 125% of rated kilovolt-amperes for 2 h. Table 5 shows
that for a transformer with a 150 °C insulation system in a 20 °C ambient, the permissible load following a
continuous load of 70% is 129%. Therefore, the transformer can carry this load cycle daily without sacrifice
of normal life expectancy.

6.2 Equations for calculation of temperature, load, and loss of life

6.2.1 List of symbols

The following symbols and terms are used in this subclause:

Θ, with any subscript, is temperature, in °C;

Θa is the ambient temperature;

ΘHS is the hottest-spot winding temperature, in °C;

∆ΘHS is the hottest-spot winding temperature rise above ambient, in °C;

τ is the time constant, in hours, for the transformer at rated load, approximately equal to the time required
to reach 63% of final temperature;



IEEE
Std C57.96-1999 IEEE GUIDE FOR 

20 Copyright © 1999 IEEE. All rights reserved.

m is an empirical constant; for ventilated, self-cooled dry type, m = 0.8; for forced-cooled dry type, 
m = 1.0; for sealed self-cooled dry type, m = 0.7;

T is absolute temperature, i.e., θ + 273 K;

C is the thermal capacity of the transformer, in watt-hours per °C;

t is the duration of load, in hours;

Wr is the winding watts loss at rated load with a 20 °C ambient;

L is per unit load;

E is the life expended, in years;

Er is the life expended when operated at rated conditions;

A and B are constants for the Arrhenius equation;

P is the relative life expectancy, in percent, (E/Er) × 100;

Subscript r indicates rated load, normal life, or rated temperature;

Subscripts 1, 2, 3, etc., indicate any other load, temperature, or time;

Subscript i indicates initial load, temperature, or time for transients;

Subscript u indicates ultimate load, temperature, or time for transients;

Example:

ΘHSr is the hottest-spot winding temperature at rated load.

6.2.2 Calculation of transient temperature

The hottest-spot winding temperature is

ΘHS = Θa + ∆ΘHS (5)

The initial hottest-spot rise gradient is

∆ΘHS = ∆ΘHSr [L]2m (6)

The average winding rise is

 ∆ΘHS2 = ∆ΘHSr [(L1/Lr)]
2m (7)

The time constant at rated load is

t = (C∆ΘHSr/Wr) (8)

where

C = 0.106 × weight of copper winding, or

C = 0.033 × weight of core and copper windings from the nameplate.

C = 0.260 × weight of aluminum windings, or

C = 0.044 × weight of core and aluminum coils from the nameplate.

Θt = (∆Θu – ∆Θi) (1 – e –t/t) + Θi. (9)
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6.2.3 Calculation of life expended during time interval t

E = t10 – A10 + (B10 /T) (10)

or

where A and B are the constants from the life expectancy curve. The loss of life for each interval can then be
summed over the 24 h cycle.

For 1440 min of aging in a 24 h period, the values of A and B are as follows:

These values were developed from Figure 1 and Figure 2 based on a normal life expectancy of 20 y.

NOTE—These equations assume ΘHS for each interval t to be continuous for the entire interval, so incremental time
intervals for any load should be selected that are small enough to avoid serious error.

6.2.4 Corrections for equations

Theoretically, several corrections should be made when using the foregoing equations, such as corrections
for change in

a) Time constant for loads other than rated load;

b) Ultimate winding conductor loss at the end of a long period.

In making general calculations based on assumptions of transformer characteristics and maximum hottest-
spot temperature that are generally conservative, results close enough for all practical purposes are obtained
if all these corrections are omitted and the simpler formulae are used.

6.2.5 Time constant

The concept of a transformer time constant is based on the assumption that a single heat source supplies heat
to a single heat sink and that the temperature rise of the sink is an exponential function of the heat input. The
limited data available for dry-type transformers indicate that transient temperatures may be calculated con-
servatively on the basis of these assumptions.

The time constant is the length of time that would be required for the hottest-spot temperature of the winding
to change from the initial value to the ultimate value if the initial rate of change were continued until the ulti-
mate temperature was reached.

The time constant may also be expressed as the length of time required for a specified percentage of the
change in temperature to take place from initial value to ultimate value.

Insulation system A10 B10 Ae Be

150 °C –8.270 5581 –17.250 12 111

180 °C –7.941 5907 –19.671 14 222

220 °C –10.453 7582 –22.093 16 500

E te
Ae– Be T⁄( )+

=
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If m (the exponential power of temperature rise versus loss) equals unity, 63% of the temperature change
occurs in a length of time equal to the time constant, regardless of the relationship of initial temperature and
ultimate temperature rise.

If m is equal to 1, Equal 9 is correct for any load and any starting temperature. If m is not equal to 1, the time
constant for any load and for any starting temperature for either a heating cycle or cooling cycle is given by
the following:

τ= τ0 [(∆ΘHSU/∆ΘHS0) - (∆ΘHSI/ΘHSO)]/[( ∆ΘHSU /∆ΘHSO) 1/m – (∆ΘHSI/∆ΘHSO) –1/m] (11)

6.3 Transient computer program

The computer program using BASIC language, developed to calculate data for Table 4, Table 5, and Table 6,
is as follows. Time intervals of 1 min were used to improve accuracy of calculations, and the resultant aging
is given in days.

100 PRINT "EQUIVALENT AGING OF TRANSFORMER COMPUTER PROGRAM"

110 PRINT "THIS PROGRAM IS DESIGNED TO FIND THE DRY-TYPE AGING OF A"

111 PRINT "DRY-TYPE TRANSFORMER OVER A ONE-DAY PERIOD OF TIME. THE TRANSFORMER"

112 PRINT "IS LOADED TO SOME INITIAL VALUE LESS THAN 100 PERCENT UNTIL"

113 PRINT "ITS TEMPERATURE EQUILIBRIUM POINT IS REACHED. THEN THE TRANS-"

114 PRINT "FORMER IS LOADED GREATER THAN 100 PERCENT FOR SOME CHOSEN"

115 PRINT "PERIOD OF TIME. THE LOAD IS THEN REDUCED TO THE ORIGINAL"

116 PRINT "VALUE."

117 PRINT "THIS PROGRAM CAN ENABLE ONE TO DETERMINE, FOR A GIVEN OVER-"

118 PRINT "LOAD PERIOD, WHAT VALUE THE TRANSFORMER MAY BE OVERLOADED AND"

119 PRINT "THEN ALLOWED TO RETURN TO THE INITIAL LOAD WITHOUT EXCEEDING"

120 PRINT "THE EQUIVALENT AGING. THIS EQUIVALENT AGING IS THE AMOUNT"

121 PRINT "A TRANSFORMER WOULD UNDERGO IN A ONE-DAY PERIOD AT 100 PER-"

122 PRINT "CENT CONTINUOUS LOAD IN A 30 DEGREE AMBIENT."

130 PRINT "PARAMETERS ARE AS FOLLOWS:"

131 PRINT "A AND B VALUES ARE EMPIRICAL AS DETERMINED BY ARRHENIUS"

132 PRINT "EQUATION BASE 10 FOR A GIVEN INSULATION SYSTEM."

133 PRINT "C = RATED HOTTEST-SPOT TEMPERATURE RISE"

134 PRINT "DELT = 1 (MINUTE)"

135 PRINT "T = TIME (MINUTES)"

136 PRINT "TAU = TIME CONSTANT (MINUTES)"



IEEE
LOADING DRY-TYPE DISTRIBUTION AND POWER TRANSFORMERS Std C57.96-1999

Copyright © 1999 IEEE. All rights reserved. 23

137 PRINT "AMB = AMBIENT TEMPERATURE"

138 PRINT "LI = INITIAL LOAD LESS THAN 1.0"

139 PRINT "LU = OVERLOAD GREATER THAN 1.0"

140 PRINT "X = PERIOD OF TIME IN MINUTES THAT OVERLOAD OCCURS"

141 PRINT "RA = AGING FACTOR FOR DELT PERIOD OF TIME"

142 PRINT "SUMRA = SUMMATION OF AGING FACTORS FOR 1440 MINUTES (ONE DAY)"

143 PRINT "WHEN SUMRA = 1, THEN EQUIVALENCY TO AGING FOR ONE DAY OPERATION"

144 PRINT "AT 100 PERCENT LOAD IS OBTAINED."

145 PRINT "TEMPI = INITIAL TEMP RISE DUE TO CONSTANT LOAD < 1.0"

146 PRINT "TEMPU = ULTIMATE TEMP RISE TRANSFORMER WOULD REACH IF OVERLOAD WERE"

147 PRINT "CONTINUOUSLY APPLIED."

148 PRINT "TEMPR = TEMPERATURE RISE OF TRANSFORMER FOR ONE SPECIFIC VALUE OF TIME."

149 PRINT "NOTE: WHEN TEMPR IS PRINTED, IT IS THE VALUE AT THE END OF OVERLOAD."

150 PRINT "ABST = ABSOLUTE TEMPERATURE"

151 PRINT "TEMPF = FINAL TEMPERATURE TRANSFORMER DECAYS TO 1440 MINUTES"

200 INPUT; "A,B,C,TAU,AMB"; A,B,C,TAU,AMB

210 INPUT; "LI = "; LI

220 INPUT; "X = "; X

230 INPUT; "LU = "; LU

240 T = 0

245 DELT = 1

250 SUMRA = 0

260 TEMPI = LI1.6 * C

270 PRINT "TEMPI = "; TEMPI

280 TEMPU = LU1.6 * C

290 PRINT "TEMPU = "; TEMPU

292 TAU1 = TAU*((TEMPU – TEMPI)/((TEMPU1.25) – (TEMPI1.25))) * C0.25

300 T = X

302 RD = EXP(–1 * T/TAU1)

304 RE = 1 – RD
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310 TEMPR = (TEMPU – TEMPI) * RE + TEMPI

312 TAU2 = TAU * ((TEMPI – TEMPR)/((TEMPI1.25) – (TEMPR1.25))) * C0.25

313 T = 0

314 FOR T = 0 TO X

315 RD = EXP (–1 * T/TAU1)

316 RE = 1 – RD

317 TEMPR = (TEMPU – TEMPI) * RE + TEMPI

320 ABST = TEMPR + 273 + AMB

322 RB = –1 * (A+B/ABST)

324 RC = 10RB

330 RA = 122 * DELT * RC

340 SUMRA = SUMRA + RA

345 NEXT T

360 FOR T = X TO 1440

362 RF = –1 * (T – X)/TAU2

364 RG = EXP(RF)

366 RH = 1 – RG

370 TEMPF = (TEMPI – TEMPR) * RG + TEMPR

380 ABST = TEMPF + 273 + AMB

382 RB = –1 * (A + B/ABST)

384 RC = 10RB

390 RA = 122 * DELT * RC

400 SUMRA = SUMRA + RA

410 NEXT T

420 PRINT "TEMPR = "; TEMPR

430 PRINT "TEMPF = "; TEMPF

440 PRINT "SUMRA = "; SUMRA

442 PRINT "TAU1 = "; TAU1

444 PRINT "TAU2 = "; TAU2

450 GO TO 230
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7. Protective devices—thermal relays

A transformer thermal relay is a device, the operation of which indicates that predetermined time-temperature
limits in the transformer windings have been reached. It is calibrated for use with specific transformer
apparatus and automatically takes into account the hottest-spot temperature of the windings, the ambient tem-
perature, and previous conditions of loading. Higher loads are permitted for short periods of operation than
for long periods of operation.

The relay can be adjusted to give indication at loads that can produce practically normal life expectancy or
some predetermined moderate sacrifice of such expectancy.

The device has one or more contacts that may be used for various functions, such as starting fans, giving a
signal or an alarm, or disconnecting the transformers.
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Annex A

(normative) 

Power transformers with solid-cast and/or resin-encapsulated 
epoxy windings

A.1 Overview

This part of the guide covers general recommendations for the loading of ventilated dry-type distribution and
power transformers with solid-cast and/or resin-encapsulated epoxy windings manufactured in accordance
with IEEE Std C57.12.01-19985 with continuous ratings. It covers insulation systems limited to 130 °C,
150 °C, and 180 °C maximum hottest-spot operating temperatures at rated output in a 40 °C maximum
ambient.

The recommendations given in this guide are based solely on the thermal characteristics of cast-resin trans-
formers. Loads above rating, based on this guide, may be applied only after a thorough study has been made
of all the other various limitations that may be involved. Among these limitations are leads, connections, tap
terminal boards, and the thermal capability of associated equipment, such as cables, reactors, circuit break-
ers, disconnecting switches, and current transformers. Also, limitations may be imposed by voltage regula-
tion necessary for satisfactory operation of connected apparatus and by the increased operating costs due to
the higher losses accompanying loads above rating. These may constitute the practical limit on load-carrying
ability and should be considered before applying loads in excess of rating.

This guide covers applications where harmonic currents do not exceed the limits given in
IEEE Std C57.12.01-1998. IEEE Std C57.110-1998 should be consulted for recommended practice for
establishing transformer capability when supplying nonsinusoidal load currents.

If the user desires more specific recommendations for a particular transformer, the manufacturer of that
transformer should be consulted. For transformers that do not have a continuous rating, the manufacturer
should be consulted for additional information when such information is not indicated on the nameplate.

A.2 References

This annex shall be used with the following publications. When the following standards are superseded by
an approved revision, the revision shall apply.

IEEE Std C57.12.01-1998, IEEE Standard General Requirements for Dry-Type Distribution and Power
Transformers Including Those With Solid Cast and/or Resin-Encapsulated Windings.6

IEEE Std C57.12.59-1989, IEEE Guide for Dry-Type Transformer Through-Fault Current Duration.7

IEEE Std C57.12.60-1998, IEEE Guide for Test Procedures for Thermal Evaluation of Insulation Systems
for Solid-Cast and Resin-Encapsulated Power and Distribution Transformers.

5Information on references in this annex can be found in A.2.
6IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA (http://www.standards.ieee.org/).
7IEEE Std C57.12.59-1989 has been withdrawn; however, copies can be obtained from Global Engineering, 15 Inverness Way East,
Englewood, CO 80112-5704, USA, tel. (303) 792-2181 (http://global.ihs.com/).
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IEEE Std C57.94-1982 (Reaff 1987), IEEE Recommended Practice for Installation, Application, Operation,
and Maintenance of Dry-Type General Purpose Distribution and Power Transformers.

IEEE Std C57.110-1998, IEEE Recommended Practice for Establishing Transformer Capability When Sup-
plying Nonsinusoidal Load Currents.

A.3 Definitions

A.3.1 cast-resin transformer: A ventilated dry type distribution or power transformer with solid-cast and/or
resin-encapsulated epoxy windings.

A.3.2 loading above rating: Short-time loading in excess of the nameplate rating which results in hottest-
spot temperatures exceeding the insulation temperature class.

A.3.3 rated kilovolt-ampere output: The load, in amperes, that a cast-resin transformer can deliver
continuously at rated secondary voltage and rated frequency without exceeding the specified hottest-spot
temperature or average winding temperature rise under usual service conditions, as described in Clause 4 of
IEEE Std C57.12.01-1998. Synonyms: rated output, rated load, nameplate rating.

A.3.4 rated temperature loading: Short-time loading in excess of the nameplate rating with hottest-spot
temperatures below or equal to the insulation temperature class.

A.4 Insulation aging 

Current practice by manufacturers has been to rely on tests of individual materials to determine the rated
insulation temperature class to assign to their designs. Operating experience indicates that this gives accept-
able life when cast-resin transformers are operated at nameplate ratings. At the present time, industry has not
established Arrhenius insulation aging curves to give loss of insulation life for cast-resin transformer wind-
ings operated above the rated insulation temperature class.

IEEE Std C57.12.60-1998, which covers thermal evaluation of insulation systems for solid cast-resin
transformers, will serve as a standard test method for determining the rated insulation temperature class of
cast-resin transformer windings. The materials and coil design techniques used in cast-resin transformers
necessitated a document to recognize factors such as the effect of glass transition temperature, higher resin-
to-air and metal ratios, filler contents, and conductor identity on aging and performance. An arbitrary
extrapolation criteria of 40 000 h was selected for the evaluation. The thermal evaluation standard was first
issued as a trial-use document to permit manufacturers to conduct life test programs on models or full-size
windings to obtain experience with the standard. In addition to determining the rated insulation temperature
class, thermal evaluation standards give data for preparing loading guides. At the time this loading guide was
approved, no test data in accordance with IEEE Std C57.12.60-1998 had been reported. The effect of crack-
ing or softness of the epoxy due to thermal cycling to elevated temperatures could be the limiting factor in
overloading cast-resin transformers and not insulation aging. Due to the lack of data, this guide for loading
cast-resin transformers used a concept based on limiting hottest-spot temperatures to determine loading
capability of cast-resin transformers.

A.5 Temperature limits for loading

The actual output that a cast-resin transformer can deliver at any time in service may be more or less than the
rated kilovolt-ampere output, depending upon the ambient temperature, altitude, and other attendant operat-
ing conditions. If the load and ambient temperatures are below rated, then an overload may be sustained until
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the hottest-spot temperature reaches the temperature of the insulation class of the windings. This is described
as rated temperature loading and should give normal life expectancy. Loading that results in hottest-spot
temperatures above the insulation temperature class was defined as loading above rating. Loading above rat-
ing can result in reduced life expectancy. The life expectancy decreases due to the total cumulative effect of
operation at a hottest-spot temperature above rating and the time at elevated hottest-spot temperature. The
manufacturer should be consulted for recommendations for maximum permissible hottest-spot temperatures
for loading above rating.  

A.6 Ambient temperatures

Ambient temperature is an important factor in determining the load capability of a cast-resin transformer
because the hottest-spot rise for any load must be added to the ambient to determine the operating tempera-
ture. Since the ambient temperature is an important factor in determining the load capability of a transformer,
it should be controlled for indoor installations by adequate ventilation, and it should always be considered in
outdoor installations. The operation of transformers in cooling air above 50 °C, or below –30 °C, is not cov-
ered by this guide and should be checked with the manufacturer. 

It is intended that cast-resin transformers be installed based on the recommendations given in IEEE C57.94-
1982. If cast-resin transformers are installed in subsurface vaults or enclosures of minimum size where the
natural ventilation is insufficient to prevent marked changes in the ambient temperature with changes in
transformer losses, then the increase in effective ambient temperature for expected increased transformer
losses must be determined before loading limitations can be estimated.

Whenever the actual ambient temperature can be determined from readings taken at the time of the load
being considered, such temperatures should be used to determine the hottest-spot temperature and the load
capability of the transformer. It is often necessary to predict the load that a transformer can carry at some
future time when the actual ambient temperature is unknown. For dry-type transformers used in indoor
installations, the ambient temperature can be approximated from heating or air conditioning records of the
installation. For transformers used outdoors, the ambient temperature for the month in which the expected
load is anticipated can be obtained from reports gathered by the Climatic Services Branch of the National
Climatic Data Center, which is a part of the National Oceanic and Atmospheric Administration. These
reports are available for areas throughout the world.8 These ambients should be used as follows:

a) For rated temperature loading, use the average temperature over a period of years for the month
involved.

b) For loading above rating, use the average of the daily maximum temperatures for the month
involved, averaged with similar values for the same month over a period of years.

Table A.1—Temperature limits for loading

Insulation temperature class, °C
Maximum hottest-spot 

temperature, °C
rated temperature loading

Maximum hottest-spot 
temperature, °C

loading above rating

130 130 165

150 150 180

180 180 220

8This information can be obtained by writing to the National Climatic Data Center, Federal Bldg., Asheville, NC 28801.
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c) The average ambient temperature should cover periods of time not exceeding 24 h with the maxi-
mum temperature not more than 10 °C greater than the average temperature. 

A.7 Influence of altitude on loading

The effect of the decreased air density due to high altitude is to increase the temperature rise of cast-resin
transformers since they are dependent upon air for dissipation of heat loss. Cast-resin transformers may be
operated at rated kilovolt-amperes at altitudes greater than 1000 m (3300 ft) without exceeding hottest-spot
temperature limits, provided the average temperature of the cooling air does not exceed the values of
Table A.2 for the respective altitudes.

Cast-resin transformers may be operated in a 30 °C ambient at altitudes greater than 1000 m (3300 ft) with-
out exceeding hottest-spot temperature limits, provided the load to be carried is reduced below rating by the
percentages given in Table A.3 for each 100 m (330 ft) that the altitude is above 1000 m (3300 ft).    

Table A.2—Maximum allowable 24 h average temperature of cooling air, in °C, for operation at 
rated kVA under unusual temperature and altitude conditions

Insulation 
temperature class, 

°C
AA cooling

ALTITUDE

1 000 m 
(3 300 ft)

2 000 m 
(6 600 ft)

3 000 m 
(9 900 ft)

4 000 m 
(13 200 ft)

130 30 28 26 24

150 30 26 22 18

180 30 24 18 12

Insulation 
temperature class, 

°C
FA cooling

ALTITUDE

1 000 m 
(3 300 ft)

2 000 m 
(6 600 ft)

3 000 m 
(9 900 ft)

4 000 m 
(13 200 ft)

130 30 26 21 17

150 30 22 14 6

180 30 18 7 –5

Table A.3—Rated kVA derating factors for altitudes greater than 1000 m (3300 ft) 
at 30 °C average ambient temperature

Type of cooling Derating factor (%)
for each 100 m (330 ft)

Self-cooled (AA) 0.3

Forced-air-cooled (FA) 0.5
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A.8 Loading equations

A.8.1 Continuous loading

The hottest-spot temperature rise as a function of load for steady-state conditions may be calculated by the
following equations:

(A.1)

Self-cooled operation:

(A.2)

Fan-cooled operation:

(A.3)

(A.4)

where

∆ΘHS is the hottest-spot temperature rise over ambient at per unit load L, in °C,

∆ΘHS,r is the rated or tested hottest-spot temperature rise over ambient at 1.0 per unit load, in °C [tested 
values for self-cooled operation for use in Equation (A.2) may be different than tested values for 
fan-cooled operation for use in Equation (A.3)],

L is the per unit load,

KT is the temperature correction for resistance change with temperature,

m is an empirical constant, which is equal to 0.8 (suggested unless test data is available),

Θa is the ambient temperature, in °C,

ΘHS is the hottest-spot temperature at load L, in °C,

ΘHS,r is the rated or tested hottest-spot temperature at 1.0 per unit load, in °C,

Tk is the temperature constant for conductor, which is 225 for aluminum and 234.5 for copper,

X is an empirical constant used in forced-air calculation, which is 1.0 (suggested unless test data 
available).

Test data indicates that the above equations should result in conservative predictions of the hottest-spot tem-
perature. The m exponent of 0.8 for self-cooled operation and the X exponent of 1.0 for forced-air operation
are derived from heat transfer correlations for natural and forced convection. Test data indicates that a tem-
perature correction for resistance given by Equation (A.4) is required to predict hottest-spot temperatures
during forced-air loading due to the higher losses present at forced-cooled operation.

Equation (A.2) and Equation (A.3) ignore eddy losses in the winding, which vary inversely with temperature.
Eddy losses are usually less than 10% of the load losses unless harmonic currents are present. Equation (A.3)
requires an iterative calculation procedure. Using the suggested exponents and considering the resistance
change with temperature for fan-cooled operation should result in conservative calculations of the hottest-
spot temperature rise, even when eddy losses are ignored. If harmonic currents are present, the increased eddy
losses during overloading may need consideration in accordance with IEEE Std C57.110-1998.

ΘHS Θa ∆ΘHS+=

∆ΘHS ∆ΘHS,r L[ ] 2m=

∆ΘHS ∆ΘHS,r L2KT[ ]
X

=

KT

T k ΘHS+

T k ΘHS,r+
------------------------=
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A.8.2 Transient loading

The hottest-spot temperature due to transient overloading may be determined by the following equations:

(Α.5)

ΘHS =  ∆Θt + Θa (A.6)

where

∆Θi is the initial hottest-spot rise at some prior load Li , in °C,

∆Θt is the hottest-spot temperature rise at some time t after the overload, in °C,

∆ΘU is the ultimate hottest-spot rise if the per unit overload LU continued until the hottest-spot 
temperature stabilized, in °C,

t   is the time, in minutes,

τ is the time constant in minutes for the transformer at rated load,

ΘHS is the hottest-spot temperature, in °C,

Θa is the ambient temperature, in °C.

A.8.3 Time constants

The concept of a transformer time constant is based on the assumption that a single heat source supplies heat
to a single heat sink and that the temperature rise of the sink is an exponential function of the heat input. The
time constant is defined as the time for the temperature rise over ambient to change 63.2% after a step
change in load. For loading purposes it is desirable to have as large a time constant as possible. Hottest-spot
temperature calculations for loading should be made on both the low-voltage and high-voltage windings
since published test data indicates that the time constants may be different. Insulation system temperature
classes for the two windings may also be different.

The time constant of a winding at rated load, τR, is

 (A.7)

where

C is the effective thermal capacity of winding, in watt-minutes per °C,

= (15.0 × weight of aluminum conductor in kilograms) + (6.35 × weight of epoxy and other 
winding insulation in kilograms), or

= (6.42 × weight of copper conductor in kilograms) + (6.35 × weight of epoxy and other winding 
insulation in kilograms), or 

= 11.2 × weight of aluminum windings in kilograms, or 

= 6.39 × weight of copper windings in kilograms;

Pr is the I2R loss of a winding at rated load and rated temperature rise, in watts;

∆ΘHS,r is the winding hottest-spot temperature rise at rated load, in °C;

∆Θt ∆ΘU ∆Θi–( ) 1 exp

t
τ
--–

– ∆Θi+=

τR

C ∆ΘHS,r Θe–( )
Pr

--------------------------------------=
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Θe is the core contribution to winding hottest-spot rise at rated load

= 0 for outer (primary) winding,

= 20 °C for inner (secondary) winding, other values may be used if test data is available.

If m is equal to 1, Equation (A.7) is correct for any load and any starting temperature. If m is not equal to 1,
the time constant for any load and for any starting temperature for either a heating cycle or a cooling cycle is
given by Equation (A.8).

(A.8)

Time constants may also be estimated from the hot resistance cooling curve obtained during thermal tests.
The manufacturer may also be consulted for more accurate estimations of the winding time constants than
estimated by the above equations. Consideration may be given to specifying that time constants be shown on
test reports when supplied.

A.8.4 Calculation of loading capability

Equations (A.1) through (A.8) may be used to determine hottest-spot temperatures during overloads. They
may also be used to determine the short-time or continuous loading, which results in the maximum tempera-
tures given in Table A.1 or any other limiting temperatures. 

The initial hottest-spot rise for prior load Li may be obtained from Equation (A.2) and is determined as
follows:

(A.9)

From Table A.1, select the limiting hottest-spot temperature THS. For the ambient temperature, determine the
permissible hottest-spot temperature rise at time t from Equation (A.1).

(A.10)

Determine the ultimate hottest-spot temperature rise from Equation (A.5).

(A.11)

The time constant τ may be obtained from manufacturer’s data or estimated. Select a time t for the duration
of the overload to substitute in the above equation. From Equation (A.2) the overload corresponding to these
conditions may be obtained as follows:

(A.12)

A PC BASIC program to perform the calculations is given in A.8.7.

τ τ HS r,

∆ΘU

∆ΘHS,r
---------------- 

  ∆Θi

∆ΘHS,r
---------------- 

 –

∆ΘU

∆ΘHS,r
---------------- 

 
1
m
---- ∆Θi

∆ΘHS,r
---------------- 

 
1
m
----

–

---------------------------------------------------------=

∆Θi ∆ΘHS,r Li[ ] 2m=

∆Θt ΘHS ΘA–=

∆ΘU

∆Θt ∆Θi–

1 exp t– τ⁄( )–
---------------------------------- ∆Θi+=

LU

∆ΘU

∆ΘHS,r
----------------

1
2m
-------

=
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A.8.5 Loading capability calculations

A.8.5.1 Loading on basis of ambient temperature

The continuous loading capability as a function of ambient temperature determined by the above equations
is given in Table A.4. This loading capability was determined so that the hottest-spot temperature would not
exceed the insulation temperature class.  

A.8.5.2 Rated temperature loading and loading above rating

Permissible loads and times to reach the limiting hottest-spot temperatures for different values of time con-
stants are given in Table A.5 and Table A.6 for rated temperature loading and loading above rating. A prior
load of 70% was used for the calculations. The computer program shown in A.8.7 may be used for other val-
ues of prior load and time constant. For some values of time constants, times per unit loads greater than two
times rated may be calculated using the equations. This loading guide limits loading to two times nameplate
for durations of 1/2 h or greater. This limitation has been incorporated into the computer program and tables.
For loads above two times rated kilovolt-ampere output for 30 min or less, see A.9.      

A.8.6 Method of converting actual load cycle to equivalent constant load

Permissible loading is a function of the initial load, the peak load, and their durations. Each loading combi-
nation may be considered as a simple rectangular load cycle consisting of an essentially constant initial load
followed by a rectangular peak of the magnitude and time given in the tables, with the load returning to the
initial load at the end of the rectangular peak. The assumed loading for the calculations in the tables is illus-
trated in Figure A.1.

  

Table A.4—Continuous per unit loading capability as a function of ambient temperature

Cooling mode
Maximum 
ambient 

temperature (°C)

Insulation
Temperature class (°C)

130 150 180

AA 10 1.20 1.16 1.12

20 1.13 1.11 1.08

30 1.07 1.06 1.04

40 1.00 1.00 1.00

FA 10 1.15 1.13 1.10

20 1.11 1.09 1.07

30 1.05 1.04 1.03

40 1.00 1.00 1.00
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Table A.5—Short time per unit load capability, 
rated temperature loading, ambient 30 °C, prior load 70% 

Time constant
(min)

Time duration
(min)

Per unit load for insulation class (°C)

130 150 180

30 15 1.52 1.49 1.47

30 1.25 1.23 1.21

60 1.12 1.10 1.09

90 1.09 1.07 1.06

150 1.07 1.06 1.04

45 15 1.77 1.74 1.70

30 1.39 1.37 1.34

45 1.25 1.23 1.21

60 1.18 1.17 1.15

90 1.12 1.10 1.09

60 15 2.00 1.96 1.92

30 1.52 1.49 1.47

45 1.34 1.32 1.30

60 1.25 1.21 1.18

90 1.16 1.15 1.13

150 1.10 1.08 1.07

75 15 2.00a 2.00a 2.00a

30 1.65 1.62 1.59

45 1.43 1.41 1.38

60 1.32 1.30 1.28

90 1.20 1.19 1.17

150 1.12 1.10 1.09

180 1.10 1.09 1.07

90 15 2.00a 2.00a 2.00a

30 1.77 1.74 1.70

45 1.52 1.49 1.47

60 1.39 1.37 1.34

90 1.25 1.23 1.21

120 1.18 1.17 1.15

150 1.15 1.13 1.11

180 1.12 1.10 1.09

120 15 2.00a 2.00a 2.00a

30 2.00 1.96 1.92

45 1.69 1.66 1.63

60 1.52 1.49 1.47

90 1.34 1.32 1.30

120 1.25 1.23 1.21

150 1.20 1.18 1.16

180 1.16 1.15 1.13
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150 15–30 2.00a 2.00a 2.00a

45 1.85 1.81 1.78

60 1.65 1.62 1.59

90 1.43 1.41 1.38

120 1.32 1.30 1.28

150 1.25 1.23 1.21

180 1.20 1.19 1.17

240 1.15 1.15 1.13

180 15–30 2.00a 2.00a 2.00a

45 2.00 1.96 1.85

60 1.77 1.74 1.65

90 1.52 1.49 1.43

120 1.39 1.37 1.31

150 1.30 1.29 1.24

180 1.25 1.23 1.19

240 1.18 1.17 1.13

aCalculated load higher than two times normal.

Table A.6—Short time per unit load capability, loading above rating, 
maximum hottest-spot temperatures per Table 1, 

ambient 30 °C, prior load 70% 

Time constant
(min)

Time duration
(min)

Per unit load for insulation class (°C)

130 150 180

30 15 1.96 1.86 1.75

30 1.56 1.49 1.42

60 1.37 1.31 1.25

90 1.31 1.26 1.21

150 1.29 1.24 1.19

45 15 2.00a 2.00a 2.00a

30 1.77 1.68 1.59

45 1.56 1.49 1.42

60 1.46 1.40 1.33

90 1.37 1.31 1.25

60 15 2.00a 2.00a 2.00a

30 1.96 1.86 1.76

45 1.70 1.62 1.53

60 1.56 1.49 1.42

90 1.43 1.37 1.30

150 1.33 1.28 1.22

Table A.5—Short time per unit load capability, 
rated temperature loading, ambient 30 °C, prior load 70%  (continued)

Time constant
(min)

Time duration
(min)

Per unit load for insulation class (°C)

130 150 180
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75 15 2.00a 2.00a 2.00a

30 2.00a 2.00a 1.91

45 1.83 1.74 1.64

60 1.67 1.59 1.50

90 1.49 1.43 1.36

150 1.37 1.31 1.25

180 1.33 1.28 1.23

90 15–30 2.00a 2.00 2.00a

45 1.96 1.86 1.75

60 1.77 1.68 1.59

90 1.56 1.49 1.42

120 1.46 1.40 1.33

150 1.40 1.34 1.28

180 1.37 1.31 1.25

120 15–30 2.00a 2.00a 2.00a

45 2.00a 2.00a 1.97

60 1.96 1.86 1.75

90 1.70 1.62 1.53

120 1.56 1.49 1.42

150 1.48 1.42 1.35

180 1.43 1.37 1.30

150 15–45 2.00a 2.00a 2.00a

60 2.00a 2.00a 1.91

90 1.83 1.74 1.64

120 1.67 1.59 1.50

150 1.56 1.49 1.42

180 1.49 1.43 1.36

240 1.41 1.35 1.29

180 15–60 2.00a 2.00a 2.00a

90 1.96 1.86 1.75

120 1.77 1.68 1.59

150 1.65 1.57 1.49

180 1.56 1.49 1.42

240 1.46 1.40 1.33

a Calculated load higher than two times normal.

Table A.6—Short time per unit load capability, loading above rating, 
maximum hottest-spot temperatures per Table 1, 

ambient 30 °C, prior load 70%  (continued)

Time constant
(min)

Time duration
(min)

Per unit load for insulation class (°C)

130 150 180
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The daily load cycle more often is like the cycle represented by the solid line in Figure A.2 throughout the
day, and usually with one period in the daily load cycle when the load builds up to a considerably greater
value than any reached at other times. Generally, the maximum value or peak load is not reached and passed
suddenly, but builds up and falls off gradually. To use the loading recommendations, the actual fluctuating
load cycle must be converted to a thermally equivalent, simple rectangular load cycle, such as represented by
the dashed line in Figure A.2. A transformer supplying a fluctuating load generates a fluctuating loss, the
effect of which is about the same as that of an intermediate load held constant for the same period of time.
This is due to the heat storage characteristics of the materials in the transformer. A load, generating losses at
the same rate as the average rate caused by the fluctuating load, is an equivalent load from a temperature
standpoint. Equivalent load for any portion of a daily load cycle may be expressed by Equation (A.13). 

 (A.13)

where

L1, L2, …, Ln are the various load steps in percent, per unit, or in actual kilovolt-amperes,

t1, t2, …, tn are the duration of the loads, respectively.   

Equivalent initial load is the root-mean-square (rms) load obtained by Equation (A.13) over a chosen period
preceding the peak load. Experience with this method of load studies indicates that quite satisfactory results
are obtained by considering the 12 h period preceding the peak in the determination of the equivalent initial
load. With a time interval of 1 h suggested as a further simplification, the equation for a 12 h period becomes
the following:

equivalent initial load = (A.14)

where

L1, L2, …, L12 are the average load by inspection for each 1 h interval of the 12 h period preceding peak
load.

Figure A.1—Assumed load cycle

LEQ
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2t1 L2

2t2 ... Ln
2tn+ + +( )

t1 t2 ... tn+ + +( )
-----------------------------------------------------------

0.5

=

0.29 L1
2 L2

2 ... L12
2+ + +( )
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Equivalent peak load for the usual load cycle is the rms load obtained by Equation (A.13) for the limited
period over which the major part of the actual irregular peak seems to exist. The estimated duration of the
peak has considerable influence over the rms peak value. If the duration is overestimated, the rms peak value
may be considerably below the maximum peak demand. To guard against overheating due to high, brief
overloads during the peak period, the rms value for the peak load should not be less than 90% of the inte-
grated 1/2 h maximum demand.

A.8.7 Computer program

The computer program using BASIC language developed to calculate data for Table A.4, Table A.5, and
Table A.6 is shown below.

10 REM PROGRAM CLOAD

20 REM CALCULATES LOAD CAPABILITY

30 REM CAST RESIN TRANSFORMERS

40 REM L1 = PRIOR PER UNIT LOAD

50 REM T1 = AMBIENT TEMPERATURE

60 REM T2 = RATED HOT SPOT RISE

70 REM T6 = MAXIMUM LIMITING HS TEMP

80 REM T9 = WINDING TIME CONSTANT, MIN.

90 REM BOTH HV AND LV SHOULD BE

100 REM CHECKED, TIME CONSTANTS DIF.

110 READ L1,T1,T2,T6,T9

120 REM T3 = INITIAL HOT SPOT RISE

130 REM T4 = MAXIMUM LIMITING HS RISE

0
12PM

50

Figure 6
Actual Load Cycle
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Figure A.2—Actual load cycle
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140 REM T5 = ULTIMATE HOT SPOT RISE

150 REM N = EXPONENT FOR HEATING

160 REM L2 = SHORT-TIME LOAD CAPABILITY

170 REM DEPENDS ON SELECTION

180 REM OF MAXIMUM LIMITING HS

190 REM TEMPERATURE, T6

200 OPEN "CLCAP.TXT" FOR OUTPUT AS #1

210 PRINT #1,"PRIOR LOAD = ",L1

220 PRINT #1,"AMBIENT TEMPERATURE = ",T1

230 PRINT #1, "RATED HOT SPOT RISE = ",T2

240 PRINT #1,"MAX. LIMITING HS TEMP = ",T6

250 PRINT #1,"TIME CONSTANT, MINUTES = ",T9

260 T4 = T6 - T1

270 N = .8

280 T3 = T2*(L1^(2*N))

290 T3 = T2*(L1^1.6)

300 PRINT #1,"SHORT-TIME LOAD CAPABILITY, SELF-COOLED"

310 PRINT #1,"     ","TIME, MIN.","LOAD, PU"

320 FOR T8 = 15 TO 240 STEP 15

330 X = 1 - EXP(-T8/T9)

340 T5 = ((T4 - T3)/X) + T3

350 X2 = 1/(2*N)

360 L2 = (T5/T2)^X2

370 IF L2>2 THEN L2 = 2

380 PRINT #1,"     ",T8,L2

390 NEXT T8

400 DATA .70,30,90,130,180

410 END
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Example program output used for Table A.5

PRIOR LOAD = .7 

AMBIENT TEMPERATURE = 30 

RATED HOT SPOT RISE = 90 

MAX. LIMITING HS TEMP   = 130 

TIME CONSTANT, MINUTES = 180 

SHORT-TIME LOAD CAPABILITY, SELF-COOLED 

TIME, MIN LOAD, PU

15 2 

30 2 

45 2 

60 1.769101 

75 1.621648 

90 1.519323 

105 1.444161 

120 1.386684 

135 1.341396 

150 1.304876 

165 1.274882 

180 1.249877 

195 1.228774 

210 1.21078 

225 1.195303 

240 1.18189 

A.9 High frequency of operation loading

Cast-resin transformers are especially suitable for short-time loads above rating that occur frequently, such
as motor starting or impact type loading. An application curve for pulsating or short-time loads is given in
Figure A.3. This curve, based on application experience with other transformer types, is thought to represent
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conservative loading practice for cast-resin transformers. Figure A.3 covers the range of application between
those described as short circuit faults given in IEEE Std C57.12.59-1989 and longer duration overloads
described in A.8.   

A.10 Fan cooling

The addition of fans increases the load capability for peak loading during the load cycle or during emergency
loading. Increased load capability with fans varies with the manufacturer. Designing cast-resin transformers
to required hottest-spot temperature limits becomes increasingly difficult as the fan-cooled rating increases.

A.11 Test reports

It is recommended that specifications require that the following information be included on transformer test
reports:

a) Hottest-spot temperature rise of high-voltage winding;

b) Average temperature rise of high-voltage winding;

c) Time constant of high-voltage winding;

d) Hottest-spot temperature rise of low-voltage winding;

e) Average temperature rise of low-voltage winding;

f) Time constant of low-voltage winding.
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Figure A.3
Application Curve for Pulsating or Short-Time Loads
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Figure A.3—Application curve for pulsating or short-time loads
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Annex B

(informative) 
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Introduction

 

(This introduction is not a part of IEEE Std C57.98-1993, IEEE Guide for Transformer Impulse Tests.)

 

Early in 1955, a working group was appointed by the Dielectric Tests Subcommittee of the AIEE Transform-
ers Committee to prepare an Impulse Test Guide for oil-immersed transformers.  Members of the working
group agreed to draft a portion of the guide in which they had a particular interest.  The content of the 1986
guide was the consolidation and editing of these writings by the working group members.

The power transformer standards of ANSI, IEEE, and NEMA, plus the purchaserÕs speciÞcations, determine
the speciÞc requirements for impulse tests.  This guide will not change the standards in any way, but adds
background information that will aid in the interpretation and application of these standards.  These stan-
dards now provide for some alternate ways of conducting some tests or parts of tests.  These alternates have
been developed by different testing laboratories with consideration for their individual problems of trans-
former design, test facilities, etc.  It is the object of this guide to discuss these differences and to show how
effective failure detection can be achieved with the testing techniques employed.  Although the guide is writ-
ten primarily for power transformers, it is applicable generally to distribution and instrument transformers.

The guide assumes the reader has an educational or practical background equivalent to that of a graduate
electrical engineer with some knowledge of transformers.

In late 1975, a Task Force was established within the Working Group, for Revision of Dielectric Tests, to
review the original guide.  It was their purpose to review the existing guide and revise areas where up-to-date
oscillograms and procedures could be obtained.

In February 1986, a Task Force was established within the Working Group, Revision of Dielectric Tests, to
revise the 1986 Guide as follows:

a) Addition of subclause 2.4: Lightning impulse testing of low impedance winding
b) Addition of clause 3: Switching impulse testing
c) Addition of clause 4: Digital transient recorder
d) Other revisions included:

1) Addition of subclause 1.1: Scope
2) Rewording of subclause 1.2: Impulse testing techniques
3) Additions to subclause 2.5: Failure detection
4) Additions to annex A: Bibliography
5) Change from the word ÒoscillographÓ to ÒoscilloscopeÓ in this guide where applicable.
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IEEE Guide for Transformer Impulse Tests

1. Overview

1.1 Scope

This guide is written primarily for power transformers, but it is also generally applicable to distribution and
instrument transformers. Other standards, plus the purchaserÕs speciÞcations, already determine the speciÞc
requirements for impulse tests. The purpose of this guide is not to change these standards in anyway, but to
add background information that will aid in the interpretation and application of these standards. These
alternates have been developed by different testing laboratories with consideration for their individual prob-
lems of transformer design, test facilities, etc. It is the objective of this guide to discuss these differences and
to show how effective failure detection can be achieved with the testing techniques employed.

1.2 Impulse testing techniques

Insulation is recognized as one of the most important constructional elements of a transformer. Its chief
function is to conÞne the current to useful paths, preventing its ßow into harmful channels. Any weakness of
insulation may result in failure of the transformer. A measure of the effectiveness with which insulation per-
forms is the dielectric strength. It was once accepted that low-frequency tests alone were adequate to demon-
strate the dielectric strength of transformers. As more became known about lightning and switching
phenomena, and as impulse testing apparatus was developed, it became apparent that the distribution of
impulse-voltage stress through the transformer winding may be very different from the low-frequency volt-
age distribution.

Low-frequency voltage distributes itself throughout the winding on a uniform volts-per-turn basis. Impulse
voltages are initially distributed on the basis of winding capacitances. If this initial distribution differs from
the Þnal low-frequency inductance distribution, the impulse energy will oscillate between these two distribu-
tions until the energy is dissipated and the inductance distribution is reached. In severe cases, these internal
oscillations can produce voltages to ground that approach twice the applied voltage.

As circuit voltages became standardized, impulse levels corresponding to the respective voltage classes were
also standardized. Impulse levels, now referred to as basic lightning impulse insulation levels (BIL), were
established in 1937 by an AIEE-EEI NEMA Committee on Insulation Coordination. This committee was
formed to consider laboratory technique and data, to determine the insulation levels in common use, to
establish the insulation strength of all classes of equipment, and to establish insulation levels for various
voltage classiÞcations. Through the use of these BILs, apparatus can be speciÞed on the basis of demonstrat-
ing that the insulation strength of the equipment will be equal to or greater than the selected basic level, and
1
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protective equipment can be selected to provide adequate protection. The BILs and other insulation-test volt-
ages are listed in IEEE Std C57.12.00-1993

1
.

During the 1950s, it became apparent that the lightning impulse test did not represent all the transient volt-
ages to which a transformer would be subjected. As transmission voltages increased to the EHV level, (i.e.,
345 kV and above) transient voltages, caused by various switching operations, had to be considered in both
the internal and external transformer insulation design. The magnitude of surges resulting from switching
operations is dependent upon system characteristics.

As a result, a new switching impulse test was developed initially for the EHV voltage levels. A standard
switching transient wave shape was agreed upon and the crest voltage level to ground was established at
83% of the lightning impulse crest voltage.

1.3 References

This guide shall be used in conjunction with the following publications:

IEEE Std 4-1978, IEEE Standard Techniques for High-Voltage Testing (ANSI).2

IEEE Std 1122-1987, IEEE Standard for Digital Recorders for Measurement in High-Voltage Impulse Tests
(ANSI).3

IEEE Std C57.12.00-1993, IEEE Standard General Requirements for Liquid-Immersed Distribution, Power,
and Regulating Transformers (ANSI).

IEEE Std C57.12.90-1993, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and Regu-
lating Transformers and IEEE Guide for Short Circuit Testing of Distribution and Power Transformers
(ANSI).

IEEE Std C57.12.91-1979, IEEE Test Code for Dry-Type Distribution and Power Transformers (ANSI).

2. Lightning impulse testing

2.1 Lightning impulse wave shapes

Impulse tests are made with wave shapes that simulate those encountered in service. From the data compiled
by the 1937 AIEE-EEI-NEMA Committee on Insulation Coordination about natural lightning, it was con-
cluded that system disturbances from lightning can be represented by three basic wave shapesÑfull waves,
chopped waves, and front-of-waves. In Þgure 1, these three waves are represented in their approximate mag-
nitude and time.

It is recognized that lightning disturbances will not always have these basic wave shapes. However, by deÞn-
ing the amplitude and shape of these waves, it is possible to establish a minimum impulse-dielectric strength
that transformers should meet. A curve can be drawn through the points established by the amplitude and
normal duration of each wave as shown in Þgure 1. For the front-of-wave and chopped wave, the points
would be located at the intersection of a vertical line drawn at the time-to-chop and a horizontal line drawn
through the crest, while for the full wave the vertical line would be located at the time of half value (see

1Information on references can be found in 1.3.
2IEEE Std 4-1978 has been withdrawn; however, copies can be obtained from the IEEE Standards Department, 445 Hoes Lane, P.O.
Box 1331, Piscataway, NJ 08855-1331, USA.
3IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA.
2
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IEEE Std 4-1978). This curve is referred to as the volt-time curve of the composite insulation structure of the
transformer. The strength of the insulation to wave shapes other than those deÞned by IEEE Std 4-1978 can
be approximated from the curve.

Impulse tests demonstrate that the insulation will withstand impulses that lie below the volt-time curve.
Applying protective equipment that has a volt-time curve lower than that of the transformer assures adequate
protection of the transformer insulation. If a lightning disturbance travels some distance along the line before
it reaches a transformer, its wave shape approaches that of the full wave as shown in Þgure 1 by curve Òa.Ó
This is a wave that rises from zero to crest value in 1.2 µs and then decays to half of crest value at 50 µs. It is
generally referred to as 1.2 ´ 50 wave. The part of the wave between zero and the crest is called the front and
the part beyond the crest is called the tail.

A wave traveling along the line might ßash over an insulator after the crest of the wave has been reached.
This wave is simulated by the chopped wave that is chosen to be of magnitude as deÞned in IEEE Std
C57.12.00-1993. It is shown by curve Òb.Ó

If a severe lightning stroke hits directly at or very close to a terminal the surge voltage may rise steeply until
it is relieved by a ßashover, causing a sudden, very steep collapse in voltage. This condition is represented by
the front-of-wave curve Òc.Ó

As can be seen in Þgure 1, these three waves are quite different in duration and in rates of voltage rise and
decay, and consequently produce different reactions within the transformer winding. The full wave, because
of its relatively long duration, causes major oscillations to develop in the winding and consequently stresses
not only the turn-to-turn and section-to-section insulation throughout the winding, but also develops rela-
tively high voltages, compared to power frequency stresses, across large portions of the winding and
between the winding and ground (core or adjacent windings).

The chopped wave, because of its shorter duration, does not allow the major oscillations to develop as fully
and generally does not produce as high voltages across large portions of the windings or between the wind-
ing and ground. However, because of its greater amplitude, it produces higher voltages at the line end of the
winding; and because of the rapid change of voltage following ßashover of the test gap, it produces higher
turn-to-turn and section-to-section stress.

The front-of-wave is still shorter in duration and produces still lower winding-to-ground voltages deep
within the winding. Near the line end, however, its greater amplitude produces higher voltages from wind-
ing-to-ground. This, combined with the rapid change of voltage on the front and following ßashover, pro-
duces a high turn-to-turn and section-to-section voltage near the line end of the winding.

The selection of the type and number of test waves is determined by the test speciÞcation. These various test
speciÞcations may include a number of purchaser speciÞcations in addition to the ones required by IEEE Std
C57.12.00-1993.

Figure 1ÑLightning impulse wave shapes
3
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2.2 Lightning impulse test circuit

Impulse waves are generated by an arrangement that charges a group of capacitors in parallel and then dis-
charges them in series; see [B9], [B12], [B18], [B23], [B46], and [B47]. The magnitude of the voltage is
determined by the initial charging voltage, the number of capacitors in series at discharge, and the regulation
of the circuit. The wave shape is determined largely by the constants of the generator and the impedance of
the load.

Transformer impedance can be represented as a mesh network of inductance and capacitance. Figure 2 rep-
resents a transformer and also the parameters of a typical impulse generator. The total impedance between
the impulsed terminal of the transformer and ground will hereafter be called the Òeffective impedance.Ó

To illustrate how the various transformer and impulse-generator parameters affect the generated wave shape,
some simple circuit examples will be given. Assume that for the following examples, a capacitor, which will
be referred to as the generator capacitance C, is charged to a constant value and then the various circuit
parameters are connected to the generator capacitor terminals through a quick-closing switch as the break-
down of a gap. The circuit will be assumed to have zero resistance and inductance except as indicated. Fig-
ure 3 shows the circuit parameters and the resulting wave shape for each example. In all these examples a
high-impedance oscilloscope will be connected at points X-X, to indicate the variation of voltage with
respect to time as the various parameters are connected. In each example the capacitor will be charged ini-
tially to the same voltage.

With only the oscilloscope connected to X-X as in Þgure 3a, an oscillogram similar to A will result when the
switch is closed. By connecting a capacitor across the X-X terminals as in Þgure 3b a wave shape similar to
B will appear. It will have a shape like A but will have a smaller crest magnitude. The magnitude will be
decreased in accordance with the relationship

where

e is the voltage across the load capacitor

E is the applied voltage of the generator capacitor

C is the generator capacitance value

C
2
 is the load capacitance value

Figure 2ÑLightning impulse circuit

e E
C

C C2+
-----------------=
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The time to reach crest for both of these traces will be zero since there is no series resistance or inductance to
limit the current in charging the load capacitance. Changing the value of the capacitor will only affect the
magnitude of the wave and not the time to reach crest magnitude. 

When a resistor is placed across these terminals as in Þgure 3c, a trace similar to C will result. Again the
crest will be reached instantly but now the tail of the wave will decay exponentially to zero. Decreasing the
resistance will cause the tail of the wave to decrease faster as shown in curve C«. This can be explained by
studying the time constant of a resistor and capacitor circuit that is equal to the product RC. Reducing R or C
decreases the duration of the wave in direct proportion to the decrease in these parameters.

Placing an inductance across the generator capacitor as in Þgure 3d will cause an oscillatory wave similar to
D to appear. Again the time to crest will be reached instantly but the tail now will oscillate about the zero line
rather than reach the zero line exponentially as in the case of the resistor. This is due to the interchange of
energy between the electrostatic Þeld of the capacitor and the electromagnetic Þeld of the inductance.
Decreasing the inductance or capacitance causes the wave to change from D to D«, which has a shorter period
of oscillation. This change in period is proportional to the  since the period itself is equal to 2p .

Placing a capacitor in parallel with an inductance across the generator capacitor as in Þgure 3e causes an
oscillation similar to E. Here again the wave is oscillating but because of the load capacitor, the magnitude is
initially less than D; the period is increased because the total circuit capacitance is increased.

When a circuit consisting of a resistor in series with the capacitor is placed across the generator capacitance
as in Þgure 3f, a trace similar to F will appear on the oscilloscope. Now the time to reach crest is affected.
Closing the switch causes all the voltage to appear across the resistor initially and also causes a current to
ßow in the circuit, which is limited by the resistor. This current starts to charge the load capacitor, which
decreases the voltage drop across the resistor. After the capacitor is charged, no further current will ßow in
the circuit and thus all the voltage will appear across the capacitor.

The time required to charge the capacitor is proportional to the time constant RsC2. The capacitor will reach
95% voltage in approximately 3RsC2. Increasing the resistance, Rs will lengthen the front from F to F«.
Increasing the capacitor C2 will also increase the time to crest and decrease the magnitude as shown by F«. If
the resistor is initially replaced with an inductance in this example, basically the same result will be obtained

Figure 3Ñ Lightning impulse waves from simple circuits

LC LC
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except that high-frequency oscillations will be superimposed on the crest. The inductance will initially limit
the current available to charge the load capacitor and thus will increase the time to crest.

These few examples provide an insight into the effect of various circuit parameters of a transformer impulse
testing circuit upon the generated wave shape. Combining all these parameters results in an equation that is
cumbersome and difÞcult to handle. There have been many technical papers written on the subject of surge
generator characteristics for transformer testing; see [B9], [B12], [B23], and [B47]. These examples show
that the time to crest of an impulse wave is affected by the series inductance, series resistance, and load
capacitance. The tail of the wave is controlled by the generator capacitance, load resistance, load inductance,
and also load capacitance. Figure 3g shows a simpliÞed generator and transformer circuit consisting of the
parameters discussed. The wave shape G results because the transformer circuit is a complicated network
instead of the simpliÞed circuit shown.

The extremely large transformers now being built have impedance characteristics that make it difÞcult to
obtain the nominal wave shape speciÞed by standards (see IEEE Std 4-1978). On low-voltage windings it is
sometimes impractical to obtain the 50 ms tail. From the foregoing material it can been seen that the tail can
be increased by increasing the generator capacitance, load resistance, or by changing the transformer effec-
tive impedance. There is an economical maximum generator capacitance that can be made available for
impulse testing and this may not be sufÞcient to produce a tail of 50 ms (see clause 6). Even with inÞnite load
resistance the tail may be too short. The transformer effective impedance can be varied by the manner in
which the terminals of windings not being tested are terminated. If they are isolated the maximum effective
impedance results. Grounding them through resistance reduces the impedance and grounding them solidly
causes further reduction. The advantages and disadvantages of these methods will be discussed in 2.6.

With large transformers there is also the problem of obtaining the speciÞed front, and in the case of front-of-
waves, the speciÞed rate of rise. This is due to the large capacitance of the transformer and the inherent self
inductance of the generator and of the leads that connect the generator to the transformer.

In some instances the parameters of the test circuit, or of the transformer itself, may be such that it is not
practical to attain the desired wave shapes. When test conditions cannot be changed, variations in wave
shapes have to be tolerated.

2.3 Measurement of lightning impulse voltages

Measurement of the amplitude and shape of the applied waves that have values ranging from 30 kV to over
2800 kV for the crest, and 0.2 ms to 250 ms for the duration, requires special measuring equipment. An oscil-
loscope with high writing speeds and good accuracy, and voltage dividers with response suitable for
extremely fast transients, are required. A typical impulse testing circuit including the divider and oscillo-
scope is shown in Þgure 4.

Because the oscilloscopes normally used have a voltage rating of a few hundred volts, voltage dividers are
used to reduce the high-impulse voltages to a value that can be applied to the oscilloscope. The amplitude of
the resulting wave should be large enough and the focus of the trace sharp enough so that wave shape devia-
tions of 2% or 3% of the crest value are discernible. Generally there are three basic types of dividers that are
suitable for impulse testing. They are resistance, capacitance, and compensated. As the name implies, the
resistance divider utilizes the principle that the voltage across a resistor varies directly with the resistance,
while with the capacitance divider, the voltage varies inversely with the capacitance. Compensated dividers
are a combination of resistance, capacitance, and sometimes inductance; IEEE 4-1978 gives more detail on
the various dividers.

The divider that is to be located close to the device under test is connected by a shielded low-loss cable to the
oscilloscope which is located some distance away. When the cable is properly terminated at the oscilloscope,
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the voltage applied to the cable is accurately reproduced in time and amplitude by the oscilloscope. When
long or high-loss cables are used, attenuation occurs.

The oscilloscope utilizes an electron beam that is electrostatically deßected in two directions by two pairs of
plates. The amount of deßection is proportional to the voltage applied to the plates and the direction of
deßection is controlled by the polarity of the voltage applied. One pair of plates is used to sweep the beam in
the X direction, which is generally associated with the time of the oscillogram. In Þgure 5, two pairs of
deßecting plates are shown. The electron beam, which is negative polarity, will sweep from position zero to
the right when a voltage with polarities indicated is applied to the X plates. With voltage as indicated applied
to the Y plates, the beam will move from zero toward the upper plates in the sketch. This pair of plates is usu-
ally associated with the voltage to be measured. The rate at which the beam sweeps in the timing direction is
a function of the sweep voltage wave shape applied to the X plates. This rate is generally either linear or log-
arithmic and is dependent on the oscilloscope design. Consistency of the sweep speed is important so that
out on the tail of the wave a valid comparison between waves can be made (see IEEE Std 4-1978). In this
respect, oscilloscopes with linear sweeps are preferred since waves starting at various positions on the oscil-
logram will all have the same horizontal spread. Because of the various impulse-wave shapes that are
recorded, a number of sweep speeds are built into the oscilloscope.

Figure 4ÑLightning impulse circuit and transformer

Figure 5ÑOscilloscope deßection plates
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The following lists the recommended sweeps for the various wave shapes:

In an earlier paragraph it was stated that the full-wave stresses the turn-to-turn and section-to-section insula-
tion throughout the winding. The stresses are affected by the slope of the wave front and not necessarily by
the actual time-to-crest. In Þgure 6, a full wave is sketched. The time, t2Ðt0 is the time to actual crest but the
rate-of-rise of the wave that causes the stresses is E/(t1Ðt0). E is determined by sketching a smooth curve
through the irregular wave.

The same reasoning applies to scaling the front of front-of-wave tests. The front is derived from the slope of
the wave. In Þgure 7 the rate-of-rise is E/(t1Ðt0) and not E/(t2Ðt0). The time-to-chop (or time-to-ßashover) is
t2Ðt0. In cases where the transformer capacitance is large, the wave rounds off near the crest and this distinc-
tion between the wave front and the time-to-chop should be made.

Sweep range (µs) Oscillogram 
identiÞcation

Front-of-wave voltage  2 to 5 FOW

Chopped-wave voltage  5 to 10 CW

Reduced full-wave voltage  50 to 100 RFW

Full-wave voltage  50 to 100 FW

Reduced full-wave current 100 to 600 RFWC

Full-wave current 100 to 600 FWC

Figure 6ÑMeasurement of front-of-full wave

Figure 7ÑMeasurement of front-of-wave
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The voltage shall be measured by a separate connection to the terminal being tested. The gap used to chop
the wave on the front shall be directly connected to the terminal being tested and may be mounted directly
on the terminal. The impedance shall be limited to that of the necessary leads to the gap. Because of the large
chopping current associated with the large capacitance, errors are introduced into the measuring circuit. In
order to avoid these difÞculties, the voltages and times speciÞed shall be considered met provided the tests
are made with the gap settings listed in table 1 and with the minimum and maximum times to ßashover
given.

Whenever questions arise in scaling or interpreting Þlm, the intent and purpose of the particular wave appli-
cation should determine the method employed. In 2.4.2 through 2.4.5, the pros and cons of short-tail full
wave vs. long-tail waves obtained by changing the circuit effective impedance and other impulse testing dif-
ferences will be discussed. Here again the purpose and the ultimate desired stresses in the winding should
determine the course to follow.

2.4 Lightning impulse testing of low impedance windings

2.4.1 General

There are four alternate methods for testing windings having a very low impedance. The concerns related
with each method are discussed herewith, and should be considered by the manufacturer in recommending
the appropriate method. These methods are the following:

a) Method 1: All terminals of the same BIL should be connected in the winding together.
b) Method 2: A resistor of not more than 500 W should be inserted in the grounded end.
c) Method 3: A normal impulse test is applied and the short length of the wave tail should be accepted.
d) Method 4: An inductive/resistive network should be inserted between the impulse generator and the

transformer to increase the length of the tail time.

Table 1ÑTest values, gap settings, and minimum and maximum times of ßashover

Full-wave
test valuea (kV)

Front-of-wave 
test value (kV) Gap lengthb (in) Time to ßashover 

minimum (µs)
Time to ßashover 

maximum (µs)

 45  75 1-1/4 0.5 1

 60 100 1-1/2 0.5 1

 75 125 2 0.5 1

 95 165 2-3/4 0.5 1

110 195 3-3/8 0.5 1

150 260 4-1/2 0.5 1

a 1.2 ´ 50 ms full-wave test voltage.

b The gap shall consist of the space between two 1/2 in square cut square rods. The rods shall be mounted one
from the top of the terminal tested and the other either from the flange of the same terminal or other adjacent
grounded parts. The gap should preferably be centered on the bushing and adjacent to it. However, a separate
gap resting on the transformer may be used.

NOTEÑThe application of steep-front tests on windings directly connected to generators or other circuits
not exposed to lightning is unnecessary.
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2.4.2 Method 1

Connecting the terminals together produces a high stress on the winding-to-ground insulation and a rather
low sustained stress to the turn-to-turn, coil-to-coil, and across-the-coil insulation. This is due to the turn-to-
turn and coil-to-coil stress being primarily a function of the capacitance from one end of the winding to the
other and the capacitance-to-ground. These statements can be visualized somewhat better through the use of
the following simple example.

Example: Let the transformer constants be represented by an equivalent circuit as shown in Þgure 8a. The
through capacitance (capacitances from one end of the winding to the other end) of the transformer are rep-
resented by C1 and C2, and the ground capacitance by C3. L1 and L2 represent the transformer inductances.
If the through capacitances, C1 and C2, are large with respect to the ground capacitance, an initial distribu-
tion similar to Curve X in Þgure 8b will result. Since the Þnal distribution is line Y, the envelope of the wind-
ing oscillation will be between curves X and X«. This example demonstrates a low turn-to-turn and coil-to-
coil stress but a high stress to ground throughout the winding. If the through capacitances are small com-
pared to the ground capacitance an initial distribution similar to curve Z in Þgure 8b will result. The same
Þnal distribution line Y will occur and thus the envelope of oscillation will be between curves Z and Z«. This
produces a high turn-to-turn, coil-to-coil, and insulation-to-ground stress. The objections to using this
method of test for a transformer having the parameter relationships assumed is that part of the winding may
theoretically oscillate to 200% of the applied voltage. Testing in this manner is not recommended since in
service, a surge is rarely applied to both terminals simultaneously.

This method of testing does not lend itself to ground-current measurements since only the capacitance cur-
rent of the winding under test, to the tank and other windings, can be measured.

2.4.3 Method 2

Inserting a resistance in the grounded end of the winding will produce different turn-to-turn and coil-to-coil
stresses than method 1. The change in stress is a function of the winding constants. Figure 9a shows the typ-
ical equivalent network of the transformer with one end of the winding grounded through a resistor. If the
through capacitance is extremely large compared to the ground capacitance, a distribution similar to curve P
in Þgure 9b will result. The Þnal distribution would be something similar to line Q, where all, or almost all of
the voltage is across the resistor. The envelope of oscillation will then be between curve P and P«. In this
case the turn-to-turn and coil-to-coil stress is increased compared with the example that has the same capac-
itance relationship in method 1. When the ground capacitance is large, compared to the through capacitance,
a distribution similar to curve S in Þgure 9b will occur. The Þnal distribution can again by assumed to be line

Figure 8ÑLow impedance windings connecting terminals together
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Q. The envelope of oscillation now is between S and S«. Again it is possible to produce excessively high volt-
ages to ground in parts of the winding. It is general practice to insert only enough resistance to produce a 50
ms tail and the voltage appearing across the resistor is usually limited to not more than 80% of the BIL of the
grounded end of the winding. If, in the last example, the resistance required to produce a 50 ms tail had been
smaller, the Þnal distribution line would be lowered to Q«, and the envelope of oscillation would then be
between S and Sý. The tail length and the voltage across the resistance should be measured to determine the
value of resistance to be used. A low-voltage impulse generator and oscilloscope may be used to make these
measurements.

This method of testing applies a 50 ms wave to the line end insulation and is suitable for ground current mea-
surements, although it is felt that the resistance may reduce slightly failure detection sensitivity. Initially, the
full-impulse voltage is applied across the winding and resistance in series; therefore, the stress across the
winding will be reduced.

2.4.4 Method 3

By applying all the voltage across the winding, even though a short tail wave is used, the greatest stress to
the insulation between portions of the winding is generally produced. The stress to ground at the middle of
the winding may not be as great as methods 1 and 2 since the short tail will not sustain the voltage for a long
time.

In Þgure 10a, the equivalent transformer is pictured with one end of the winding grounded solidly. If the
through capacitances are large compared to the ground capacitance, then a voltage distribution similar to
curve M of Þgure 10a will result. The Þnal distribution is presented by line N, which means that the envelope
of oscillation will be between M and M«. When the through capacitances are extremely small compared to
the ground capacitance, then a voltage distribution similar to curve O in Þgure 10b will occur, which will
result in an envelope of oscillation between O and O«. Again, with this method of tests there are portions of
the winding that may exceed the applied potential to the line terminals, but generally these windings have
long time constants, and the time for point T to oscillate to its maximum is usually long enough that the volt-
age applied at the terminals has decreased to 50% of the crest value. This method of test does not produce a
sustained stress to the insulation-to-ground as does either method 1 or 2, but it does stress the insulation of
the winding. The low-frequency test will produce sufÞcient stress to test the insulation-to-ground.

This method of testing is very suitable for current measurements since there is no increase in the circuit
resistance and the circuit therefore has good response to high-frequency disturbances. No distribution test is
required to determine the value of the resistor to be used.

Figure 9Ñ Winding grounded through a resistor
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2.4.5 Method 4

Inserting an inductive/resistive network between the impulse generator and the winding being tested can
often increase the tail time beyond that available with the impulse generator alone. This arrangement relies
on a transfer of energy to the inductor from the impulse generator during the front portion of the wave and a
transfer of energy from the inductor to the winding during the tail portion of the wave.

The amount of improvement in the tail time with this method is dependent on the characteristic of the wind-
ing and the impedance values available in the inductive/resistive circuit. In general, this method is used on
lower voltage windings (200 kV BIL and lower).

2.4.6 Conclusion

From these examples it can be seen that the transformer construction is a controlling factor in selecting the
method of testing low-impedance windings. Each manufacturer should be familiar with the response of
transformer construction type and should use the applied test method that will stress the winding in a manner
expected in service.

2.5 Failure detection

One of the most important phases of impulse testing is the detection of failure. There is no one deÞnite and
positive method available, but operating experience on units that have been impulse tested demonstrate that
by utilizing a combination of all the methods, failure detection is possible.

Detection by cathode-ray oscilloscope is based on the premise that an insulation failure will change the
impedance of the transformer to impulse voltages. This change will cause variations in the impulse current
ßowing through the winding and in the voltage measured across the winding. In order to ensure positive fail-
ure detection, dividers or shunts for impulse voltage and impulse current measurements are recommended to
have response times, as deÞned in IEEE Std 4-1978, in the order of 200 ns or less. The interpretations of
variations in current and voltage are discussed in 2.8 and 2.9.

The voltage oscillograms that are taken to measure the applied voltage magnitude and wave shape are used
to detect such wave shape variations. With superimposed oscillations of high magnitude, evaluation of wave
crest is difÞcult. If generator characteristics are such as to give a completely smooth wave, it may be difÞcult
to detect failures of small portions of the winding insulation by means of the cathode-ray oscilloscope. If the

Figure 10ÑEffects due to short length of wave tail
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impulse generator is sufÞciently ßexible, a good compromise is the use of generator constants such that the
transformer impedance largely determines the length of the tail of the applied wave.

To detect variations in the current it is necessary to have current oscillograms. These are obtained by measur-
ing the voltage drop across a suitable shunt or a wide-band pulse-current transformer which is connected
between the grounded end of the impulsed winding and ground. It is difÞcult to shield the measuring circuit
completely from the inßuence of the high voltage of the surge generator, and some stray potentials are fre-
quently picked up that may produce an erratic record for the Þrst 1 or 2 ms. Such inßuences, if they occur at
the start of the current wave (and to a lesser extent at the start of the voltage wave), should be disregarded.

When the impedance of the transformer tested is high with respect to its series capacitance, current measure-
ments may be difÞcult to make because of the small impulse current. In order to reduce the initial large
capacitance current and maintain a reasonable amplitude for the remainder of the wave, a capacitor may be
included in the current measuring circuit. The capacitor should be no larger than required to achieve this
result.

When possible, simultaneous oscillograms of the voltage and current should be taken. If only one oscillo-
scope is available, then the recommended procedure is to have the voltage oscillogram precede the current
oscillogram.

NOTEÑSmoke bubbles rising through the oil in the transformer are deÞnite evidence of failure. Clear bubbles may or
may not be evidence of trouble; they may be caused by entrapped air. They should be investigated by repeating the test,
or by reprocessing the transformer and repeating the test to determine if a failure has occurred.

Because of the complicated nature of impulse testing and the different forms of transformer construction, the
various transformer manufacturers have developed impulse testing techniques suitable for their use. As IEEE
Std C57.12.90-1993 was revised throughout the years, it was modiÞed to cover the different techniques in
use. As a result, there are several alternate approaches to some of the testing problems.

There are three principal testing techniques in which there is a divergence of practice. They are as follows:

a) Connection of non-impulsed terminals

b) Low-impedance windings

c) Use of capacitors across current shunts

2.6 Connection of non-impulsed terminals

Neutral terminals shall be solidly grounded except in the case of low-impedance windings. Line terminals,
including those of autotransformers and regulating transformers, shall be either solidly grounded, or
grounded through a resistor with an ohmic value not in excess of the following values.

Nominal system voltage (kV) Resistance (W)

 345 and below 450

 500 350

 765 300

1100 200

NOTEÑThese values are representative of typical transmission line
surge impedances.
13
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The following factors shall be considered in the actual choice of grounding for each terminal:

a) The voltage-to-ground on any terminal that is not being tested should not exceed 80% of the full-
wave impulse voltage level for that terminal.

b) If a terminal has been speciÞed to be directly grounded in service, then that terminal shall be solidly
grounded.

c) If a terminal is to be connected to a low-impedance cable connection in service, then that terminal
shall either be directly grounded or grounded through a resistor with an ohmic value not in excess of
the surge impedance of the cable.

d) Grounding through a low-impedance shunt for oscilloscope current measurements may be consid-
ered the equivalent of a solid ground.

For terminals not being tested, see IEEE Std C57.12.90-1993 and IEEE Std C57.12.91-1979.

2.7 Non-linear devices

Depending upon the transformer design, non-linear-protective devices may be built into the transformers.
These devices may be connected across the whole, or sections of the windings. Their purpose is mainly to
limit transient over-voltages, which may be impressed or induced across the windings, to safe levels. These
devices are voltage and temperature sensitive and display non-linear impedance vs. voltage characteristics.
Their impedance up to a certain voltage level is very high. Should voltage across these devices exceed this
level their impedance decreases in a non-linear manner. The characteristics of these devices are so chosen
that during normal-transformer operation they present very high impedance, thus allowing whole windings
or winding sections to perform in a normal manner. However, should voltage across them exceed a safe
level, their impedance decreases to limit the voltage and protect the windings.

By their very nature, non-linear protective devices connected across the windings may cause differences
between the reduced full-wave and the full-wave impulse oscillograms. That these differences are indeed
caused by operation of these devices should be demonstrated by making two or more reduced full-wave
impulse tests at different voltage levels to show the trend in their operation. Generally, the wave shapes are
identical with the overall reduction in magnitudes.

2.8 Interpretation of impulse tests

2.8.1 General requirements

The basic method for judging the results of a test is comparison between test wave forms obtained in a given
test sequence. Generally speaking, traces recorded from the same channel, under the same test conditions
and using the same test circuit constants, should be identical, except for non-linear devices, as mentioned
before. Different test voltage levels should be compensated by appropriate attenuations to obtain the same
recording level.

One practical way of comparing the traces is to superimpose one upon the other. To be able to achieve
matching in both time and amplitude the following conditions must be met:

a) Both traces are to be recorded at identical time sweep speeds.
b) The vertical deßection sensitivities shall be identical if both traces are recorded at the same voltage

level.
c) To compare traces taken at two different test voltage levels, the vertical deßection sensitivities are

adjusted in the ratio inversely proportional to the ratio of the two test voltage levels so that the ampli-
tudes of the deßections are the same in both cases. This adjustment can be made either by changing
the setting of the built-in attenuator, or by a corresponding change in an external attenuator or
impulse-voltage divider.
14
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d) The traces are recorded to allow detection of small deviations.
e) SufÞcient shielding of the impulse-recording device and signal circuits are used to reduce the back-

ground noise and interference to such a level that no visible deßection is produced when the record-
ing cable is disconnected and shorted to ground at the voltage divider end.

2.8.2 Criteria for satisfactory traces

Perfect comparison of two traces may not be possible in practice for such reasons as random nature of the
sparkover of the impulse generator-spark gaps, varying amount of dielectric losses in high-voltage circuits,
slight changes in resistance values due to temperature effects, inßuence of the objects in proximity to
impulse test area, imperfect-ground system, and many others. However, the resolution of details of the
recording system is limited and the traces may appear to superimpose perfectly. Most so-called perfectly
matching traces can probably be shown to contain minute discrepancies provided sufÞcient magniÞcation is
used when viewing the traces.

Perfectly matching test traces is a term depending on many factors. The discrepancies, such as very minor
changes in trace thickness at a particular point, a borderline change in the slope near a peak or shape of peak,
slight change in amplitude of an oscillation, or appearance of a ripple visible only after a prolonged study or
using a magniÞcation lens and similar occurrences, have varying signiÞcance. It depends on the time at
which they occur relative to the beginning of the trace, the test voltage level, insulation level of the trans-
former under test, type of the channel recorded (that is, applied voltage, ground current, or current in another
winding), sensitivity and frequency response characteristics of the recording channel, type of transformer
winding under test, trace resolution, sweep speed, etc. Perfect matching, therefore, is satisfactory matching
of the traces, based on judgement derived from experience and limitations in trace resolution.

2.8.3 Applied voltage traces

The recording of the voltage wave shape as applied to a terminal of a transformer winding serves a two-fold
purpose.

Ñ To verify that the wave shape of the impulse and the crest value conforms to the relevant test
speciÞcation

Ñ To detect impulse failures

It is only the latter that will be the subject of this subclause. Under the present impulse test standards there
are the following three types of voltage waves applied to a winding terminal:

a) Full wave
b) Chopped wave
c) Wave chopped on the front (known also as the front-of-wave)

Wave shapes, crest values, and other characteristics of the wave forms, together with their respective toler-
ances, are given in the applicable test code, IEEE Std C57.12.90-1993, and IEEE Std C57.12.91-1979.

Connection of terminals that are not being tested is also governed by the applicable test code. However, dur-
ing investigation of a mode or the cause for impulse failure, the connection of these terminals may be varied
to obtain required information (e.g., ground current of winding not being tested can provide information on
winding-to-winding failures). Special care should be taken to avoid overstressing of terminals not being
tested when they are grounded through the resistor.

a) Interpretation of full-wave voltage traces. The successful test results are represented by matching of
voltage traces obtained from the full-wave test with those from the reduced full-wave test (taken at
50% to 70% of the full-wave test level, that is, BIL).
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When a discrepancy between the two traces occurs, it can be of the following types:

1) One of the waves is chopped, that is, the voltage suddenly collapses to zero
2) The wave is distorted in shape
3) The amplitudes of the two waves differ, although the wave shape is the same

When discussing the following three types of discrepancies, it will be assumed that the test equipment,
including measuring circuits, has been checked and functions satisfactorily:

1) The Þrst type of discrepancy (where one of the waves is chopped) indicates a failure to ground.
If the chop is steep, that is, the voltage collapse occurs within 1 ms or so, the failure is near or at
the line end of the winding or involving a bushing or bushing lead. When the rate of collapse is
slower, it indicates that a part of the winding is included in series with the fault. Occasionally it
may indicate that the failure is occurring by creepage along the surface of some solid insulation.

2) The second type of discrepancy (when the wave is distorted in shape) is the most common and
indicates failure in the minor insulation of the winding tested or, sometimes, partial failure
(including partial discharge) of the major insulation or the bushing. The time of the appearance
of the discrepancy relative to the start of the trace can serve as a guide as to the possible loca-
tion of the failure.

The sensitivity of fault indication by the voltage trace depends on the voltage regulation of the
impulse generator. The poorer the regulation, the greater the effect of the impedance change on
the voltage at the terminal under test. In addition, the closer the fault is to the line end of the
winding, the more pronounced will be the distortion of the terminal voltage wave shape.

Momentary discrepancies occurring at the crest of the wave are often caused by partial dis-
charge in the bushing or sometimes at the line end of the winding. A discrepancy that persists
for a longer time is an indication of a sustained winding failure. A dielectric failure that results
in the short-circuiting part of the winding usually, but not always, reduces the duration of the
wave tail. Failure in a non-impulsed winding, through a transferred surge, can also produce dis-
crepancies similar to those described above. A failure remote from the line end of the winding
(e.g., in a tapping region), may produce no indication whatsoever on the voltage trace. This is
one of the reasons why ground current traces are recorded, which will be discussed later.

3) The third and last type of discrepancy (where the amplitudes of the two waves differ) is very
rarely, if ever, caused by a dielectric failure and usually results from some fault in the equip-
ment, or an error on the part of the operator.

Discrepancies at the front of the wave, up to half of the crest value, are generally caused by random spark-
over of the gaps and can be disregarded.

b) Chopped-wave voltage traces. The two chopped-wave voltage traces should match up to the point of
chop. Whatever has been said about the discrepancies in the full-wave voltage traces applies also to
the chopped waves up to the point of chop. However, as the timesweeps used for chopped-wave test
recording are considerably faster than those used for full-wave tests, any short duration irregularities
on the wavefront or the crest are much more prominent. These can result from random variations in
the Þring of the impulse generator stage-spark gap, corona from the high-voltage leads, or impulse
generator or streamers from the rod gap used for chopping.

Small irregularities or oscillations on the rising part of the chopped-wave trace should be disre-
garded if they occur below the point at which the deßection has reached the value equal to one half
of the crest value of the wave. Small disturbances around the crest of the wave are more suspicious
and warrant further investigation. Small changes or rounding off at the point where the chop begins
should also be discounted as possible failure indications since at this point of time streamers are usu-
ally fully developed in the chopping gap.
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The oscillations that usually follow the chop cannot be expected to match unless the time to chop is
essentially the same on both tests (i.e., within 0.1 ms of each other). If the oscillations are generally
similar, the traces can be considered acceptable. On the other hand, if the oscillations are grossly dif-
ferent or completely absent in one of the traces, this is usually an indication of failure in the trans-
former. Judgment based on experience plays a major role in interpreting the results. The appearance
of oscillations in the horizontal rather than vertical direction on the rising part of the trace or on the
chop part are not an indication of failure but of instability in the oscilloscope time base produced by
an external interfering Þeld. A change in the steepness of the chop, however, or an appearance of a
chop without the chopping gap ßashing over are indications of dielectric failure.

To avoid ßashover of the bushing during adverse conditions of humidity and air density, the bushing
ßashover may be increased by appropriate means.

The time interval between application of the last chopped wave and the Þnal full wave shall be min-
imized to avoid recovery of insulation strength if a failure has occurred prior to the Þnal full wave.

c) Front-of-wave voltage traces. Much of what has been said about interpretation of the chopped-wave
traces applies also to the front-of-wave traces. Because of a high rate of rise of voltage, the probabil-
ity of a winding failure during the rising part of the wave is much greater. The failures during the
front-of-wave test almost exclusively occur at the line end of the winding especially between the Þrst
few turns where the highest stresses are produced. Small deviations in the traces up to the point of
chop can indicate corona or ionization that can lead to complete failure. The corona or ionization
usually occur upon application of chopped and full waves. These deviations can also indicate nonde-
structive corona in oil from some sharp point or corner. Considerable discrepancies either before or
after chop are indicative of turn-to-turn failure, unless they can be traced to a grounding problem.
Small changes such as phase change in ripples are considered acceptable.

2.9 Ground current traces

These traces are obtained either by measuring voltage developed across an impedance connected between
ground and the non-impulsed end of the winding under test, or by measurements on the secondary terminals
of an impulse current transformer. The primary of such an impulse current transformer is connected between
ground and the non-impulsed end of the winding under test. The magnitude and wave shape of the ground
current is a function of the surge characteristics of the winding tested. Hence, they are much more sensitive
to changes in the winding occasioned by dielectric failures than are the applied voltage traces. The following
three main components can be distinguished in the ground current:

a) The capacitive component that represents the current charging the distributed series capacitance of
the winding. This component appears at the very beginning of the trace as a more or less steeply ris-
ing wave with possibly some oscillations.

b) A period of small oscillations, due to mutual inductance couplings and capacitance between turns or
discs of a winding, that follows the capacitive component.

c) The inductive component that ßows through the inductance of the winding. This component very
often includes superimposed large amplitude oscillations due to travelling waves in the winding. It is
the latest to appear on the trace.

Depending on the type of winding tested, the relative prominence of these three components can vary
widely; for example, a multilayer winding of an instrument transformer will have negligible inductive com-
ponents, while the capacitive component will be very large. A non-interleaved disc winding of a power
transformer, on the other hand, will have a relatively small capacitive component, with the inductive current
17
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with large amplitude oscillations (travelling wave) being the most prominent one. Trace sweep speeds
should be selected so as to display all three components, if possible, but for full-wave impulse tests the
inductive component is the Þrst choice.

Full-wave current traces. It is for this type of wave that the ground current records are most useful. The rea-
son for this is that the full-wave voltage lasts long enough to build up an appreciable inductive and travelling
wave component, which is the most reliable one for fault detection.

The capacitive component of the ground current can give an early indication of the failure, provided the failure
can produce detectable change in the magnitude of the component. This depends on the extent of the break-
down and on the value of the series capacitance of the winding. The larger the series capacitance, the more
dependable the fault indication will be. The period of small oscillations due to mutual inductance coupling is
not very useful for fault detection because of its small amplitude relative to the other two components. The
magnitude of the inductive components relative to the capacitive one varies with the type of winding and with
terminal conditions of the untested windings. Short-circuiting of untested windings increases the inductive
component of the current several times. A typical disc winding as employed in medium and large power trans-
formers reduces the sensitivity of fault detection, for faults comprising a small percentage of the winding. The
experience and tests show, however, that a ground current method is sensitive enough to detect one short-cir-
cuited turn in a typical disc winding even with all other winding terminals short-circuited and grounded. This
applies also to low-voltage helical or layer windings of power transformers.

This is not necessarily true for multilayer high-impedance windings such as those used in potential and dis-
tribution transformers. Due to the large inductance of these windings, the inductive current change may be
negligible even with several turns of the winding short-circuited.

The type of shunt to use for the ground current recording depends on which current component is considered
the most important for fault detection. In most cases, it is a pure ohmic shunt with an added parallel capaci-
tor to limit the amplitude of the capacitive component at the beginning of the trace. This type of shunt is
unsuitable for testing high-impedance multilayer type windings for reasons mentioned. A pure capacitance
shunt (paralleled by a high-value bleeder resistor) gives the most sensitive indication and is capable of
detecting a one turn fault in several thousand, provided the untested windings are opened, or resistance
loaded only to the extent necessary to limit the voltage transferred. Impulse current transformers are particu-
larly suitable to be used instead of a pure ohmic shunt.

The Þrst 2 ms of the current trace cannot be expected to match because of the great probability of voltage
pick-up from the high-voltage circuits. They should therefore be disregarded for the purpose of analyzing
test traces.

Apart from the Þrst 2 ms, any deviation between two traces superimposed may indicate a failure in the trans-
former under test and shall be carefully analyzed. The type of discrepancy will vary with the type of fault
and type of winding tested. A ground fault will tend to reduce the magnitude of the ground current to zero
from the moment it occurs. Faults in the minor insulation of the winding will tend to increase the current
magnitude by lowering the impedance of the winding. With power-transformer windings, this will invariably
be accompanied by changes in the oscillations superimposed on the inductive part of the current. When the
inductive component alone shows an increase, without any other visible discrepancy in the shape or phase of
the oscillations, it may indicate magnetic core saturation rather than a dielectric failure. This is apt to occur
with small power or distribution transformers and calls for careful demagnetization prior to the application
of the full wave.

With the resistance type shunt, the part of the trace at which the discrepancy begins to show can give some
indication as to the location of the fault in terms of winding length from the impulsed end. With the capaci-
tive shunt, such as used for testing high impedance, low kilovoltampere multilayer windings, any sustained
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minor insulation failure will only cause a gradual increase in the current, which builds up over a fairly long
time. Location of the failure by measuring the time of its occurrence is not usually possible.

Sometimes the increase in the inductive current will not be apparent, but changes in the shape of the oscilla-
tions will normally indicate a failure. The increase in the inductive component may not be visible if the fault
encompasses only a small number of turns and all the untested windings are short-circuited. Even a fault
involving one turn, however, in a power transformer winding would cause visible change in the oscillations.

Trivial changes in the ground current, such as a slight change in slope of one of the minor peaks or a minute
ripple or spikes superimposed on the trace, often arise from causes outside the transformer, such as ground-
ing problems or imperfectly made impulse connections. They can also indicate such internal problems as
partial discharge or incipient breakdown.

If the connections and grounding are found satisfactory, several more full waves should be applied. If the
deviation increases in magnitude, it indicates progressive dielectric failure in the transformer. If there is no
progressive increase in discrepancy, the chopped-wave test followed by several full waves should be applied.
If there is still no progressive increase in deviation or if the deviation disappears, this indicates that it was
due to a cause that rectiÞed itself (such as a minute amount of trapped air) or from non-injurious partial dis-
charge, such as from a rough spot on bare metal.

Small ripples or corona spikes superimposed on the ground current trace that otherwise shows no changes in
shape can be due to poor grounding of the core. They can also be caused by partial discharge in transformer
bushings that are too small to be visible on the voltage traces.

NOTEÑDiscussion on the matching of two voltage traces applies to current traces also.

2.9.1 Dry-type transformers

Dry-type transformers may exhibit partial discharge at impulse voltage levels. This discharge increases the
apparent resistance of the winding resulting in a damping of ground current. The resulting full-wave current
trace shows a reduced swing of the oscillations when compared with the reduced full wave, but no change
occurs in the phase of the peak and valleys. This is not necessarily an indication of failure.

Figure 11a illustrates this. This is not necessarily an indication of failure. Figure 11b illustrates a turn-to-turn
failure compared with a good wave. Figure 11c is an expanded view of impulse current waves for one 50%
full wave, and one 100% full wave to clarify the minor deviations in current waves when impulse testing
dry-type transformers. When impulse voltage partial discharge is suspected, the following procedure is rec-
ommended after the normal series of impulse tests has been applied. Apply a series of impulse waves at
80%, 90%, and 100% levels. The changes between the waves at each level and the original 50% and 100%
waves are then determined. A judgment is made as to whether the changes are due to the impulse charge
effect or to a failure in the coil.

2.9.2 Voltage and current transformers

Transformer windings composed of many turns of Þne wire have the highest inductance and lowest-series
capacitance. For such windings, the capacitance current is small and the inductive current does not build up
to a large value even after many microseconds. Figure 12 shows the current traces of the primary of three
small distribution transformers that are typical of this class. The low-frequency components are well illus-
trated in Þgure 12a, to a lesser degree in Þgure 12b, and are not evident in Þgure 12c. Figure 13 shows indi-
cation of failure in a 25 kVA distribution transformer by the inductive component of the current; see [B38]
and [B40]. In the case of small distribution transformers and voltage transformers, grounding the winding
through a capacitor instead of a resistor for the grounding shunt produces sensitive failure detection. For
such windings a turn-to-turn fault causes very little change in the current. Further, because the inductance is
so large, whatever change does occur is of long duration and has the appearance of a slight shift of the whole
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wave. There are no distinctive short-duration wave shape changes and the slight overall wave shape is difÞ-
cult to detect. In such cases the resistance shunt is replaced with a capacitor of such size that over the dura-
tion of the impulse the capacitor charges to a voltage sufÞcient to produce a satisfactory deßection on the
trace [B45]. This deßection should be equivalent to that used for recording the voltage wave. Sweep dura-
tions of the order of 500 ms are used. When a turn-to-turn failure occurs, the slight long duration change in
the current wave is integrated by the capacitor so that at later times a failure wave deviates more and more
from the reduced wave. A bleeder resistance of the order of 100 000 W is connected across the capacitor to
bleed off the charges between successive impulses.

In Þgure 14a, the current is measured with a resistance shunt. In Þgure 14b, the current waves are integrated
through a capacitor. Curves shown for an unfaulted and two faulted conditions demonstrate the extreme sen-
sitivity of capacitance grounding when used on distribution and voltage transformers. While fault detection
could be obtained by superimposing the upper waves, especially if a sizeable deßection were used, the lower
set of waves show the fault in an obvious way. To obtain such large deviations, the value of the capacitance
through which the winding is grounded should be carefully selected. Such a method is especially useful for
production testing of a large number of duplicate units.

Another method for voltage transformers makes use of the voltage wave shapes induced in the low-voltage
winding.

Current transformers pose a problem in that there is no winding from line to ground, and consequently there
is no neutral current to record. On the other hand, there is little likelihood of small failures, such as turn-to-

Figure 11ÑLightning impulse current waves
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turn; consequently, the high sensitivity of the current method is not so necessary. Often only the voltage
wave is used for failure detection. However, detection sensitivity can generally be improved by recording the
voltage produced across a resistor that connects the tank and the short-circuited secondary winding to
ground.

2.10 Examples of impulse wave forms

Figures 15a and 15b illustrate a coil-to-coil failure near the line end of the winding. The high-voltage winding
is a continuous disc pancake type and the transformer is rated 20/26.6/33 MVA, 138 kV delta-13.8 kV wye.
The coil-to-coil failure is indicated when deviations occur between the reduced and full-wave traces. When
the deviations Þrst appear near the crest of the voltage trace, a location near the line end can be suspected.

Figures 16a and 16b show the same type of coil-to-coil failure as in Þgure 15, but on a different transformer
in a different testing facility. The winding in this case is also a disc type and the transformer is 25 MVA with
a 650 kV BIL high-voltage rating.

Figure 12ÑFull wave neutral current in high inductance windings

Figure 13ÑFault indicated by inductive component of the neutral current
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Figures 17a and 17b are examples of a coil-to-coil failure near the taps at the middle of a winding. The unit
is an autotransformer, rated 78/104/130 MVA, 138 kV wyeÐ69 kV wyeÐ13.9 kV delta. The taps for de-ener-
gized operation are near the middle of the series winding, which is a continuous disc type. The high-voltage
terminals were impulsed with a 400 W resistor between the low-voltage terminal and ground. Figure 18 is
the current oscillogram recorded during investigative procedures and measured at a low-voltage terminal. A
comparison of these oscillograms shows a signiÞcant inductive current change.

Figure 14ÑComparison of capacitance and resistance
shunt neutral current methods

Figure 15ÑVoltages and currents
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Figure 16ÑVoltages and currents

Figure 17ÑVoltages and currents
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Figures 19a and 19b illustrate partial discharge near the line end of the winding. The voltage wave forms
show appreciable change near the crest, while the current wave forms show very little inductive change.
Examination showed tracking on a barrier tube under the high-voltage winding, but there was no turn-to-turn
failure. Figure 20 is another illustration of partial discharge during the impulse test. In this case, the evidence
of partial discharge was found in a winding oil duct. In this particular case the voltage wave had not
changed. Therefore, a voltage wave is not illustrated here. Figures 21a and 21b are results of tests that show
the failure from the high-voltage winding to a static shield in a 138 kV unit. Figures 22a and 22b are wave
forms resulting from a failure of a no-load tap changer switch on a 650 kV BIL, 30 MVA unit. Examination
showed tracking to have occurred across open contacts of the switch. Deviations late in time on the current
wave may indicate a source remote from the line end. Figures 23a and 23b show the failure of a capacitor
type bushing on the high side of a 12 MVA transformer with a 450 kV BIL.

Figures 24a and 24b illustrate a partial breakdown within a capacitor bushing, which provides the terminal
for a 110 kV BIL winding.

Figure 25 shows a characteristic of current wave traces termed autotransformer action. These oscillograms
show the minor oscillatory mismatch from a test on a single-phase shell type 525 kV, 333 MVA, 1425 kV
BIL autotransformer. Figure 26 shows low-voltage bushing failures during front-of-wave tests on a 220 kV,
80 MVA, 750 kV BIL transformer. Figures 27a and 27b show a static plate problem on the tertiary winding
of a 230 kV, 210 MVA, 900 kV BIL transformer with tertiary ratings of 13.8 kV delta, 110 kV BIL, and 41
MVA. Figures 28a and 28b indicate the normal operation of nonlinear surge protection devices in the tested
winding as discussed in 2.7. RFW, 75% FW, and 100% FW traces are shown. Figures 29a and 29b show a

Figure 19ÑVoltages and currents

Figure 18ÑCurrents (resistance)
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failure through considerable oil and paper between the high-voltage and low-voltage windings of a series
connected transformer. The junction between series and main transformers experienced overvoltages due to
wave reßections.

Figures 30a and 30b depict the effects of inadequate core grounding. Note that the mismatch is much more
apparent in the highly oscillatory current waves than in the voltage traces. Figures 31a and 31b show the
effects of discharge from an ungrounded core shield of a shunt reactor. Figures 32a and 32b are an indication
of wave mismatches that are caused by considerations that are external to the windings. In this instance, a
ßashover occurred between the transformer tank and an insufÞciently grounded cooler.

2.11 Methods of presenting test results

A report of the impulse tests conducted on equipment can be very useful to the purchaser. It provides the pur-
chaser with a permanent record of the tests performed. If the purchaser does not witness the factory tests, the
report provides the source of information regarding the tests performed. Well prepared reports can be useful
to the purchaser in educating inspectors or others who witness factory tests.

Figure 20ÑCurrents

Figure 21ÑVoltages and currents
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To be useful to the purchaser the test results should include the following minimum data:

a) General information, that is, type and rating of equipment tested, serial number, date of test, wit-
nesses to the test, etc. See the suggested form in Þgure 33.

b) A tabulation showing impulse tests conducted on each terminal including type and magnitude of test
waves. The connection of untested terminals of all windings should be described as outlined in Þgure 33.

c) Reproductions of the pertinent recordings taken during the tests are an important part of the test
report. When speciÞed, these recordings should be properly identiÞed and arranged so that the nec-
essary comparisons between full waves, chopped waves, and front-of-wave can be easily made.
Copies of recordings taken on 35 mm Þlm should be enlarged to a size that permits direct visual
inspection.

Figure 22ÑVoltages and currents

Figure 23ÑVoltages and currents
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d) It is preferred that the recordings of waves to be compared be overlaid. A less desirable alternative is
to reproduce the recorded Þlms of waves to be compared as closely together as possible in a vertical
array.

Figure 24ÑVoltages and currents

Figure 25ÑCurrents

Figure 26ÑFront-of-wave
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e) Timing waves or timing pips may be on each recording so placed that the test wave is not obscured.
Acceptable substitutes would be to mark the time scale on the recordings.

f) Recordings to demonstrate that the transformer has successfully withstood all the required impulse
tests generally are included in the Þnal test report. Where the manufacturer has conducted additional
tests to explain discrepancies, etc., the pertinent recordings also should be included in the report.

Figure 27ÑVoltages and currents

Figure 28ÑVoltages and currents
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Figure 29ÑVoltages and currents

Figure 30ÑVoltages and currents
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Figure 31ÑVoltages and currents

Figure 32ÑVoltages and currents
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Name of Manufacturer __________________________________________________________________

Purchaser_____________________________________________________________________________

Date of Test___________________ PurchaserÕs Order No. ______________ MfrÕs Ref.______________

Serial Number(s) _______________________________________________________________________

H winding ___________ kVA  Winding ____________ kVA Y winding ____________ kVA

                  ___________V                             ____________ V                               ____________ V

                  ___________ BIL                        ____________ BIL                            ____________ BIL

NOTEÑAdditional sheets need only repeat this table plus purchaserÕs order number and manufacturerÕs reference number.

Test witnessed by___________________________________________ Date _______________________

I hereby certify that this is a true report based on factory test made in accordance with IEEE Std C57.12.00-1993.

Signed _________________________________ Date _______________ Approved _________________

Terminal 
lightning 
impulse 

applied to

Testa
Crest 

voltage 
(kV)

Wave 
shape or 

rate of rise

Time to 
ßashover 

(ms)

Oscillogram 
number

Sweep 
time or 
timing 
wave 

frequency

Connection 
of non-

impulsed 
terminalsb

a Reduced full-wave voltage (RWF), reduced full-wave current (RFWC), full-wave voltage (FW), full-wave current
(FWC) chopped-wave voltage (CW), and front-of-wave voltage (FOW).
b Terminals grounded (GRD), terminals connected to arresters (ARR), and terminals connected to ground through
linear resistance (RES).

Figure 33ÑTransformer lightning impulse test report
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3. Switching impulse testing

3.1 Switching impulse testing techniques

When higher transmission voltages (500 kV and above) were introduced, it became apparent that switching
impulses play a greater role in their overall effect on the power system than at lower voltages. High fre-
quency and high amplitude voltages may result when transmission lines at these high amplitude voltages are
switched. The higher the system voltage and the longer the line, the higher the switching impulse amplitude
will be. The wave shapes vary considerably from one system to another. The time to reach the crest ampli-
tude and total time duration of these switching impulses are much longer than those of lightning impulses.

Also, the switching impulse amplitude may vary depending on the location of the switching device with
respect to transformers and the design of the switching device. Many high-voltage power circuit breakers
have impulse-suppressing closing resistors to limit the impulse amplitude.

Since their time to crest and the total time duration are much longer than those of the lightning impulses, the
voltage distribution of these switching impulses within the winding of the transformer will be more uniform.
The distribution will be essentially on a volts per turn basis, approaching the uniform distribution of low-fre-
quency steady-state voltages. Because there may be non-linearity in some windings, it cannot be generalized
that the distribution will be uniform in all situations.

Since the switching impulse wave shape is somewhere between the low-frequency and lightning impulse
wave shapes, the assumption is usually made that a transformer that withstands both the low-frequency and
lightning impulse tests will also withstand the switching impulses if the magnitude of the switching impulse
crest is in the order of 80% to 85% of the lightning impulse crest value.

However, industry experience shows that this assumption does not hold true in all cases, and the switching
impulse withstand capability of a transformer cannot be merely interpolated from other tests. For this reason,
switching impulse testing of high-voltage power transformers is recommended.

The generally accepted crest value, also deÞned as the basic switching impulse level (BSL), for the switch-
ing impulse is 83% of the BIL as outlined in IEEE Std C57.12.00-1993.

Switching impulse tests on the highest voltage line terminals of a transformer may over-test or under-test
lower voltage line terminals depending upon the relative BSLs, the turns ratios, and test connections.
Switching impulse voltages are generally transferred between windings by approximately the turns ratio.
However, there are situations where untested windings of a three-phase transformer may show heavy oscilla-
tions with considerably higher crest voltages than those calculated using turns ratio. These oscillations have
to be damped out; otherwise, they may lead to external phase-to-phase clearance problems. Such situations
should be resolved by the manufacturer and the user. Regardless of this fact, the speciÞed test voltage on the
highest voltage terminal shall be the controlling test level. The insulation of the other windings shall be
capable of withstanding the induced voltages resulting from such tests even though such voltages may
exceed their speciÞed BSL. In cases where the switching impulse test on the highest voltage terminal results
in an induced voltage on the other winding less than the required BSL for that winding, no additional test is
required to demonstrate switching impulse insulation withstand capability.

Switching impulse tests are performed by applying or inducing the required BSL voltage, line to ground, on
each high-voltage line terminal. For unique applications, phase-to-phase switching impulse tests can be per-
formed. Since the phase-to-ground switching impulse testing has been accepted for most applications,
phase-to-phase switching impulse tests are special tests. If the need arises, the user should include such tests
in the transformer speciÞcations. Testing techniques and related requirements (voltage level, duration, con-
nections, etc.) for these tests should be agreed upon by the user and the transformer manufacturer prior to
32



IEEE
TRANSFORMER IMPULSE TESTS Std C57.98-1993
designing the transformer. This should be done to ensure that it is practical to perform the speciÞc phase-to-
phase switching impulse test.

The scope of this guide is limited to Class II power transformers (high voltage rating of 115 kV and above).
At lower voltage ratings, switching impulse tests are not normally of concern, nor speciÞed.

3.2 Switching impulse wave shapes

Switching impulses, to which transformers are subjected in service, vary considerably in wave shape and
amplitude. Among the factors that inßuence the wave shape and amplitude are the systemÕs characteristics,
grounding, and conÞguration, as well as the source and location of the switching event. It is not practical to
test the transformer with all possible wave shapes; therefore, a representative wave shape, as described
below, is established to provide a consistent basis for testing. Such a test also demonstrates insulation design
and manufacturing integrity in the general range of switching transient wave shapes.

Switching impulse test procedures are outlined in IEEE Std C57.12.90-1993. The required test wave shape is
shown in Þgure 34. This wave rises from zero to crest in not less than 100 ms, the voltage shall exceed 90%
of the required BSL crest value for a minimum uninterrupted period of 200 ms, and the time to the Þrst volt-
age zero shall be at least 1000 ms.

IEEE Std 4-1978 describes a general wave that rises to the crest value in 250 ms and a time to half value of
2500 ms. However, this applies to equipment that does not have a magnetic circuit that can saturate.

The time duration of such a wave at high amplitude can cause the core to saturate such that air core condi-
tions then exist. When this occurs, the tail of the wave will decay rather rapidly to zero making it difÞcult to
obtain the slowly decaying (longtail) waves.

In order to obtain wave shapes having a minimum time to the Þrst zero of 1000 ms, the magnetic circuit is
usually magnetized in the opposite polarity prior to the start of the test such that the magnetic circuit will not
saturate as quickly when the test waves are applied. This can be accomplished by passing a small direct cur-
rent through the winding prior to the full level test wave impulses by reversing the switching impulse polar-
ity on successive applications or by application of reduced impulses of opposite polarity before each full
switching impulse transient.

Figure 34ÑSwitching impulse voltage wave shape
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3.3 Switching impulse test circuit

3.3.1 Basic circuit

The basic test circuit parameters are the same as shown in Þgure 2.

An impulse generator is used to apply the voltage to the transformer. The wave shape and amplitude are
obtained with the impulse generator adjustments, wave shaping resistor, and possibly an external load capac-
itance. Basic impulse generator characteristics are described in 2.2.

The required switching impulse voltage amplitude may be obtained by either applying the impulse directly
to the high-voltage winding or by inducing it from a lower voltage winding into the high-voltage winding.
The direct application of switching impulse to high-voltage terminal is preferred. However, if a lower volt-
age winding is used for inducing the impulse into the high-voltage winding, the applied impulse wave
should be monitored on an expanded scale to ensure that higher than intended level voltage spikes are not
applied to the windings. In either case, the test measurements shall be made on the highest voltage winding.
The switching impulse voltage applied to the lower voltage winding is stepped up into the high-voltage
winding approximately by turns ratio.

Either positive or negative polarity waves, or both, may be used when the impulse generator method is used
as pointed out in IEEE Std C57.12.90-1993. Generally, negative polarity is used to reduce the risk of erratic
external ßashover that may occur due to the use of positive polarity.

Tap connections can signiÞcantly inßuence voltages developed within windings and from winding turns to
ground during the switching impulse tests. Unless the user speciÞes otherwise, the choice of tap connections
for all windings shall be made by the manufacturer. Regardless of tap connection, a switching impulse test
on the highest voltage terminal results in an induced voltage on all turns.

3.3.2 Connection of non-impulsed terminals

Since switching impulse voltages are induced into other windings approximately by turns ratio, the connec-
tion of terminals in the induced windings is important. Subclauses 3.3.2.1 and 3.3.2.2 describe commonly
used connections for single-phase and three-phase transformers.

3.3.2.1 Connection of non-impulsed terminals (single-phase transformers)

The tester should ground the non-impulsed terminals having the same instantaneous polarity as the grounded
terminal in the winding being tested. Though not required, a good general practice is to monitor non-
impulsed terminals for veriÞcation of voltage magnitude.

Some examples for single-phase transformer test connections are shown in Þgure 35.

3.3.2.2 Connection of non-impulsed terminals (three-phase transformers)

Since switching impulse voltages are induced in other windings approximately by turns ratio, core geometry
and internal connections have a signiÞcant effect on how non-impulsed terminals are connected on three-
phase transformers. Test connections will also be affected by whether phase-to-phase testing or line-to-
ground testing is being performed. Figure 36 outlines most of the common methods of connections used for
switching impulse for three-phase, three-legged, core-type transformers. Figure 37 outlines the most com-
mon methods used for connection of Þve-legged, core-type, and shell-type transformers. This guide
describes commonly used test connections and does not preclude the use of other suitable test connections as
determined by the manufacturer.
34



IEEE
TRANSFORMER IMPULSE TESTS Std C57.98-1993
3.4 Measurement of switching impulse voltages

The measurement of switching impulse voltages involves methods and equipment similar to those used in
lightning impulse tests. Due to the longer front and tail time on the switching impulse wave, some differ-
ences in methodology and instrumentation are required. Measurement of a switching impulse is usually less
demanding than of a lightning impulse. Less bandwidth is required, grounding requirements are less strin-
gent, and high-voltage traveling wave effects are not usually of concern.

Figure 38 shows a typical test circuit used for switching impulse tests. The measurement devices in Þgure 38
include the voltage dividers and the oscilloscope or transient voltage recorder. These will be discussed in
detail in 3.4.1.

3.4.1 Switching impulse voltage dividers

The following two basic types of voltage dividers are used for switching impulse testing:

a) capacitive

b) damped capacitive

Figure 35ÑSingle-phase transformer test connections
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Figure 36ÑThree-phase transformer test connections
(three-legged core)
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Figure 37ÑThree-phase transformer test connections
(shell-form or Þve-legged cores)
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The output of the voltage divider is connected to the oscilloscope or transient recorder by either a coaxial
cable or some other means such as a Þber-optic transmission link for transmitting the waveform. With any
system it is necessary to design the overall circuit including the voltage divider, the cable, and the oscillo-
scope or recorder such that the signal into the recorder has the same wave shape as the voltage across the
voltage divider without excessive distortion or oscillations due to the voltage divider circuitry.

Switching impulse waves, which have lower frequency components, may be measured with capacitive volt-
age dividers under certain circumstances.

To ensure that the switching impulse wave shape measured at the oscilloscope is correct, the capacitive volt-
age divider circuit (including the voltage divider, the interconnecting cables, and the oscilloscope) should
have a ßat frequency response in the range of 50 Hz to 20 kHz. Damping resistance should be used with the
interconnecting cables to limit oscillations due to traveling waves. Before using a capacitive voltage divider
circuit for the Þrst time, frequency response tests and low-voltage impulse wave veriÞcation tests should be
performed to ensure that the switching impulse will be correctly reproduced.

For convenience in switching impulse testing, capacitance tap type bushings of the unit being tested are
commonly employed as the high-voltage capacitor for the voltage divider circuit. Such voltage dividers must
correctly reproduce the test wave shape as outlined previously.

Figure 39 shows a typical capacitive voltage divider.

Figure 38ÑSwitching impulse test circuit

Figure 39ÑTypical capacitance voltage divider circuit
38



IEEE
TRANSFORMER IMPULSE TESTS Std C57.98-1993
Capacitor C1 forms the high voltage arm of the voltage divider. Capacitor C2 plus cable capacitance Cc and
oscilloscope capacitance Cs form the low voltage arm of the voltage divider. Rt is made equal to the charac-
teristic impedance of the coaxial cable and effectively terminates the cable at high frequencies.

 

The time constant of Rs, the oscilloscope input impedance, and Cs, the low voltage arm capacitance, shall be
large enough to minimize measurement errors. Ordinary laboratory type oscilloscopes are satisfactory for
switching impulse testing, as are some lightning impulse oscilloscopes.

Figure 40 shows a typical damped capacitive voltage divider circuit. The damped capacitive voltage divider
has a wide frequency response (Hz to MHz). The damped capacitive voltage divider circuit contains resis-
tance at the termination of the coaxial cable to eliminate traveling wave reßections and distortion of the
waveform. The damped capacitive voltage divider has the advantage that high-frequency transient oscilla-
tions in the MHz range are damped by the resistance in the voltage divider.

3.4.2 Recording devices

The measurement device for recording the impulse wave shape may be either an analog oscilloscope or a
digital transient recording device. The recording equipment used for switching impulse tests is essentially
identical to that used for lightning impulse tests with lower required bandwidth and sampling rate. Since the
time associated with switching impulse waves is longer than that associated with lightning impulse waves,
the sweep time for the oscilloscope or transient recorder should be increased accordingly. The recommended
sweep times are 2000 to 5000 ms.

The analog oscilloscope is described in 2.3.

3.5 Failure detection

Switching impulse test failures are primarily detected by analysis of test voltage oscillograms of all applied
or induced transients, including reduced voltage bias transients. SpeciÞcally, each voltage oscillogram is
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Figure 40ÑTypical damped capacitive voltage divider circuit
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scrutinized for recognizable indications of failure. The underlying principle for this approach is based on the
dependency of the test voltage wave shape on the high impedance open circuit state of the transformer under
test. Turn-to-turn failures, partial winding failures to ground, and other problems, even on windings other
than the high voltage winding, caused recognizable indications on the voltage oscillograms. Figures 41
through 43 illustrate typical traces of reduced waves or full waves for successful tests (normal) and failure
indications.

Acoustic detection by use of acoustic sensors or just careful listening for unusual sounds during the test may
be used as a supplemental failure detection or diagnostic method.

Although superimposing reduced and full voltage oscillograms in total is not practical, the wave shapes
should match until the point of saturation. In most cases, saturation will be obvious in that it will occur at a
relatively long time as shown in Þgure 42. The voltage wave will decay rather quickly to zero, yet it will not
chop directly to ground as would occur for most switching surge failures. Successive oscillograms may dif-
fer slightly because of the inßuence of magnetic saturation on impulse duration and test circuit used. Ground

 

Figure 41ÑTypical normal reduced or full-wave

Figure 42ÑCore saturation (not a failure)

Figure 43ÑTypical switching impulse failure
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current oscillograms are generally not necessary for failure detection but can provide useful information to
conÞrm suspected failures, and aid in diagnosing the problem.

 

3.6 Non-linear devices

 

Depending upon the transformer design, non-linear protective devices may be built into the transformers.
These devices may be connected across the whole or sections of the windings. Their purpose is mainly to
limit transient overvoltages, which may be impressed or induced across the windings during lightning
impulse surges, to safe levels as described in 2.7. However, during switching impulse tests, these devices
shall not limit the speciÞed switching surge level at the highest voltage terminal.

 

3.7 Methods of presenting test results

 

A report of the switching impulse tests conducted on the transformer can be very useful to the purchaser. It
provides the purchaser with a permanent record of the test performed. If the purchaser does not witness the
factory tests, the report is a source of information regarding the tests performed. Well-prepared reports can
be useful to the purchaser in educating inspectors or others who witness factory tests.

To be useful, the test results should include the following minimum data:

a) General informationÑtype and rating of equipment tested, serial number, date of test, witnesses to
the test, etc. See the suggested form in Þgure 44.

b) A tabulation showing switching impulse test conducted on each terminal including type and magni-
tude of test waves. Actual test voltages (not nameplate BSL) should be recorded. Actual wave shape
should be recorded rather than a statement of the standard (e.g., > 100/> 1000). The connection of
non-impulsed terminals of all windings should be described.

c) Reproductions of the pertinent recordings taken during the tests are an important part of the test
report. When speciÞed, these recordings should be properly identiÞed and arranged so that the nec-
essary comparisons between the full waves and the reduced waves can be easily made. Copies of the
oscillogram recorded on 35 mm Þlm should be enlarged to a size that permits direct visual
inspection.

 

4. Digital transient recorder

 

Instead of an oscilloscope, a digital transient recorder, meeting the requirements of IEEE Std 1122-1987
may be used for the measurement of impulse voltages and currents. A digital recorder is an instrument that
can make a permanent record of a scaled high-voltage or high-current impulse in numerical form. A digital
impulse recorder normally consists of an analog to digital converter equipped with a memory, a timing cir-
cuit, an input attenuator, a permanent recording device (disc or tape drive), and a hard copy device (printer,
plotter, camera, etc.). Since the analog to digital converter operates internally at a voltage level in the range
of a few millivolts to several volts, it has to be very carefully protected against electromagnetic interferences
that are

 usually present in the vicinity of a high voltage impulse generator.

A digital record of an impulse is a sequence of numbers that, when corrected for offset and multiplied by a
scale factor, represent the instantaneous values of the voltage or the current at the measuring point at every
sampling interval. The reproduction of the impulse on paper or on a CRT screen is made by plotting each
number in a sequence against its position in the sequence and by applying proper scaling factors to the axes.
For more details on digital recording technology, refer to IEEE Std 1122-1987.
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The method of failure detection used with a conventional oscilloscope is also appropriate to use with the
wave forms obtained with digital recorders. In addition, various digital signal processing techniques can
assist the operators in evaluating the records. Examples of these techniques include the following:

a) Expansion of the record for detailed analysis
b) Overlaying two traces for comparison of differences
c) Numerically subtracting two wave forms and displaying the difference

These features should be used with care and judgment since they may reveal details of differences that were
previously undetected with an oscilloscope, and such details may not necessarily indicate a test failure.

 

5. Grounding practices

 

It is the intent of this clause to provide some insight into the conditions that affect the measurement of
impulse waves. A complete analysis of all ground conditions cannot be given because each test setup is dif-
ferent. Once the philosophy of grounding is understood, compromises can be made to assure the most accu-
rate and safest measurement.

The currents ßowing in the impulse circuit generally are fairly large and have high rates of change (d
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t

 

).
Consequently, a voltage drop exists between points connected by a conductor through which an impulse cur-
rent ßows. Because of this, it is difÞcult to hold two different points at the same potential or, stated another
way, to have two different points at ground potential.

The difference in voltage between two points will depend upon the length of the interconnecting lead and the
rate of change of the current ßowing in the lead. The voltage difference can be substantial. For example, if a
current changing at a rate of 1000 A/

 

m

 

s ßows through a wire 10 ft (3 m) long, the two ends of the wire will
differ in voltage by 3000 V to 4000 V. This is not at all unusual for the ordinary impulse circuit. Because of
this, impulse circuits are carefully arranged. This is particularly true of the circuits used for front-of-wave
testing.

The following are two prime considerations when grounding practices are established:

a) Safety to personnel
b) Accuracy of measurements

For safe operation, all the devices in the vicinity of the operator should be at the same voltage. If the devices
have unlike voltages, there is the danger of the operator coming in contact with two pieces of equipment at
different voltages. For accurate measurement, the measuring system should be connected directly across the
two points to be measured such as the leads of a voltmeter. In some cases this would electrically elevate the
chassis of the oscilloscope with respect to other apparatus in the vicinity since the transformer under test
might be located some distance from the oscilloscope. FulÞlling these two considerations is sometimes difÞ-
cult and some compromises are made. This is illustrated by considering several circuits.

In Þgure 45, the voltage measured by the divider is between points A and B. The main current paths are indi-
cated by the heavy lines. On the fronts of full and chopped waves, the voltage drop between B and C is usually
negligible, and the capacitive current to the control room shield is also small. On the fronts of front-of-waves,
the drop across BC is dependent on the capacitive current that ßows through the transformer and the induc-
tance of the lead BC. The capacitive current for large kilovoltampere, low-voltage windings may produce a
voltage drop across the lead inductance that will be almost 25% of the total voltage measured by the voltage
divider. To eliminate the voltage drop BC, the divider should be connected to point C as shown in Þgure 46,
and the return lead from the transformer should be run directly to the bottom end of the impulse generator. 
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Figure 44ÑTransformer switching impulse test report

 

Name of Manufacturer __________________________________________________________________

Purchaser_____________________________________________________________________________

Date of Test___________________ PurchaserÕs Order No. ______________ MfrÕs Ref.______________

Serial Number(s) _______________________________________________________________________

H winding ___________ kVA  Winding ____________ kVA Y winding ____________ kVA

                  ___________V                             ____________ V                               ____________ V

                  ___________ BIL                        ____________ BIL                            ____________ BIL

Tap connection: H winding ________ v         X winding ___________ v      Y winding ___________ v

Test witnessed by___________________________________________ Date _______________________

I hereby certify that this is a true report based on factory test made in accordance with IEEE Std C57.12.00-
1993 and IEEE Std C57.12.90-1993.
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With this arrangement, the divider is connected to read the voltage from A to C. However, the stray capaci-
tive current ßowing from the generator and the high voltage leads to the control room and building ground
and from transformer tank to ground will ßow back to the generator through the lead BC and the building
ßoor. The potential difference between the control room and oscilloscope will depend upon the magnitude
and rate-of-change of the current. However, it is common practice to ground the oscilloscope to the control
room for personnel safety. This forces current to ßow from C through the sheath of the measuring cables to
the control room ground and back to B and causes disturbances on the oscillograms of both the voltage and
current. To minimize this effect, lead BC should be as short as possible. In severe cases a multiplicity of
leads or wide foil may be run from B to C. In special cases a double shielded control room may be used
[B31].

The method of Þgure 46 is especially useful when the generator is some distance from the transformer pro-
viding the bottom end of the generator has sufÞcient insulation to the ground plane and the voltage drop
between point C and the oscilloscope can be kept small.

For generators that are not insulated sufÞciently at the bottom end and therefore must be grounded to the
building at their bases, the method in Þgure 47 is used. In this method, it is particularly helpful to run several
connections from B to the tank (as indicated by BC and BD) and have many leads or a wide foil from B back
to the bottom end of the generator to reduce the voltage drops between these points. However, the measured
voltage will be in error by the magnitude of the voltage drop between the tank and point B. The preferred
grounding method shown in Þgure 46 eliminates the measurement of the voltage drop in lead BD.

The location of the resistance shunt for current measurement is also selected with consideration of the
ground problem. In Þgure 45 with the resistance shunt located at the transformer tank, the cable sheath is
raised above ground by the voltage drop in lead BC. Current will ßow from C through the cable sheath and
back to B causing disturbance on the current wave. If the shield is allowed to ßoat at point C, sufÞcient clear-
ance from shield to inner conductor is provided.

Small disturbances may appear on current oscillograms, which are due to the voltage drops in the ground
leads spitting to nonconnected metal. For instance, if a piece of metal was ßoating electrically near the
ground lead it would be possible for the lead to ßash to the metal. The disturbance indicated on the scope
would be a function of the capacitance-to-ground of the metal. A large capacitance would cause a greater

Figure 45ÑA grounding method
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disturbance since more energy would be required to charge up the capacitance. If the ßoating metal was
located near the measuring cables, the disturbance on the oscillogram would be even greater.

When front-of-waves are applied, the best procedure is to locate the chopping gap directly on the bushing of
the transformer under test because of the voltage drops that develop when the capacitive current is ßowing.
For the low-voltage large capacitance windings, the voltage determined by the gap spacing can be more
accurate than the oscillogram record when it is not possible to obtain a well-grounded circuit. As pointed out
in the discussion, the voltage drop across lead BC in Þgure 45 might be 25% of the total voltage measured. If
the gap were connected between A and B, full front-of-wave voltage would not be applied to the transformer.

 

Figure 46ÑPreferred grounding method

Figure 47ÑGrounding with grounded generator
45



IEEE
Std C57.98-1993 IEEE GUIDE FOR
  

Another method employed is shown in Þgure 48. In this method the shunt can be located close to the ground
mat or ßoor of the test area, and the exposed lead from the transformer to the shunt can be kept short thus
minimizing electrostatic pickup. On the other hand, this method collects all the current ßowing out of the
transformer and generally will result in a higher initial inrush current than the previously described methods.
Methods of dealing with high initial current are presented in 2.8 and 2.9.

 

6. Impulse generator size

 

The factors affecting the length of the wave tail during factory tests have been discussed previously. In brief
these are

a) Capacitance of impulse generator

b) Load resistance of the impulse circuit

c) Effective inductance and capacitance of the winding being impulsed

d) Terminations on the nonimpulsed windings whether they are open-circuited, short-circuited, or ter-
minated with resistors, capacitors, or lightning arresters. In general the effective inductance will be
largest and the tail longest if the nonimpulsed windings are open-circuited, and it will be the smallest
when the nonimpulsed windings are short-circuited.

The factors that determine the length of the wave tail in service are, in brief:

a) Characteristics of the impulse at the point of origin

b) Surge impedance of the circuit over which the impulse is propagated

 

Figure 48ÑGrounding with line current method
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c) Circuit parameters at the terminals of the transformer subjected to the impulse exclusive of the surge
propagating circuit including inductance and capacitance of all connected apparatus including the
transformer

d) Surge arrester characteristics

e) Termination of other windings of the transformer

It is logical to propose that the transformer be tested as it will be used in the Þeld. However, this is not as
simple nor as straightforward as it sounds. The environment of a transformer frequently changes with the
years either as it is moved or as equipment or lines are added in parallel with it. Also, it is difÞcult in the test-
ing facility to duplicate the effects of lines, cables, generators, lightning arresters, etc. Even more elusive is
the determination of what kind of a lightning stroke to expect and just how it will enter the transmission
system.

Generally lightning waves vary considerably. For uniformity in testing, certain wave shapes have been stan-
dardized. Since the early 1930s, transformers have been impulse tested with a 1.5 

 

´

 

 40 wave. With very few
exceptions, this has demonstrated that the transformer, when protected against lightning by the usually
accepted practices, will give long satisfactory service. Manufacturers have equipped their factories with
impulse generators having capacities to apply the 1.5 

 

´

 

 40 wave to the apparatus. This wave has been
changed so that it is now a 1.2 

 

´

 

 50 wave. However, with the trend toward larger ratings, it may sometimes
be difÞcult to obtain a 50 

 

m

 

s tail. In these cases, it is imperative that the maximum generator capacitance be
used. To facilitate this, the impulse generator should be arranged so that the banks or stages can be con-
nected in various series-parallel arrangements so as to get the maximum generator capacitance for the volt-
age required. The following minimum capacitance values are suggested for the various BILs when it is
difÞcult to obtain a tail of 50 

 

m

 

s.
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Table 2ÑSuggested impulse generator capacitance as a function of BIL

 

BIL (kv) Suggestion minimum 
capacitance (

 
m

 
f)

 
 110 (and less) 0.6

 150 0.5

 200  0.4

 250  0.16

 350  0.12

 450  0.10

 550  0.08

 650  0.05

 750  0.05

 825  0.018

 900  0.018

 1050  0.018

 1175  0.015

1300  0.015

 1425  0.012

1550  0.012
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Introduction

 

(This introduction is not part of IEEE Std C57.100-1999, IEEE Standard Test Procedure for Thermal Evaluation of
Liquid-Immersed Distribution and Power Transformers.)

 

This standard is intended to establish test procedures for evaluating the insulation systems of liquid-
immersed transformers. The electrical insulation of transformers is subject to many electrical, mechanical,
and thermal stresses occurring in different parts of the structure. How long the insulation system will be
serviceable depends on the effectiveness of the physical support for the insulation and the severity of the
forces acting on it, as well as on the materials themselves and the service environment. Therefore, the length
of useful life of the insulation system depends on the way that its individual components are arranged, their
interactions upon each other, the contribution of each component to the electrical and mechanical integrity of
the system, and the way the transformer is manufactured and maintained.

Experience has shown that the thermal life characteristics of composite insulation systems cannot be reliably
inferred solely from information concerning individual component materials. To assure satisfactory service
life, transformer designs need to be verified by service experience or accelerated life tests. Tests on complete
insulation systems, representative of each transformer design, are necessary to confirm the performance of
materials for their specific functions in the transformer. 

During the preparation of prior editions of this standard, manufacturers built and tested more than one
hundred complete distribution transformers. The results of these tests, while not specifically published,
confirmed the practicality of the test procedures in this standard for liquid-immersed distribution
transformers. 

It was recognized by prior working groups that a need existed for a similar test procedure for power
transformers. To fulfill this need, two projects on “Basic Transformer Life Characteristics” were completed
by the Electric Power Research Institute (EPRI) in 1982. The goal was to find a way to evaluate the effect of
overload on the insulation life of power transformers. Testing was performed on insulated coils, models, and
model assemblies. The information obtained from these EPRI projects was used to extend the test
procedures in this standard to power transformers. It was recognized by the working group that the effect of
bubbles is a factor during overloading. However, the objective of this standard is to evaluate the effect of
operating temperature on the life expectancy and not to test for the effect of bubbles that may occur during,
or following, overloads.

The correct value for end point dielectric tests has been a subject of debate for many years, and it is very
difficult to arrive at the correct value. At one extreme are those who believe that useful life ended only when
the transformer was unable to carry rated load at rated voltage. At the other extreme are those who believe
that transformers that could not sustain the standard tests given to new transformers were unfit for further
use, since they believe that the probability of failure on abnormal currents or voltage would then be high. For
distribution transformers, the consensus was that the end point test level should be 65% of the values
specified for a new transformer. For power transformer models, the consensus was that the end point test
level should be 65% of the design level. Since such tests, presumably, are intended to insure serviceability of
the apparatus, the 65% should be adequate for end point tests.

Manufacturers occasionally must make changes in the insulation used in transformers. This occurs due to the
development of a new material or a change in vendors. In some cases, a preferred material will no longer be
available, or a preliminary evaluation of the potential of a new insulation system is needed. Therefore, it is
reasonable to permit a reduced scale thermal test to determine that the change will not reduce the life of the
transformer. For these reasons an annex to this procedure has been added defining a sealed tube aging test.
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IEEE Standard Test Procedure for 
Thermal Evaluation of
Liquid-Immersed Distribution and 
Power Transformers

 

1. Overview

 

1.1 Scope

 

This test procedure is intended to give a direct evaluation of the thermal aging characteristics of the
composite insulation system of a liquid-immersed distribution or power transformer. The evolution of
bubbles or their effect on dielectric strength is not considered. It is to be noted that the liquid in which the
transformer is immersed is to be considered a part of the insulation system. 

It is the intent of the procedure to provide that each component of the insulation structure operate during the
test under conditions that are, as nearly as possible, the same as those that it would encounter in service.
Thus, it is intended that each component be evaluated in accordance with its actual function. 

 

1.2 Purpose

 

The objective of this test procedure is to establish a uniform method for investigating the effect of operating
temperature on the life expectancy of liquid-immersed transformers. The purposes of this standard are as
follows:

a) Provide data for the selection of a limiting hottest-spot temperature for rating purposes. Acceptable
thermal aging performance may be assumed if the hottest-spot temperature, at rated load as defined in
IEEE Std C57.12.00-1993,

 

1

 

 demonstrates a minimum life expectancy of at least 20.5 y (180 000 h) as
determined by this test procedure;

b) Provide data that may serve as the basis for a guide for loading; and

c) Permit the comparative evaluation of a proposed insulation system with reference to a system that
has proven to be acceptable in service. The minimum life expectancy curve to be used for
comparison purposes is given by Equation (1) and displayed in Figure 1.
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Information on references can be found in Clause 2.
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(1)

where

 

LIFE

 

is the life in hours

 

T

 

is the hottest-spot temperature in ºC

 

2. References

 

This standard shall be used in conjunction with the following publications. When the following standards are
superseded by an approved revision, the revision shall apply.

ASTM D-4243-86 (Reaff 1993), Standard Method for Measurement of Average Viscometric Degree of
Polymerization of New and Aged Electrical Papers and Boards.

 

2

 

IEEE Std 1-1986 (Reaff 1992), IEEE General Principles for Temperature Limits in the Rating of Electric
Equipment and for the Evaluation of Electrical Insulation.
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IEEE Std 99-1980 (Reaff 1992), IEEE Recommended Practice for the Preparation of Test Procedure for the
Thermal Evaluation of Insulation Systems for Electric Equipment.

IEEE Std 101-1987 (Reaff 1995), IEEE Guide for the Statistical Analysis of Thermal Life Test Data.

 

2

 

ASTM publications are available from the American Society for Testing and Materials, 100 Barr Harbor Drive, West Conshohocken,
PA 19428-2959, USA (http://www.astm.org/).

 

3

 

IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA (http://www.standards.ieee.org/).

LIFE EXP

15 000
T 273+
------------------- 27.064–

=

Figure 1—Minimum life expectancy curve for liquid-immersed distribution, power, and 
regulating transformers rated in accordance with IEEE Std C57.12.00-1993, 

65 ºC average rise, 80 ºC hottest-spot rise
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IEEE Std C57.12.00-1993, IEEE Standard General Requirements for Liquid-Immersed Distribution, Power,
and Regulating Transformers.

IEEE Std C57.12.90-1999, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and
Regulating Transformers.

IEEE Std C57.91-1995, IEEE Guide for Loading Mineral-Oil-Immersed Transformers.

 

3. Aging influences

 

The primary aging factors employed in this procedure are temperature and time. Since few transformers
operate for extended periods at constant temperatures, provision is made for thermal cycling in this
procedure.

It is recognized that environmental conditions, such as corrosive atmosphere and excessive vibration, may
affect actual service life. It seems appropriate to evaluate such extraneous influences separately from the
effects of temperature, and they are not included in this procedure.

 

4. Minimum life expectancy

 

The load on most transformers is cyclic, with both daily and annual cycles. For this reason, the peak thermal
loading (that which develops the highest temperature in the transformer windings) occurs on relatively few
days during the year and for a relatively small portion of each of these days. Thus, the cumulative time at or
above the rated hottest-spot temperature is considerably less than the total elapsed time. Further, it is
generally agreed that thermal degradation of insulation is a function of both temperature and time at the
temperature. Consequently, the life expectancy (elapsed time) in actual service will be very much greater
than the life determined by the essentially continuous loading procedure prescribed in this standard.

Experience and experimental evidence indicate that an insulation system capable of operating 180 000 h,
(approximately 20.5 y) at rated hottest-spot temperature should give satisfactory life expectancy under the
normal operating conditions described in the preceding paragraph.

 

5. Criteria for end of life

 

In this test, the life of a particular test specimen is considered to be ended when thermal degradation has
progressed to a point such that the specimen cannot withstand any one of a series of tests intended to
simulate the abnormal currents or voltages that are commonly experienced in actual service. The
degradation or aging is produced by a series of temperature cycles, each consisting of a specified time at a
specified hottest-spot temperature followed by a return to approximately ambient temperature. Such a series
of temperature cycles, followed by end-of-life tests, will hereafter be referred to as a 

 

test period

 

.

Since it is impractical to determine the exact point in the test period procedure when the sample reached the
level at which it could not withstand the end-point tests, its life at the test temperature should be considered
to be the duration of one test period multiplied by the number of periods to failure less one half of one
period.

Because of the nature of this test, the word 

 

failure

 

, as used herein, assumes a special connotation. It is used
here to describe an insulation breakdown such that a service outage would result if it occurred in the field.
Consequently, some of the criteria of failure that are commonly used in tests on new transformers do not
apply. For example, minor disturbances in the oscillograms obtained on impulse tests, or increases in the



 

IEEE
Std C57.100-1999 IEEE STANDARD TEST PROCEDURE FOR THERMAL EVALUATION OF

 

4

 

Copyright © 1999 IEEE. All rights reserved.

 

leakage current on applied potential tests are not necessarily indicative of failure as defined here. Specific
instructions for the treatment of such marginal cases are given in 9.3.

If a test sample should fail prematurely, that is, long before its anticipated life expectancy and if subsequent
examination conclusively shows the failure to be the result of defects in material or workmanship rather than
thermal degradation, failure of this sample may be ignored in determining the test results and another sample
substituted for it.

 

6. Test temperatures

 

The accuracy of an evaluation will increase as the number of test temperatures increases, but its cost will
also increase. In general, tests should be made at the maximum number of temperatures that can be justified
economically with the following qualifications:

a) When insufficient previous information exists regarding the shape of the life expectancy temperature
curve for the system being evaluated, tests should be made at a minimum of three temperatures
selected as recommended in IEEE Std 99-1980. If the results are not such as to permit the necessary
extrapolation with confidence, tests at additional temperatures should be made; and

b) When the shape of the life expectancy temperature curve is known, evaluation tests at a single
temperature may be adequate. Such tests may be of value, for example, in experimental studies or in
demonstrating that a minor change in the system has not, in fact, altered its life expectancy. They must
be used with caution and never for the evaluation of new materials in highly stressed areas. The test
temperature should be the minimum consistent with obtaining results in a reasonable length of time.

 

7. Test specimens and procedures

 

7.1 Distribution transformers

 

Test samples should be complete transformers and should be typical of the design being evaluated insofar as
insulation structure and processing, liquid content, and manner of sealing are concerned. A minimum of
three samples should be tested at each test temperature.

The test procedure involves subjecting the test samples to repeated test periods consisting of the following
two parts:

a) Exposure to elevated temperature while excited at rated voltage; and

b) Application of end-point tests to determine end of life, as defined in Clause 5.

 

7.2 Power transformers

 

It will normally be impracticable to test full-size transformers for thermal evaluation of their insulation
systems. However, transformer experts believe that model winding configurations utilizing typical
conductors, insulation, and supporting structures can provide performance representative of power
transformer thermal endurance. The models are based on the assumption that the conductor turn insulation is
subjected to the most critical thermal degradation that limits the transformers’ dielectric and/or through-fault
withstand.

The models shall be calibrated and monitored to establish accurate thermal gradients and hottest-spot
temperatures so that correlation of time and temperature can be established over the duration of the aging
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period. Preliminary models should be tested to dielectric breakdown and through-fault displacement in order
to establish the model rating. The model rating is the benchmark for establishing the “end point” test levels.

It is recommended that the test tanks containing the aging models use a conservator (or other constant
pressure) liquid preservation system. Experience has demonstrated that temperature cycling of models with
a gas blanket liquid preservation system may introduce gas into the insulation and result in premature
dielectric failure. (See Electric Power Research Institute [B3]
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 and McNutt and Kaufmann [B11].)

The test procedure, like the procedure for distribution transformers, involves subjecting the samples to
repeated test periods consisting of the following two parts:

a) Exposure to elevated temperatures by circulating current through the windings, i.e., the conductor
resistance provides the heat source; and

b) Application of end-point tests to determine end of life, as defined in Clause 5. Dielectric tests should
be performed at or near room temperature and at an appropriate time after aging to assure that free
gasses evolved at higher temperatures will not affect the test results.

 

8. Test period

 

8.1 Hottest-spot test temperature

 

The test temperature, measured in degrees Celsius, should be produced by circulating alternating current of
rated frequency through the windings and should be maintained constant within 

 

±

 

1.5% during the aging
period in all samples. It should be the temperature indicated by a sensing means located at the hottest spot
within the insulation structure.

One method of meeting these requirements is to construct a monitor unit identical to the test samples, except
that it has a thermocouple embedded in the transformer winding at the hottest insulation spot. The
thermocouple leads are brought out of the sample through a suitable sealed plug in the tank to an appropriate
measuring and control device. To ensure equal current in all samples, corresponding windings of all test
samples and those of the monitor unit are connected in series. Other methods of controlling hottest-spot
temperature in the test samples may be used, if desired.

 

8.2 Temperature of liquid

 

During the aging period, the liquid temperature should be allowed to attain its natural value as determined by
the transformer design unless this will produce a fire or explosion hazard. To avoid these hazards, forced-air
cooling of natural convection cooled (ONAN) transformers is permissible for the sake of consistency with
other test points; however, the amount of artificial cooling should be no more than that required to hold the
top liquid temperature in the test samples to a safe temperature. In the presentation of test data, points
obtained with artificial cooling should be so identified.

 

8.3 Duration of test period

 

The duration of each test period should be approximately 10% of the anticipated life expectancy of the
sample at the test temperature with two permissible exceptions as follows:
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The numbers in brackets correspond to those of the bibliography in Annex B.
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a) When the test period thus determined is long, it may be desirable to perform a set of end-point tests
before the end of the first test period in order to eliminate samples with gross defects before the test
has proceeded too far; or

b) If no failure has occurred by the end of the tenth test period, the length of succeeding periods may be
increased to increase the number of hours at temperature obtained per unit of elapsed time.

 

8.4 Cycling

 

At least four times during each test period, and also prior to making end-point tests, the power supply to
the test samples should be disconnected and the samples allowed to cool to a top liquid temperature
between 25 ºC and 40 ºC.

 

8.5 Calculation of aging caused by heating and cooling

 

Some aging will occur during the heating and cooling periods involved in each temperature cycle so that the
actual life will be somewhat greater than the total elapsed time at temperature as defined in Clause 5. In
general, aging during the cooling period will be a negligible fraction of the total aging per cycle.

Aging during the heating period (and the total duration of the test program) will be substantially reduced if
the initial value of the load current is chosen as 1.5 to 2.0 per unit of the value required to maintain the
hottest-spot temperature at the desired value. It will then also be a negligible fraction of the total aging per
cycle.

A rough calculation of the error involved in neglecting the aging during transient heating and cooling should
be made using the method and equations found in Clause 5 of IEEE C57.91-1995, as well as using the
planned load cycle, the known thermal characteristics of the test specimen, and an aging curve based on
previous tests or anticipated test results. If the error, so calculated, exceeds 5%, either

a) The preheating rate should be further accelerated to reduce the error below 5%; or

b) The hottest-spot temperature should be monitored during a typical temperature cycle and actual
correction computed using the above appropriate references and the uncorrected life-expectancy
data obtained from the test results. This correction should then be added to the results obtained,
using Clause 5 of IEEE C57.91-1995.

 

9. End-point tests

 

9.1 Distribution transformers

 

At the end of each test period, each sample should be given the following end-point tests in the following
order:

a) Short-circuit test (symmetric) at 25 times rated current for 2 s

 

5

 

b) Full-wave impulse test at 65% of the values specified for a new transformer

 

6

 

c) Applied potential test at 65% of the values specified for new transformers
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d) Induced potential tests at 130% of rated voltage for 7200 cycles

 

8

 

5

 

See IEEE Std C57.12.90-1999.
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See IEEE Std C57.12.00-1993 and Table 4 for specified test values for new transformers.

 

7

 

See footnote 4.
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See footnote 4.
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9.2 Power transformers

 

At the end of each test period, each sample should be given the following end-point tests in the following
order:

a) Short-circuit test. The current level should apply stresses to the windings that are representative of
those experienced in the full size transformers represented by the model. The short-circuit duration
should be at least 1 s and provide an asymmetrical offset of at least 130% of symmetrical; and

b) The dielectric test should be at least 65% of the design level of the model. Design level is defined as
70% of the mean breakdown voltage between turns, turn sections, or layers, as appropriate to the
model. Either two applications of full-wave impulse test voltage or two applications of a 1 min low-
frequency test voltage are acceptable for end-point tests.

 

9.3 Abnormalities

 

If a major abnormality occurs on any of these tests, the unit should be considered to have failed.

In marginal cases, as defined in Clause 5, the unit may be returned to life test with the provision that, should
a definite failure occur on the next series at end-point tests, the reported end of life should be as of the
preceding test period.

 

10. Test results

 

The tests specified herein are of an accelerated nature as compared to normal service. Hence, extrapolation
of the life-temperature relationship obtained by the tests will usually be necessary. Furthermore, some
variation in the life of individual samples tested at the same temperature is to be expected. The evaluation
procedure must demonstrate the attainment of a minimum life expectancy of 180 000 h at the continuously
rated hottest-spot temperature. Three methods for presentation of test results are as follows:

a) When all units have been tested to failure and the test results are sufficiently consistent, statistical
analysis as indicated in IEEE Std 101-1987 may be employed. Rated hottest-spot temperatures and
life-expectancy claims should be based on the resulting lower 95% confidence bound;

b) When the difference between the elapsed times to failure of the tested samples at the various test
temperatures is so great as to make statistical analysis of the test results impractical, a relationship
between life expectancy and temperature may be assumed. This relationship should be of the form
described in IEEE Std 101-1987 and should be so selected that no failure at any test temperature
should have occurred at less than five times the life expectancy indicated by the assumed
relationship for distribution transformers, and two times for power transformers (see NOTE below).
Such a relationship should be designated as minimum life expectancy and may be used to establish
maximum rating temperature, or as the basis for guides for loading; or

c) When the purpose of the evaluation tests is solely to demonstrate that the tested design has achieved
a pre-selected minimum life expectancy, the tests should continue until the total elapsed time at each
test temperature is at least five times the pre-selected value at that temperature for distribution trans-
formers, and two times for power transformers (see NOTE below). If no failure (as qualified in
Clause 5) has occurred by this time at any test temperature, demonstration of the pre-selected mini-
mum life expectancy may be claimed.

The report of tests made under this standard shall clearly identify the method that was employed.
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NOTE—The 5:1 ratio of elapsed time at test temperature for distribution transformers, and 2:1 ratio for power trans-
formers, between minimum time to failure and the pre-selected, or assumed life expectancy, is intended to allow for the
effects of a limited number of samples and the necessity for some extrapolation. This criteria is believed to be conserva-
tive. The ratios are based on demonstrated withstand of actual tests of distribution transformers, and model power
transformers.

 

11. Applicability of test results

 

While the effects of electrical and mechanical stresses on the life expectancy of an insulation structure have
not been clearly established, it seems reasonable to expect that failure may occur sooner if these stresses are
high rather than if they are low. Furthermore, the temperature distribution through structures of different
design may be different at the same hottest-spot temperature. For these reasons, caution should be exercised
in applying the results of thermal evaluation tests to designs other than those actually tested. In particular,
when it is intended that an evaluation apply to a number of different transformer ratings, the test samples
preferably should be of the rating in which the design stresses are the highest.

 

12. Other tests

 

When the transformer or models fail, or tests are complete, the Degree of Polymerization (DP) measurement
according to ASTM D-4243-86 of material samples from the hottest-spot region is recommended as a sup-
plementary test, to determine its correlation with transformer aging. The DP test is recommended with the
goal of eventually using it as a criterion as a main, or alternative, test in the future.

The DP measurement, while applicable to cellulose insulation materials, is not necessarily applicable to
other polymeric materials, such as polymeric enamels or aramid papers. For materials not cellulosic in com-
position there may be other tests which have more relevant correlation to the aging process. Although there
are no proven tests which have been correlated with thermal aging and tensile strength reduction, several
techniques are available which would be more relevant than DP for synthetic polymers. Possible suggestions
would be measurement of “average molecular weight” or “molecular weight distribution,” or other compari-
sons such as results obtained from Differential Scanning Calorimeter (DSC) or Thermal Gravimetric Analy-
sis (TGA). 
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Annex A

 

(normative) 

 

Standard test procedure for sealed tube aging of
liquid- immersed transformer insulation

 

A.1 Purpose

 

Manufacturers occasionally must make changes in the insulation, or treatment, used in their transformers.
This occurs due to the development of a new material, a change in vendors, or due to the unavailability of a
preferred material. If the change is minor, it is reasonable to permit a reduced scale thermal test to determine
that the change does not reduce the life of the transformer.

It is therefore appropriate to perform a 

 

sealed tube aging procedure

 

. This procedure is also an effective
method for making a preliminary evaluation of the potential of a new insulation system. A sealed tube aging
procedure is more rapid, less expensive, and provides samples with a controlled thermal history. It is also
more amenable to the exploration of the materials and their condition during aging.

The procedure involves aging the new materials within sealed tubes. It requires that the tested material
include all other significant materials used in the system. Also, for comparison, the test program should
include samples of the materials used in the present system. 

 

A.2 Test samples

 

The test tubes are typically of stainless steel, but alternatively may be of glass. The tubes are typically about
28 cm long with an inside diameter of 4.0 cm, and a wall thickness of 5.0 mm. The tubes have gasketed
screw-on caps and may be fitted with a valve for venting.

The insulation shall be dried to approximate the treatment that is used for a full scale transformer. A
minimum moisture content of 0.25% and a maximum of 0.50% by weight of solid insulation is required as
measured by the Karl Fischer method.

The insulation in each tube should be apportioned to approximate their relative content in a full-scale
transformer. An appropriate air or gas space should be left in each tube, and a minimum of four samples shall
be aged at each temperature.

 

A.3 Test period

 

The samples shall be aged at a minimum of three temperatures selected as recommended in IEEE Std
99-1980. An oven or liquid bath may be used to age the samples. The temperatures and aging time should be
selected to approximate the Arrhenius curve appropriate for the system.

 

A.4 Determination of life

 

New materials that have not been thermally qualified by complete system life tests in transformers or
transformer models shall be qualified for use in an insulation system designed for operation at a specified
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rated hottest-spot temperature by means of the sealed tube aging test described in previous clauses. It shall be
demonstrated that paper materials retain at least 50% of initial tensile strength at an extrapolated life of 65
000 h at the rated hottest-spot temperature. Tests of wire enamel shall demonstrate retention of at least 80%
of its initial dielectric strength at an extrapolated life of 65 000 h at the rated hottest-spot temperature. To
extrapolate from test temperatures to the rated hottest-spot temperature, the aging tests must be performed
over a sufficiently wide temperature range to establish the “A” and “B” constants in the equation

(A-1)

where

 

LIFE

 

 is the life in hours

 

T

 

 is the aging temperature in ºC

It is recommended that DP test measurements be made according to ASTM D-4243-86, for cellulose
materials as a supplementary test for correlation with the mechanical test results.

 

A.5 Comparative evaluation

 

When this procedure is utilized for qualifying cellulose insulation for substitution in transformers rated in
accordance with IEEE C57.12.00-1993, 65 ºC average rise, 80 ºC hottest-spot rise, the tested life shall be
equal to or exceed the life expectancy curve displayed in Figure A.1, which is defined by equation A-2.

(A-2)

where

 

LIFE

 

 is the life in hours

 

T

 

 is the aging temperature in ºC

When wire enamel insulation is evaluated, the same life expectancy curve is used except the test criteria is
80% of initial dielectric strength.

LIFE EXP

B
T 273+
------------------- A–

=

LIFE EXP

15 000
T 273+
------------------- 28.082–

=

Figure A.1—Minimum life expectancy curve for sealed tube tests of liquid-immersed 
cellulose insulating materials (50% reduction of tensile strength)
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Equipment

1. Overview

The reliable performance of oil in insulation systems depends upon basic characteristics of the oil that can
affect overall apparatus characteristics. These oil characteristics are integral parts of the equipment design of
the manufacturer. Certain properties of mineral insulating oil have been determined as important for proper
electrical equipment performance. Description of these properties and their recommended value ranges for
new oil and for continued use of service-aged oils are included in this guide.

Mineral insulating oil that is received in electrical equipment will exhibit different characteristics from new
oil received in bulk, which has not been in contact with apparatus construction materials.

Oil in service may contain dissolved gases that are useful in assessing the continued serviceability of certain
types of transformers. It is not the intent of this guide to cover this subject, as that information is available in
IEEE C57.104™-19911.

This guide reflects the current state of the art and may differ from information contained in IEEE Std 62™-
1995, which was authored by the Power System Instrumentation and Measurements (PSIM) Committee.

Should instructions or product standards given by the manufacturer differ from recommendations made in
this guide, the instructions of the manufacturer are to be given preference.

1.1 Scope

This guide applies to mineral oil used in transformers, load tap changers, voltage regulators, reactors, and
circuit breakers. The guide discusses the following:

a) Analytical tests and their significance for the evaluation of mineral insulating oil.
b) The evaluation of new, unused mineral insulating oil before and after filling into equipment.
c) Methods of handling and storage of mineral insulating oil.
d) The evaluation of service-aged mineral insulating oil.
e) Health and environmental care procedures for mineral insulating oil.

1Information on references can be found in Clause 2.
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The characteristics of the oils discussed in this guide do not include oil that is in factory fill lines, nor does
this guide cover reclaimed oil installed in new equipment. The qualities of such oil, if used, should be agreed
upon by the manufacturer and the user of the equipment.

1.2 Purpose

The purpose of this guide is to assist the user of the equipment in evaluating the serviceability of new,
unused oil being received in equipment; oil as received for filling new equipment at the installation site; and
oil as processed into equipment. It also assists the operator in maintaining the oil in serviceable condition.

2. References

This standard shall be used in conjunction with the following publications. When the following standards are
superseded by an approved revision, the revision shall apply.

ASTM D88-94 (1999), Standard Test Method for Saybolt Viscosity.2

ASTM D92-02, Standard Test Method for Flash and Fire Points by Cleveland Open Cup.

ASTM D97-02, Standard Test Method for Pour Point of Petroleum Products.

ASTM D445-01, Standard Test Method for Kinematic Viscosity of Transparent and Opaque Liquids (the
calculation of Dynamic Viscosity).

ASTM D6l1-01b, Standard Test Methods for Aniline Point and Mixed Aniline Point of Petroleum Products
and Hydrocarbon Solvents.

ASTM D664-01, Standard Test Method for Acid Number of Petroleum Products by Potentiometric Titration.

ASTM D877-00, Standard Test Method for Dielectric Breakdown Voltage of Insulating Liquids Using Disk
Electrodes.

ASTM D923-97, Standard Practices for Sampling Electrical Insulating Liquids.

ASTM D924-99e1, Standard Test Method for Dissipation Factor (or Power Factor) and Relative Permittivity
(Dielectric Constant) of Electrical Insulating Liquids.

ASTM D971-99a, Standard Test Method for Interfacial Tension of Oil Against Water by the Ring Method.

ASTM D974-02, Standard Test Method for Acid and Base Number by Color-Indicator Titration.

ASTM D1275-96a, Standard Test Method for Corrosive Sulfur in Electrical Insulating Oils.

ASTM D1298-99, Standard Practice for Density, Relative Density (Specific Gravity), or API Gravity of
Crude Petroleum and Liquid Petroleum Products by Hydrometer Method.

ASTM Dl500-98, Standard Test Method for ASTM Color of Petroleum Products (ASTM Color Scale).

2ASTM publications are available from the American Society for Testing and Materials, 100 Barr Harbor Drive, West Conshohocken,
PA 19428-2959, USA (http://www.astm.org/). 
2 Copyright © 2002 IEEE. All rights reserved.
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ASTM D1524-94 (1999), Standard Test Method for Visual Examination of Used Electrical Insulating Oils of
Petroleum Origin in the Field.

ASTM D1533-00, Standard Test Methods for Water in Insulating Liquids by Coulometric Karl Fischer
Titration.

ASTM Dl816-97, Standard Test Method for Dielectric Breakdown Voltage of Insulating Oils of Petroleum
Origin Using VDE Electrodes.

ASTM D2112-01a, Standard Test Method for Oxidation Stability of Inhibited Mineral Insulating Oil by
Pressure Vessel.

ASTM D2l6l-93 (1999) e2, Standard Practice for Conversion of Kinematic Viscosity to Saybolt Universal
Viscosity or to Saybolt Furol Viscosity.

ASTM D2285-99, Standard Test Method for lnterfacial Tension of Electrical Insulating Oils of Petroleum
Origin Against Water by the Drop-Weight Method.

ASTM D2300-00, Standard Test Method for Gassing of Insulating Liquids Under Electrical Stress and Ion-
ization (Modified Pirelli Method).

ASTM D2440-99, Standard Test Method for Oxidation Stability of Mineral Insulating Oil.

ASTM D2668-96, Standard Test Method for 2, 6-Ditertiary-Butyl Para Cresol and 2, 6-Ditertiary-Butyl
Phenol in Electrical Insulating Oil by Infrared Absorption.

ASTM D2945-90 (1998), Standard Test Method for Gas Content of Insulating Oils.

ASTM D3284-99, Standard Test Method for Combustible Gases in the Gas Space of Electrical Apparatus
Using Portable Meters.

ASTM D3300-00, Standard Test Method for Dielectric Breakdown Voltage of Insulating Oils of Petroleum
Origin Under Impulse Conditions.

ASTM D3487-00, Standard Specification for Mineral Insulating Oil Used in Electrical Apparatus.

ASTM D3612-01, Standard Test Method for Analysis of Gases Dissolved in Electrical Insulating Oil by Gas
Chromatography.

ASTM D3613-98, Standard Practice for Sampling Insulating Liquids for Gas Analysis and Determination of
Water Content.

ASTM D4059-00, Standard Test Method for Analysis of Polychlorinated Biphenyls in Insulating Liquids by
Gas Chromatography.

ASTM D4768-96, Standard Test Method for Analysis of 2, 6-Ditertiary-Butyl Para-Cresol and 2, 6-Dieter-
tiary-Butyl Phenol in Insulating Liquids by Gas Chromatography.

ASTM D5837-99, Standard Test Method for Furanic Compounds in Electrical Insulating Liquids by High-
Performance Liquid Chromatography (HPLC).
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IEEE Std 62-1995, IEEE Guide for Diagnostic Field Testing of Electric Power Apparatus—Part 1: Oil Filled
Power Transformers, Regulators, and Reactors.3, 4

IEEE Std 637™-1985 (R1992), IEEE Guide for the Reclamation of Insulating Oil and Criteria for its Use.

IEEE Std 980™-1994 (R2001), IEEE Guide for Containment and Control of Oil Spills in Substations.

IEEE Std C37.010™-1999, IEEE Application Guide for AC High-Voltage Circuit Breakers Rated on a Sym-
metrical Current Basis.

IEEE Std C57.93™-1995 (R2001), IEEE Guide for Installation of Liquid-Immersed Power Transformers.

IEEE Std C57.104-1991, IEEE Guide for the Interpretation of Gases Generated in Oil-Immersed
Transformers.

IEEE Std C57.121™-1998, IEEE Guide for Acceptance and Maintenance of Less-Flammable Hydrocarbon
Fluid in Transformers.

IEEE Std C57.131™-1995, IEEE Standard Requirements for Load Tap Changers.

Title 40 Code of Federal Regulations Part 110, Discharge of Oil.5

Title 40 Code of Federal Regulations Part 112.7, Guidelines for the Preparation and Implementation of a
Spill Prevention Control and Counter Measure Plan.

Title 40 Code of Federal Regulations Part 761, Polychlorinated Biphenyls (PCBs) Manufacturing, Process-
ing, Distribution in Commerce, and Use Prohibitions.

3. Definitions

The various tests conducted on the insulating oil are defined and described in Clause 5.

3.1 reclamation of oil: The restoration of usefulness by the removal of contaminants and products of degra-
dation such as polar, acidic, or colloidal materials from used electrical insulating liquids by chemical or
adsorbent means such as Fuller’s earth.

3.2 reconditioning of oil: The removal of insoluble contaminants, moisture, and dissolved gases from used,
electrical insulating liquids by mechanical means, such as vacuum processing or filtering.

4. Evaluation of mineral insulating oil

4.1 General

This guide uses several different terms to identify insulating oil of a petroleum origin, for example, as
defined in ASTM D3487-00. The terms mineral insulating oil, liquid, and dielectric fluid are all equivalent
to insulating oil in the context of this guide.

3IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA (http://standards.ieee.org/).
4The IEEE standards referred to in Clause 2 are trademarks belonging to the Institute of Electrical and Electronics Engineers, Inc.
5Available from the U.S. Government Printing Office, Superintendent of Documents, Mail Stop SSOP, Washington, DC 20402.
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4.2 New oil properties

New mineral insulating oils as delivered must conform to the property requirements listed in ASTM D3487-
00.

Newly supplied oils have many characteristics related to their chemical and molecular structure that are
directly measured by test methods such as viscosity, flash and fire points, pour point, aniline point, relative
density (specific gravity), oxidation stability, gassing tendency, and dielectric strength.

Many characteristics not necessarily related to the functional performance of mineral insulating oils are eval-
uated because of their sensitivity to the presence of harmful contaminants. The following characteristics are
sensitive to contamination in the oil: interfacial tension, dissipation factor (power factor), dielectric break-
down voltage, color, water content, and neutralization number (acidity).

4.2.1 New oil properties—as supplied

New mineral insulating oils as supplied must have properties so that new oils meet the standard specification
of ASTM D3487-00 and Clause 5 of this guide when received, prior to any processing.

4.2.2 Test limits: new oil properties—as received from the supplier

When mineral insulating oil specified to conform to ASTM D3487-00 is received, it should be tested to ver-
ify conformance with ASTM D3487-00. Testing of the oil for full conformance of all property requirements
of ASTM D3487-00 is only justified under circumstances determined by the purchaser. As a minimum, it is
recommended that the purchaser require the supplier to provide a certified set of tests for the oil that demon-
strate that the oil, as shipped, met or exceeded the property requirements of ASTM D3487-00. For those
circumstances where a full set of tests according to ASTM D3487-00 are not justified, it is recommended
that, at a minimum, the tests shown in Table 1 of this guide be considered. The purchaser of the oil should
conduct tests sufficient to satisfy concerns regarding conditions of shipment that might result in non-
conformance to ASTM D3487-00 property requirements. Table 1 lists several of the more important tests
with values that should help in the decision regarding acceptance of the new mineral insulating oil.

Insulating oil is ordinarily shipped in three types of containers: drums or totes, tank trailers, and rail cars.
Rail cars are usually under the control of the supplier and dedicated to insulating oil shipment, so they tend
to be the cleanest. Highway trailers are used to transport many different chemical products as well as insulat-
ing oil; these trailers are therefore subject to chemical contamination. Special cleaning and drying proce-
dures may be necessary. If problems are encountered, check the history of the shipping containers to see that
they have been cared for properly. It is recommended that the purchaser require the delivery of oil in contain-
ers that are properly cleaned to guarantee delivery of oil conforming to ASTM D3487-00.

Drums and totes are the least desirable method of insulating oil transport but may be necessary for small pur-
chases. Drums and totes should be stored under cover to prevent contamination by moisture. Before process-
ing, it is necessary to check the quality of the oil in each drum or tote or after blending the oil in a large tank.
Each tank load or each shipping unit of oil as received at the customer’s site should undergo a check test to
determine that the electrical characteristics have not been impaired during transit or storage. Table 1 contains
a list of recommended acceptance tests for shipments of mineral insulating oil as received from the supplier.
Some users may not wish to perform all these tests; however, as a minimum, dielectric strength and dissipa-
tion factor (power factor) as listed in Table 1 should be performed. It is satisfactory to accept oils that exhibit
characteristics other than those described by the values in Table 1, providing that the users and the suppliers
are in agreement.
Copyright © 2002 IEEE. All rights reserved. 5



 
IEEE
Std C57.106-2002 IEEE GUIDE FOR ACCEPTANCE AND MAINTENANCE

                           
4.3 New oil properties—oil received in new equipment rated less than 230 kV

Mineral insulating oil that has been shipped in new equipment from the manufacturing plant may be evalu-
ated by obtaining a sample from the equipment at the job site. Note that the new oil characteristics will have
changed. The oil may have been filtered and dried at the factory. The more sensitive dielectric breakdown
test, ASTM Dl816-97, is a recommended test. Properties, such as interfacial tension (IFT), dielectric
strength, and dissipation factor, which are sensitive to certain dissolved or particulate contaminants, will
reflect the exposure to normal equipment construction materials. Recommended test limits for mineral insu-
lating oil received in new equipment rated less than 230 kV prior to energization are given in Table 2 of this
guide. Table 2 allows for change due to oil contacting transformer materials.  

Table 1—Test limits for shipments of new mineral 
insulating oil as received from the supplier

Test and method Limit value

Dielectric strengtha,
ASTM D1816-97,
  kV minimum,
  1 mm gapb:
  2 mm gapb:

20
35

Dissipation factor (power factor),
ASTM D924-99e1
  25 ºC, % maximum:
  100 °C, % maximum:

0.05
0.30

Interfacial tension,
ASTM D971-99a,
  mN/m minimum: 40

Color,
ASTM D1500-98,
  ASTM units maximum: 0.5

Visual examination,
ASTM D1524-94 (1999): Bright and clear

Neutralization number (acidity),
ASTM D974-02
  mg KOH/g maximum: 0.015c

Water content,
ASTM D1533-00
  mg/kg maximumd: 25c

Oxidation inhibitor content when specified,
ASTM D2668-96
  Type I oil, % maximum:
  Type I oil, % minimum:
  Type II oil, % maximum:
  Type II oil, % minimum:

0.08
0.0
0.3

>0.08

Corrosive sulfur,
ASTM D1275-96a Not corrosive

Relative density (specific gravity),
ASTM D1298-99
  15 °C/15 °C maximum: 0.91
aOil dielectric testing in accordance with ASTM D877-00 has been replaced by ASTM D1816-97 in Table 1. See 5.2.1.
bAlternate measurements of 0.04 in and 0.08 in respectively for gaps.
cThis value is more stringent than the ASTM D3487-00 requirement.
dEquivalent measurement is parts per million, ppm.
6 Copyright © 2002 IEEE. All rights reserved.
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4.4 New oil properties—after filling into new equipment rated at 230 kV or higher

Prior to filling equipment rated 230 kV and above with mineral insulating oil at the installation site, manu-
facturers generally require rigorous processing of the oil to remove all moisture, particulate matter, and gas
that dissolved during shipment. The object is to fill high-voltage equipment with oil that contains the very
least amount of particulate (see also IEEE Std 62-1995) material and water, recognizing that a slight reduc-
tion in quality due to contact with the equipment insulation and other materials will occur. In this procedure,
oil samples are taken after the oil enters into the electrical equipment.

Table 2—Test limits for new mineral insulating oil received 
in new equipment, below 230 kV, prior to energization

Test and method
Value for voltage class

≤ 69kV > 69 – <230 kV

Dielectric strengtha,
ASTM D1816-97,
  kV minimum,
  1 mm gapb:
  2 mm gapb:

25
45

30
52

Dissipation factor (power factor),
ASTM D924-99e1,
  25 ºC, % maximum:
  100 °C, % maximum:

0.05
0.40

0.05
0.40

Interfacial tension,
ASTM D971-99a,
  mN/m minimum: 38 38

Color,
ASTM D1500-98,
  ASTM units maximum: 1.0 1.0

Visual examination,
ASTM D1524-94 (1999): Bright and clear Bright and clear

Neutralization number (acidity),
ASTM D974-02,
  mg KOH/g maximum: 0.015c 0.015c

Water Content,
ASTM D1533-00,
  mg/kg maximumd: 20 10

Oxidation inhibitor content when specified,
ASTM D2668-96,
  Type I oil, % maximum:
  Type I oil, % minimum:
  Type II oil, % maximum:
  Type II oil, % minimum:

-
-

0.3
>0.08

0.08
0.0
0.3

>0.08

aOil dielectric testing in accordance with ASTM D877-00 has been replaced by ASTM D1816-97 in Table 2. See 5.2.1.
bAlternate measurements of 0.04 in and 0.08 in respectively for gaps.
cThis value is more stringent than the ASTM D3487-00 requirement.
dEquivalent measurement is parts per million, ppm.
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When mineral insulating oil is received in bulk shipping containers, it is processed according to the instruc-
tions of the manufacturer and then introduced into the equipment. Table 3 contains test limits that ensure that
the insulating oil, in equipment after the processing and standing time before energization, is dry, contains
no excess particulate matter, and contains a minimum amount of dissolved gas.

4.5 Percent saturation of water in mineral oil (see also 6.3.12 of IEEE Std 62-1995)

The quantity of dissolved and dispersed water in insulating fluids is significant for two reasons: 1) The pres-
ence of polar water molecules in the fluid adversely affects the dielectric properties of the fluid, and 2) The
amount of moisture in the oil can be reflective of the amount of moisture in the paper insulation. The
solubility of water in a dielectric fluid is temperature dependent, so a statement regarding mg/kg of water in

Table 3—Test limits for new mineral insulating oil processed for equipment, 
230 kV class and above, prior to energization

Test and method
Value for voltage class

≥ 230 kV – < 345 kV 345 kV and above

Dielectric strength.
ASTM D1816-97,
  kV minimum,
  1 mm gapa:
  2 mm gapa:

32
55

35
60

Dissipation factor (power factor),
ASTM D924-99e1,
  25 ºC, % maximum:
  100 °C, % maximum:

0.05
0.30

0.05
0.30

Interfacial tension,
ASTM D971-99a,
  mN/m minimum: 38 38

Color,
ASTM D1500-98,
  ASTM units maximum: 1.0 0.5

Visual examination,
ASTM D1524-94 (1999): Bright and clear Bright and clear

Neutralization number (acidity),
ASTM D974-02,
  mg KOH/g maximum: 0.015b 0.015b

Water content,
ASTM D1533-00,
  mg/kg maximumd: 10 10

Total dissolved gas,
ASTM D2945-90 (1998): 

0.5% or per manufacturer’s 
requirementsc.

0.5% or per manufacturer’s 
requirementsc.

aAlternate measurements of 0.04 in and 0.08 in respectively for gaps.
bThis value is more stringent than the ASTM D3487-00 requirement.
cThis value should be obtained from a sample collected 24 to 48 h after the transformer is filled, and applies only to transformers

with diaphragm conservator systems.
dEquivalent measurement is parts per million, ppm.
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the oil without temperature information would not be adequate. The calculation of the percent water satura-
tion, (mg/kg water/mg/kg of water at saturation) × 100, has a greater significance as it indicates the possibil-
ity of free water formation in the oil. Free water in the oil results in unacceptable dielectric strength values.
Water partitions between paper insulation and oil. This partition coefficient is temperature dependent so the
water will move between the paper insulation and the oil as the temperature changes. For example, if the
temperature increases, movement of water is from the paper to the oil. This increase in water content of the
oil will increase the percent saturation and could result in free water formation, should the temperature of the
oil decrease rapidly. Table 4 provides general guidelines for the interpretation of data expressed in percent
saturation.

The following is an example of determining the percent saturation of water in mineral oil (see Bruce, C. M.,
Christie, J. D., and Griffen. Paul [B1]):

(1)

where

S0 is the solubility of water in mineral oil
T is the absolute temperature in kelvins

(2)

Example:

If

Water content = 11 mg/kg
Temperature of top oil = 30 °C

then

S0 = 82.775

% saturation = 100(11/82.775) = 13

Table 4—General guidelines for interpreting data expressed in percent saturationa

Percent saturation
water-in-oil Condition of cellulosic insulation

0–5 Dry insulation

6–20 Moderate—wet, low numbers indicate fairly dry to moderate levels of water in the 
insulation. Values toward the upper limit indicate moderately wet insulation.

21–30 Wet insulation

>30 Extremely wet insulation

aTable 4 of this standard is Table 7 of IEEE Std 62-1995.

log10 S0 1567 T⁄–( ) 7.0895+=

% saturation 100 mg/kg of water( ) S0⁄=

log10 S0 1567 303⁄–( ) 7.0895 5.1716– 7.0895 1.9179=+=+=
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Table 5 illustrates conditions of moisture content in an operating unit.

4.6 Mixtures of mineral insulating oil

Although conventional mineral oils from different suppliers may differ in their characteristics, these oils, as
well as blends of these oils, should all meet the specifications of ASTM D3487-00. 

Although mineral insulating oil is miscible with some types of less flammable and nonflammable dielectric
liquids, it is advisable to use dedicated processing and handling systems for each different type of fluid in
order to avoid even traces of cross-contamination, particularly even trace contamination between petroleum
based and non-petroleum based fluids.

Mixtures of less flammable or nonflammable dielectric fluids with conventional mineral insulating oil will
alter the flammability characteristics of the less flammable fluid. Differences in the dielectric constant of the
fluids may cause localized voltage stresses in equipment. It is undesirable to mix different types of dielectric
fluids.

Table 5—Recommended maximum limit of water content in mineral insulating oil 
of operating gas blanketed, sealed, or diaphragm conservator transformersa

Average oil 
temperature

Suggested maximum water contents in mg/kg and percent saturationb

50 ºC 60 ºC 70 ºC

mg/kgc % saturation mg/kgc % saturation mg/kgc % saturation

≤ 69kV 27 15 35 15 55 15

>69 – <230 kV 12 8 20 8 30 8

230 kV and greater 10 5 12 5 15 5

NOTES

1—These values are by necessity approximate, but are adequate for maximum water in oil guides.

2—The oil sample should, if practical, be taken when the load and oil temperatures have been relatively constant for
48 hours. The intent is to obtain a sample when the moisture content in the transformer is close to equilibrium. If the
load and/or ambient are variable, the oil temperature can be maintained relatively constant by controlling the amount
of cooling in operation. If you are confident that the temperature gauges are in calibration then record the top oil
temperature at the time that the sample is taken. For Oil Natural Air Natural (ONAN) and Oil Natural Air Forced
(ONAF) ratings, subtract 10 °C from the top oil to obtain the average oil temperature. If you are unsure of the gauge
accuracy, record the actual sample temperature and add 5 °C to approximate the average oil temperature.

3—The above values are based on the following approximate percent by weight of water in insulation values (see
IEEE Std 62-1995):

  ≤ 69kV                     3% maximum

  >69 - < 230 kV        2% maximum

230 kV and greater    1.25% maximum

4—Saturation values (mg/kg) at 100% saturation:

  50 ºC           175

  60 ºC           245

  70 ºC           335

aThe data in Table 5 is from sealed transformers and may also apply to free breathing type transformers.
bCalculated from formulas 1 and 2 in Clause 4.4 from Bruce, C. M., Christie, J. D., and Griffen. Paul [B1].
cEquivalent measurement is parts per million, ppm.
10 Copyright © 2002 IEEE. All rights reserved.
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4.7 Sampling

Accurate sampling methods are extremely important due to their effect on the reliability of the test results
for the sampled oil. Careless sampling procedures will result in contamination of the sample. This will lead
to erroneous conclusions concerning the quality of the oil. In order to minimize the possibility of obtaining a
non-representative sample, the procedures and precautions outlined in the latest revision of ASTM D923-97,
and/or ASTM D3613-98 should be followed.

5. Oil tests and their significance

There are many established ASTM tests of practical significance that can be applied to insulating oil. Some
of these tests are more applicable to new oils than to service-aged oils; some are more useful in the analysis
of service-aged oils than oils received in new condition, particularly trace contamination between petroleum
based and non-petroleum based fluids.

Each of the tests and their significance are described in the subclauses of this guide, listed in Table 6. The
number following the name of the test is the number of the ASTM standard/method.

Table 6—Pertinent ASTM tests for mineral insulating oil 

Subclause Test ASTM standard/method

5.1 Physical tests

5.1.1 Aniline point ASTM D611-01b

5.1.2 Color ASTM D1500-98

5.1.3 Flash and fire points ASTM D92-02

5.1.4 Interfacial tension ASTM D971-99a
ASTM D2285-99

5.1.5 Pour point ASTM D97-02

5.1.6 Relative density (specific gravity) ASTM D1298-99

5.1.7 Viscosity ASTM D88-94 (1999)
ASTM D445-01
ASTM D2161-93 (1999)

5.1.8 Visual examination ASTM D1524-94 (1999)

WARNING

Caution should be taken when extracting an oil sample from energized equipment. Taking samples from
equipment under negative pressure (vacuum) may cause an air bubble to be drawn into the tank. If this
occurs, it can cause catastrophic failure and death.
Copyright © 2002 IEEE. All rights reserved. 11
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5.1 Physical tests

5.1.1 Aniline point—ASTM D611-01b

The aniline point (temperature) of a mineral insulating oil indicates the solvency of the oil for some materi-
als that are in contact with the oil. A high aniline point indicates a lower degree of aromaticity and a lower
solvency for some material (rubber, for example).

5.1.2 Color—ASTM D1500-98

Insulating oil should have a light color and be optically clear so that it permits visual inspection of the
assembled apparatus inside the equipment tank. Any change in the color of an oil over time is an indication
of deterioration or contamination of the oil.

5.2 Electrical tests

5.2.1 Dielectric breakdown voltage ASTM D877-00
ASTM D1816-97

5.2.2 Dielectric breakdown impulse voltage ASTM D3300-00

5.2.3 Dissipation factor (power factor) ASTM D924-99e1

5.2.4 Gassing of insulating oils under electrical stress 
and ionization

ASTM D2300-00

5.3 Chemical tests

5.3.1 Gas content ASTM D2945-90 (1998)
ASTM D3284-99
ASTM D3612-01

5.3.2 Polychlorinated biphenyls ASTM D4059-00

5.3.3 Corrosive sulfur ASTM D1275-96a

5.3.4 Neutralization number (acidity) ASTM D664-01
ASTM D974-02

5.3.5 Oxidation inhibitor content ASTM D2668-96
ASTM D4768-96

5.3.6 Oxidation stability (inhibited oil only, BOMB)
Oxidation stability

ASTM D2112-01a
ASTM D2440-99

5.3.7 Water in insulating liquids ASTM D1533-00

5.3.8 Furans in insulating liquids ASTM D5837-99

Table 6—Pertinent ASTM tests for mineral insulating oil  (continued)

Subclause Test ASTM standard/method
12 Copyright © 2002 IEEE. All rights reserved.
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5.1.3 Flash and fire points—ASTM D92-02

The flash point of an oil is the temperature to which the material must be heated (under prescribed condi-
tions of test) in order to give off sufficient vapor to form a flammable mixture with air. The fire point is the
temperature that provides sufficient oil vapors to ignite and sustain a fire for 5 seconds (under the same test
conditions). A low flash point indicates the presence of volatile combustible contaminants in the insulating
oil.

5.1.4 Interfacial tension—ASTM D971-99a, ASTM D2285-99

This method covers the measurement, under nonequilibrium conditions, of the surface tension that an insu-
lating fluid maintains against water. Interfacial tension is a measurement of the forces of attraction between
molecules of the two fluids. It is expressed in millinewtons per meter (mN/m). The test is an excellent means
of detecting oil-soluble polar contaminants and oxidation products in insulating oils.

5.1.5 Pour point—ASTM D97-02

The pour point is the temperature at which oil ceases to flow under prescribed testing conditions. The pour
point has little significance as a test for contamination or deterioration of the oil. It may be useful for oil
identification and determination of suitability for a particular climate.

5.1.6 Relative density (specific gravity)—ASTM D1298-99

The relative density of oil is the ratio of the weights of equal volumes of the oil and water, tested at 15 °C.
The relative density is significant in determining the suitability for use in certain applications; in cold cli-
mates, ice may form in equipment exposed to temperatures below freezing. When considered along with
other oil properties, relative density can be an indicator of the quality of the oil.

5.1.7 Viscosity—ASTM D88-94 (1999), ASTM D445-01, ASTM D2161-93 (1999)

The viscosity of insulating oil is measured by timing the flow of a known volume of oil through a calibrated
tube. Viscosity is not significantly affected by oil contamination or deterioration, but may be useful for iden-
tifying certain types of service-aged insulating oils. Viscosity has an important influence on the heat transfer
characteristics of oil. High viscosity decreases the cooling efficiency of the oil. High viscosity will also
affect the movement of parts in electrical equipment, such as circuit breakers, switchgear, tap changers,
pumps, and regulators. Viscosity is a factor in determining the conditions for oil processing and cellulose
impregnation time.

5.1.8 Visual examination—ASTM D1524-94 (1999)

This test indicates the color and degree of turbidity of oil, which may indicate the presence of free water or
contaminating solid particles. The source of insoluble solid contaminants may be determined by filtrating
the particles and examining them. This test may be used to suggest the need for additional laboratory tests,
as it may permit a determination of whether the sample should be sent to a central laboratory for a full
evaluation.

5.2 Electrical tests

5.2.1 Dielectric breakdown voltage—ASTM D877-00, ASTM D1816-97

The dielectric breakdown voltage of insulating oil is a measure of its ability to withstand voltage stress
without failure. It is the voltage at which breakdown occurs between two electrodes under prescribed test
conditions. The test serves primarily to indicate the presence of electrically conductive contaminants in the
Copyright © 2002 IEEE. All rights reserved. 13
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oil, such as water, dirt, moist cellulosic fibers, or particulate matter. A high dielectric breakdown voltage
does not indicate the absence of all contaminants, however.

The electrodes described in ASTM D877-00 are thin flat disks, which are not representative of the electrodes
in transformers. Although the rounded electrodes described in ASTM D1816-97 do not duplicate the charac-
teristics of insulated electrodes in transformers, they more closely approximate transformer applications.
However, the electrodes described in ASTM D1816-97 are more responsive to particles and dissolved water
in oil, both of which are detrimental to the electrical strength of oil in transformers. Therefore, test results in
ASTM D1816-97 furnish a better evaluation of changes that may occur in the oil from transformers.

Two methods are recognized for measuring the dielectric breakdown voltage of insulating oils:

a) ASTM D877-00 is recommended for the routine acceptance of new, unprocessed oil from a supplier
for use in circuit breakers. This test method uses thin flat-faced cylindrical electrodes with a 2.5 mm
gap. The sensitivity of this method, to the general population of contaminates present in a liquid
sample, decreases as applied test voltages used in this method become greater than 25 kV rms.

b) ASTM D18l6-97 is recommended for testing fluid that is being processed into transformers or con-
tained in transformers and load tap changers. This method uses spherically shaped electrodes. The
fluid sample is circulated continuously in the test cell throughout the test. The gap distance standard
settings are 1 mm and 2 mm.

5.2.2 Dielectric breakdown impulse voltage—ASTM D3300-00

This test method is most commonly performed using a negative polarity point opposing a grounded sphere
(NPS). The NPS breakdown voltage of fresh unused oils measured in the highly divergent field in this con-
figuration depends on oil composition; decreasing with increasing concentration of aromatic, particularly
polyaromatic, hydrocarbon molecules.

This test method may be used to evaluate the continuity of composition of oil from shipment to shipment.
The NPS impulse breakdown voltage of oil can also be substantially lowered by contact with materials of
construction, by service aging, and by other impurities. Test results lower than those expected for a given
fresh oil may also indicate use or contamination of that oil.

Although polarity of the voltage wave has little or no effect on the breakdown strength of oil in uniform
fields, polarity does have a marked effect on the breakdown voltage of oil in nonuniform electric fields.

Transient voltages may also vary over a wide range in both the time to reach crest value and the time to
decay to half crest or to zero magnitude. The standard lightning impulse test described in IEEE Std
C57.12.90-1999 [B2] specifies a 1.2 × 50-ms negative polarity wave.

5.2.3 Dissipation factor (power factor)—ASTM D924-99e1

The dissipation factor is a measure of the power lost when an electrical insulating liquid is subjected to an ac
field. The power is dissipated as heat within the fluid. A low-value dissipation factor means that the fluid will
cause little of the applied power to be lost. The test is used as a check on the deterioration and contamination
of insulating oil because of its sensitivity to ionic contaminants.

5.2.4 Gassing of insulating oils under electrical stress and ionization—ASTM D2300-00

This test measures whether insulating oils are gas absorbing or gas evolving when subjected to electrical
voltage. For certain applications, when insulating oils are stressed at high voltage gradients, it is desirable to
know the rate at which gas is absorbed or evolved from the oil. The absorption or evolution of gas by a liquid
under electrical stress is a function of the aromatic character of the liquid molecules. Liquids that are signif-
icantly aromatic in character will absorb gas as they are electrically stressed. Liquids that have little or no
14 Copyright © 2002 IEEE. All rights reserved.
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aromatic character will evolve hydrogen gas upon application of an electrical voltage. At the present time,
however, correlation of these test results with equipment performance is limited. Numerical results obtained
in different laboratories or by using two different procedures may differ significantly in magnitude, and the
results of this method should be considered qualitative in nature.

5.3 Chemical tests

5.3.1 Gas content—ASTM D2945-90 (1998), ASTM D3284-99, ASTM D3612-01

The gas content of an insulating fluid may be defined as the volume of dissolved gas per 100 volumes of oil,
at standard pressure and temperature. Some types of equipment require the use of electrical insulating liq-
uids of low gas content. In filling electrical apparatus, a low gas content reduces foaming and also reduces
the available oxygen, thereby increasing the service life of the insulating oil.

The amount and kind of gases dissolved in oil can be used as a tool to aid in detecting and diagnosing faults
and abnormal operating conditions in equipment.

The test is not intended for use in purchase specifications because the oil is customarily degassed immedi-
ately prior to use. The test can be used, however, as a factory control test and is more useful in evaluating the
health of the transformer equipment. Overheating or arcing within the transformer will generate combustible
and noncombustible gasses that will be dissolved in the oil. For dissolved gas analysis, reference IEEE Std
C57.104-1991 for further recommendations.

5.3.2 Polychlorinated biphenyls (PCBs)—ASTM D4059-00

United States regulations require that electrical apparatus and electrical insulating fluids containing
polychlorinated biphenyls (PCBs) be handled and disposed of through the use of specific procedures. The
procedure to be used for a particular apparatus or quantity of insulating fluid is determined by the PCB con-
tent of the fluid. The results of this analytical technique can be useful in selecting the appropriate handling
and disposal procedures; refer to Title 40 Code of Federal Regulations Part 761.

5.3.3 Corrosive sulfur—ASTM D1275-96a

This test is designed to detect the presence of free sulfur and combined corrosive sulfur by how the liquid
affects polished copper strips in prescribed conditions. The test indicates the possibility of corrosion inside
of electrical equipment resulting from the presence of sulfur-containing compounds. The source of sulfur
present in insulating oil is usually the crude oil from which it is refined. The sulfur may come from rubber
hoses used for oil processing or from replacement gasket materials.

5.3.4 Neutralization number (acidity)—ASTM D664-01, ASTM D974-02

The neutralization number of an electrical insulating liquid is a measure of the acidic components of that
material. In new oil, any acid present is likely residual from the refining process. In a service-aged liquid, the
neutralization number is a measure of the acidic byproducts of the oxidation of an oil. The neutralization
number may be used as a general guide for determining when oil should be reprocessed or replaced. ASTM
D974-02 is the traditional color-change indicator method of titrating the acids with a mild (0.1 N) KOH
solution. ASTM D664-01 is a potentiometric titration method. On some service-aged liquids, the color may
be so dark as to impair the ability of the technician to determine the indicator color change in ASTM D974-
02, so ASTM D664-01 is used instead. The correlation between these two methods, however, has not been
established.
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5.3.5 Oxidation inhibitor content—ASTM D2668-96 by infrared spectrophotometry, ASTM 
D4768-96 by gas chromatography

There are two synthetic oxidation inhibitors commonly used in dielectric fluids. They are 2-6 ditertiary-butyl
phenol (DBP) and 2-6 ditertiary-butyl para-cresol (DBPC). Their use provides added resistance to oxidation
in systems that are partially or wholly exposed to air. The effectiveness of the oxidation inhibitor depends a
great deal on the type of crude oil from which the insulating oil came. Certain new oils may contain natu-
rally occurring antioxidant substances that may yield a false-positive indication in this test.

5.3.6 Oxidation stability, inhibited only, (BOMB)—ASTM D2112-01a, ASTM D2440-99

Oxidation stability—ASTM D2112-01a: This test method is a rapid test for evaluating the oxidation stability
of a new mineral insulating oil that contains the synthetic oxidation inhibitor 2-6 DBPC or 2-6 DBP. The test
measures the length of time required for the oil sample to react with a given volume of oxygen when a
sample of oil is heated and oxidized under test conditions.

Oxidation stability—ASTM D2440-99: This test method determines the resistance of mineral insulating oils
to oxidation under prescribed accelerated aging conditions. Oxidation stability is measured by the propen-
sity of oils to form sludge and acid products during oxidation. This test method is applicable to new oils,
both inhibited and uninhibited.

5.3.7 Water in insulating liquids: Karl Fischer Method—ASTM D1533-00

Water may be present in insulating liquids in several forms. The presence of free water may be indicated by
visual examination. The oil will appear cloudy or separated water drops will be seen, probably on the bottom
surface. The presence of free water can be remedied by filtration or other means. Dissolved water cannot be
detected visually and is normally quantified by physical or chemical means. Dissolved water may affect the
dielectric breakdown of insulating oil, however, its significance is determined by several factors including
the percent of moisture saturation, and the amount and type of contaminates. The method cited is suitable for
the determination of water in insulating oil, and, depending upon conditions of sample handling and meth-
ods of analysis, can be used to estimate total water as well as dissolved water in insulating oil. The units of
measure of water are mg/Kg. New insulating oil received from the manufacturer normally contains less than
25 mg/kg moisture. New insulating oil should be tested for moisture content. If necessary, applicable mea-
sures should be taken to avoid introducing high moisture-content oil into electrical equipment.

5.3.8 Furans in insulating liquids—ASTM D5837-99

Furanic compounds are generated by the degradation of cellulosic materials used in the solid insulation sys-
tems of electrical equipment. Furanic compounds which are oil soluble to an appreciable degree will migrate
into the insulating liquid. The presence of high concentrations of furanic compounds is significant in that
this may be an indication of cellulose degradation from aging or incipient fault conditions. Testing for
furanic compounds by high-performance liquid chromatography (HPLC) may be used to complement dis-
solved gas in oil analysis as performed in accordance with the test method in ASTM D3612-01.

6. Handling and storage

It is not intended that the recommendations given in this guide supersede U. S. federal or local regulations
concerning storage, handling, or spill cleanup of insulating liquids.
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6.1 Tanks

Direct transfer of the oil from on-site delivery containers into equipment, while recommended, is not always
practical if the oil being delivered is to be tested before transfer into the equipment. It may be necessary,
therefore, to store the oil in storage tanks temporarily. In these instances, all tanks should conform to appli-
cable federal and local standards and codes. Tanks should be equipped with at least one manhole. The inte-
rior of the tanks should be sandblasted, primed, and coated with a coating that is compatible with insulating
fluids. Storage tanks should be equipped with drains situated to allow complete emptying of the tank, and
with either a desiccant breather or a dry gas blanket. Such tanks are often coated internally to prevent rust.
Before use, storage tanks should be thoroughly cleaned, wiped dry with clean rags, and flushed with clean
insulating oil.

Collapsible or rubber fabric tanks may be used for short-time storage. Care should be taken to ensure that
they are cleaned and thoroughly drained before filling with insulating oil. It is recommended that insulating
oil not be held for more than three months in temporary storage tanks. Where that is unavoidable, tanks
should be equipped with a dry inert (nitrogen) gas system with which to blanket the oil.

6.2 Oil quality protection in storage

All storage tanks should be equipped with a dry nitrogen gas supply or a desiccant vent dryer to minimize
the introduction of moisture into the tank. Proper maintenance of the desiccant is essential.

The desiccant should be protected from outside contaminants and entry into the transformer. Filtration of the
incoming air will prevent introduction of airborne particulate materials into the fluid during storage.

6.3 Dikes and curbs

Tanks for storage of insulating oil may be surrounded by dikes or curbs sufficient to contain the entire vol-
ume of oil in the tank should a spill occur. Refer to Title 40 Code of Federal Regulations Part 112.7 for spill
prevention control and countermeasures (SPCC).

6.4 Processing oil for installation in apparatus

See IEEE Std C57.93-1995. Processing systems consist of oil dehydration, degassifying, and filtration. The
user should be advised that static charges can develop when insulating oil flows in pipes, hoses, and tanks.
Oil leaving a filter press may be charged to a high potential. To accelerate dissipation of the charge in the oil,
ground and bond together the filter press, the piping, the equipment tank, and all bushings or the winding
leads during oil flow into any tank. Conduction through oil is slow; therefore, it is desirable to maintain these
grounds for at least an hour after the oil flow has been stopped. Remove any explosive gas mixture from any
container into which oil is flowing. Arcs can occur from the free surface of the oil even though the previous
grounding precautions have been taken.

Equipment used for handling mineral insulating oils should be dedicated for that use, as these oils are very
sensitive to contamination. Although mineral insulating oils may be miscible with other types of dielectric
fluids, it is advisable to use dedicated processing and handling systems for each different type of fluid. See
4.5 of this standard.

Before filling the electrical apparatus, a vacuum may be drawn on its tank. All insulating oil transfer lines
should be flushed through with clean, processed oil. During the filling operations, flow rates should be con-
trolled to the value specified by the manufacturer. The vacuum held on the tank should not exceed the design
strength specified by the manufacturer.
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The filling process may be varied to suit the capabilities of the equipment used and the recommendations of
the manufacturer. Filling procedures used should comply with those that are recommended by the fluid and
the equipment manufacturers in order to maintain eligibility of the equipment warranty.

7. Classification of service-aged insulating oil

7.1 General

This subject is treated in greater detail in IEEE Std 637-1985. It is not practical to indicate the value of
specific tests and recommended test limits for all of the possible existing applications of insulating oil in
service. It should be recognized that, with the present state of knowledge, no single test can be used as the
sole criterion to estimate the condition of service-aged oil. It is, possible, however, to summarize the value
and importance of the current tests and to suggest methods of treatment for the oil being examined. Oils in
service may be placed in the classifications described in 7.2.1 through 7.2.3, based upon the composite eval-
uation of significant characteristics.

7.2 Classification

7.2.1 Class I

This group contains oils that are in satisfactory condition for continued use.

Suggested test limits by voltage class for Class I oils in electrical equipment to remain in continued service
are given in Table 7. It is not intended that an oil be removed from service when a single property limit is
exceeded or that the oil be left in service until all property values are outside the stated limits. It is difficult to
quantify the risk of failure while in service with particular test values. The limits from Table 7 are intended
to provide reference points for further evaluation and testing. Each case should be examined individually,
and the advice of the manufacturer may be considered.

7.2.2 Class II

This group contains oils that do not meet the dielectric strength and/or water content requirements of Table 7
and should be reconditioned by filter pressing or vacuum dehydration.

7.2.3 Class III

This group contains oils in poor condition that should be reclaimed using Fuller’s Earth or an equivalent
method.

Oils that do not meet the interfacial tension (IFT), dissipation factor, and neutralization number limits pro-
vided in Table 7 should be reclaimed. Oils should not be allowed to deteriorate such that the IFT is below 18,
or to a point where oxidation inhibitor content is depleted. Under such conditions considerably greater effort
(i.e., more passes of treatment) is required.

For information and advice concerning the different techniques of reconditioning and reclaiming service-
aged mineral insulating oils, refer to IEEE Std 637-1985. Reconditioning or reclamation of mineral oils con-
taining PCBs can be a violation of environmental regulations. 
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8. Insulating oil for circuit breakers

8.1 General

The requirements of insulating oil used in circuit breakers, as distinguished from insulating oil used in trans-
formers, are uniquely different. Modern oil circuit breakers require low viscosity and low pour-point oil
since a large percentage of them are used outdoors and, in many cases, at low temperatures. It should be
noted that all circuit breakers are “free breathing” (open to the atmosphere through a breathing device). This
does not prevent the admittance of humid air to the device. In the case of older oil circuit breakers where the
use of higher viscosity oil is deemed necessary, caution and judgment must be exercised. The resultant
effects of oil mixing and the addition of oxidation inhibitors upon thermal characteristics must be
considered.

Reconditioning of circuit breaker oil is conducted in the same manner as transformer oil. The presence of
dissolved heat and arc byproducts is a significant problem in circuit breakers. In most transformers these
products should not be present. Oil circuit breakers are usually designed with higher dielectric margins and
thermal capacities compared to a transformer. In oil circuit breakers, byproducts are created when the circuit
breaker operates. These byproducts, combining with moisture and oxygen in the breaker oil, will contribute
to reduced dielectric strength in the circuit breaker. The accumulation of these substances results in the need
for cleaning the breaker and reconditioning of the oil. For guidance in the application of circuit breakers, see
IEEE Std C37.010-1999.

Table 7—Suggested limits for continued use of service-aged insulating oil 
(grouped by voltage class) (See also IEEE Std 62-1995.)

Test and method
Value for voltage class

≤69 kV >69 – <230 kV 230 kV and above

Dielectric strengtha,
ASTM D1816-97,
  kV minimum,
  1 mm gapb:
  2 mm gapb:

23
40

28
47

30
50

Dissipation factor (power factor)a,
ASTM D924-99e1,
  25 °C, % maximum
  100 °C, % maximum

0.5
5.0

0.5
5.0

0.5
5.0

Interfacial tension,
ASTM D971-99a,
  mN/m minimum 25 30 32

Neutralization number (acidity),
ASTM D974-02,
  mg KOH/g maximum 0.20 0.15 0.10

Water content Refer to Table 5

Oxidation Inhibitor Content,
ASTM D2668-96,
  Type II oil 0.09% minimum, if in original oil.

aOlder transformers with inadequate oil preservation systems or maintenance, may have lower values.
bAlternate measurements of 0.04 in and 0.08 in respectively for gaps.
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8.2 Testing

Testing methods for circuit breaker oils are the same as those used for insulating oils. Samples are taken in
the same manner as for insulating oil, at specified intervals, varying from a few months to annually. Some of
the established ASTM tests applicable to mineral insulating oils are more significant to transformers than to
circuit breakers, since a circuit breaker is essentially a free-breathing device that operates at ambient
temperature.

8.2.1 New oil properties—as refined

New mineral insulating oils as received from the supplier must conform to certain qualifying functional
requirements listed in ASTM D3487-00.

8.2.2 Test limits: shipments of new mineral insulating oil

When mineral insulating oil meeting the property requirements of ASTM D3487-00 is received in the field
for installation in circuit breakers, it should be checked for certain key values that may be affected by ship-
ment and storage. These values are shown in Table 8. Some users may wish to perform additional tests out-
lined in ASTM D3487-00; however, as a minimum, the tests listed in Table 8 should be performed.

Viscosity [12 cSt (12 mm2/s) maximum at 40 °C—see ASTM D445-01] and pour point (–40 °C, maxi-
mum—see ASTM D97-02) should be checked in cold climates to ensure that the oil does not interfere with
the free operation of the equipment.

8.2.3 New oil properties—oil shipped in new equipment

Oil circuit breakers are normally shipped from the factory without oil in the tank(s). New oil is processed on-
site and the equipment is filled with the oil. In cases such as these, refer to Table 9.

8.2.4 New oil properties—prior to energizing

When mineral insulating oil is received in bulk shipping containers, it is processed according to the instruc-
tions of the manufacturer and then introduced into the equipment. Table 9 gives test limits for mineral circuit
breaker insulating oil after being processed, placed in equipment, and allowing for standing times before
energizing.

8.2.5 Service-aged oil properties

Suggested limits for continued use of service-aged circuit breaker oils are shown in Table 10.

If additional tests are desired, they should be made in accordance with the guidelines given for insulating oil
testing earlier in this guide. Some users of circuit breakers recondition or change their oils without testing
them after a preset number of operations.    
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Table 8—Test limits for shipments of new mineral insulating oil for circuit breakers

Test and method Suggested limit

Dielectric strength,
ASTM D1816-97a,
  kV minimum,
  1 mm, gapb

  2 mm, gapb
20
35

Dissipation factor (power factor),
ASTM D924-99e1,
  25 °C, % maximum
  100 °C, % maximum

0.05
0.30

Interfacial tension,
ASTM D971-99a,
  mN/m minimum 40

Color,
ASTM D1500-98,
  ASTM units maximum 0.5

Visual examination,
ASTM D1524-94 (1999) Bright and clear

Neutralization number (acidity),
ASTM D974-02,
  mg KOH/g maximum 0.015

Water content,
ASTM Dl533-00,
  mg/kg maximumc 25d

aOil dielectric testing in accordance with ASTM D877-00 has been replaced by ASTM D1816-97 in this table. See 5.2.1.
bAlternate measurements of 0.04 in and 0.08 in respectively for gaps.
cEquivalent measurement is parts per million, ppm.
dThe value of water content is more stringent than the requirement specified in ASTM D3487-00.
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Table 9—Test limits—new circuit breaker insulating oil after 
processing and filling, immediately prior to energizing

Test and method Suggested limit

Dielectric strength,
ASTM D1816-97,
  kV minimum,
  1 mm, gapa

  2 mm, gapa
30
60

Dissipation factor (power factor),
ASTM D924-99e1,
  25 °C, % maximum 0.10

Interfacial tension,
ASTM D971-99a,
  mN/m minimum 35

Color,
ASTM D1500-98,
  ASTM units maximum 0.5

Visual Examination,
ASTM D1524-94 (1999) Bright and clear

Neutralization number (acidity),
ASTM D974-02,
  mg KOH/g maximum 0.015

Water content,
ASTM Dl533-00,
  mg/kg maximumb 20

aAlternate measurements of 0.04 in and 0.08 in respectively for gaps.
bEquivalent measurement is parts per million, ppm.
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8.3 Reconditioning

The chief problem in circuit breaker oil maintenance is to keep the fluid free of water, arc decomposition
products, and other contaminants. If visual examination shows the presence of these materials and the
dielectric strength of the oil drops below an acceptable value, the oil can be reconditioned, provided it is free
of chemical contaminants. The accepted means of reconditioning is by using blotter papers or paper car-
tridge filters. This subject is discussed in detail in IEEE Std 637-1985.

9. Insulating oil for load tap changers (LTCs)

9.1 General

The requirements of insulating oils used in load tap changers (LTCs) are comparable to those of insulating
oils used in power transformers. For LTCs where oil is used for arc-quenching, the arcing at the arcing
switch or arcing tap switch contacts causes contact erosion and carbonization of the arcing switch oil. The
degree of contamination depends upon the operating current and step-voltage of the LTC, the number of
operations, and, to some degree, on the quality of the insulating oil (not relevant in case of LTCs with vac-
uum interrupters).

If the LTC is a “free-breathing” design, the desiccant should be checked periodically to prevent the admit-
tance of humid air.

Table 10—Suggested limits for continued use of service-aged circuit breaker insulating oil

Test and method Suggested limit

Dielectric strength,
ASTM D877-00,
  kV minimum 25

Dielectric strength,
ASTM D1816-97,
  kV minimum,
  1 mm, gapa

  2 mm, gapa
20
27

Dissipation factor (power factor),
ASTM D924-99e1,
  25 °C, % maximum 1.0

Interfacial tension,
ASTM D971-99a,
  mN/m minimum 25

Color,
ASTM D1500-98,
  ASTM units maximum 2.0

Visual examination,
ASTM D1524-94 (1999) No excessive carbon in oil.

aAlternate measurements of 0.04 in and 0.08 in respectively for gaps.
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Maintenance and inspection intervals depend on the type of LTC, the LTC rated through-current, the field
experience, and the individual operating conditions. They are suggested as periodic measures with respect to
a certain number of operations or after a certain operating time, whichever comes first. The recommended
maintenance intervals for an individual LTC type are given in the operating and inspection manuals available
for each LTC type. In general, at inspections the oil will be reconditioned or changed.

9.2 Testing methods

Testing methods for LTCs oils are the same as those used for insulating oils of power transformers. Samples
are taken in the same manner and at the same intervals as for insulating oils used in power transformers.

9.2.1 New oil properties—as supplied

New mineral insulating oils as received from the supplier must conform to certain qualifying functional
requirements listed in ASTM D3487-00.

9.2.2 Test limits—shipment of new mineral insulating oil

When mineral insulating oil meeting the qualifications of ASTM D3487-00 is received in the field for instal-
lation in LTCs, it should be checked for certain key values that may be affected by shipment and storage (see
Table 1). Viscosity [12 cSt (12 m2/s) maximum at 40 °C] and pour point (–40 °C, maximum) should be
checked in cold climates (below –25 °C and above –40 °C) to ensure that the oil does not interfere with the
free operation of the equipment.

9.2.3 New oil properties—oil shipped in new equipment

LTCs are normally shipped from the factory without oil. If an LTC is filled with oil prior to shipping, refer to
Table 11.

9.2.4 New oil properties—prior to energizing

When mineral insulating oil is received in bulk shipping containers, it is processed according to the instruc-
tions of the transformer manufacturer and then introduced into the equipment. Table 11 gives test limits for
LTC mineral insulating oil after being processed, placed in equipment, and allowing for standing time before
energizing.

9.2.5 Service-aged oil properties

Suggested limits for continued use of service-aged LTC oils are shown in Table 12.

9.3 Reconditioning

If the dielectric strength of the oil drops below the values given in Table 12, or the water content exceeds the
values given in Table 12, the oil should be reconditioned or changed.   
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10. Health and environmental care procedures for mineral insulating oil

10.1 Health issues

Users should obtain a Material Safety Data Sheet (MSDS) for each dielectric fluid in use. Where instructions
differ from recommendations made here, the instructions of the manufacturer are to be followed. Although
there is no special risk involved in the normal handling of insulating fluids addressed in this guide, attention
should be focused to the general need for personal hygiene or the practice of washing skin and clothing that
may have come in contact with insulating oil. Personnel should avoid contact of the fluid with their eyes.
When dielectric liquids have to be disposed of, certain precautions are necessary to comply with local, state,
and federal requirements in the United States. These oils are generally classified as special, regulated or
hazardous waste depending upon the individual state. The following procedures are not intended to super-
sede local, state, or federal regulations.

Table 11—Test limits of new mineral insulating oil for load tap changers, prior to energizing

Test and method Suggested limit

Dielectric strength,
ASTM D1816-97,
  kV minimum,
  1 mm, gapa

  2 mm, gapa
35
55

Water content,
ASTM Dl533-00,
  mg/kg maximumb 10

Corrosive sulfur,
ASTM D1275-96a No corrosive sulfur in oil.

aAlternate measurements of 0.04 in and 0.08 in respectively for gaps.
bEquivalent measurement is parts per million, ppm.

Table 12—Limits for continued use of service-aged insulating oil for load tap changers

Test and method

Suggested limit

Neutral end
Line end

≤ 69 kV > 69 kV

Dielectric strength,
ASTM D1816-97,
  kV minimum,
  1 mm, gapa

  2 mm, gapa
20
27

25
35

28
45

Water content,
ASTM Dl533-00,
  mg/kg maximumb 40 30 25

Corrosive sulfur,
ASTM D1275-96a No corrosive sulfur in oil.

aAlternate measurements of 0.04 in and 0.08 in respectively for gaps.
bEquivalent measurement is parts per million, ppm.
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Unless a PCB analysis has been performed, it is prudent to assume that the batch of oil contains PCBs and to
act accordingly. The absence of PCBs in a volume of oil in or from a piece of equipment can be established
only by analysis of that oil.

10.2 Leaks and spills

During equipment inspection or servicing, routine checks should be made of the equipment and
surroundings for leaks. Areas to check and repair should include valves, bushings, gauges, tap changers,
welds, sample ports, manhole covers, pipe fittings, pressure relief valves, etc. The user is referred to IEEE
Std 980-1994.

New transformer oil as received from a refiner is very unlikely to contain PCBs. However, many older trans-
formers and other pieces of electrical equipment in service are filled with mineral insulating oil that contains
PCBs. Since 1977, various federal, state, and local environmental regulations have governed the handling
and processing of mineral oils containing PCBs. While these regulations can add substantially to the com-
plexity of spill cleanup and disposal of oils, they should not be disregarded.

10.2.1 Minor spills

Minor spills, such as those occurring in the manufacture or repair of equipment, can be cleaned using absor-
bent rags or other materials.

10.2.2 Spills on soil

Soil acts as an absorbent and should not be allowed to become saturated with mineral insulating oil. Users
should consult the applicable local, state, and federal guidelines in the United States for spills of mineral oil
onto soil and the remedies available. Depending on state and local regulations, spills to soil may have to be
reported to one or more regulatory agencies.

10.2.3 Spills on water

Because mineral insulating oils float on water, a spill can be contained by using floating booms or dikes.
Section 311 of the Federal Water Pollution Control Act as amended, 33 U.S.C. 1251 et seq, also known as
the Clean Water Act as found in Title 40 Code of Federal Regulations Part 110, imposes reporting require-
ments for petroleum oils that are spilled into navigable water ways. The requirement to report is triggered by
the appearance of a sheen on the surface of the water. If a sheen is noted, the U. S. Coast Guard must be noti-
fied, as well as the National Response Center.

Once the mineral oil has been concentrated, it can be removed from the surface of the water by systems that
are normally used for petroleum spills. These include pumps, skimmers, physical absorbents, and fibers that
are fabricated into floating ropes.

NOTE—If spilled mineral insulating oils are known or assumed to contain any concentration of PCBs, they must be
treated as a PCB containing liquid. Also refer to the Spill Policy Guide of the Environmental Protection Agency (see
PCBs 761.120, Title 40 Code of Federal Regulations Part 761).
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IEEE Guide for Liquid-Immersed Transformer 
Through-Fault-Current Duration

1. Overview

1.1 Scope

This guide applies to transformers referenced in IEEE Std C57.12.00-19931 as Categories I, II, III, and IV.

1.2 Purpose

Protective devices such as relays and fuses have well-deÞned operating characteristics that relate fault mag-
nitude to operating time. These characteristic curves should be coordinated with a comparable curve(s)
applicable to transformers that relate duration and fault magnitude to withstand capability.

This guide sets forth recommendations believed essential for the application of overcurrent protective
devices applied to limit the exposure time of transformers to short-circuit currents [see IEEE Std C37.91-
1985 (Reaff 1991)]. This guide is not intended to imply overload capability.

1.3 General

The magnitude and duration of fault currents are of utmost importance in establishing a coordinated protec-
tion practice for transformers, as both the mechanical and thermal effects of fault currents should be consid-
ered. For fault-current magnitudes near the design capability of the transformer, mechanical effects are more
signiÞcant than thermal effects. At low fault-current magnitudes approaching the overload range, mechani-
cal effects assume less importance, unless the frequency of fault occurrence is high. The point of transition
between mechanical concern and thermal concern cannot be precisely deÞned, but mechanical effects tend
to have a more prominent role in larger kilovoltampere ratings, because the mechanical stresses are higher.

2. References

When the following documents referred to in this guide are superseded by an approved revision, the latest
revision shall apply:

ANSI C57.12.20-1988, American National Standard for TransformersÑOverhead-Type Distribution Trans-
formers, 500 kVA and Smaller: High Voltage, 34 500 Volts and Below; Low Voltage, 7970/13 800Y and
Below.2

IEEE Std C37.91-1985 (Reaff 1991), IEEE Guide for Protective Relay Applications to Power Transformers
(ANSI).3 

1Information on references can be found in clause 2.
2ANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor,
New York, NY 10036-8002, USA.
3IEEE publications are available from the Institute of Electrical and Electronics Engineers, Service Center, 445 Hoes Lane,
P.O. Box 1331, Piscataway, NJ 08855-1331, USA.
1
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IEEE Std C57.12.00-1993, IEEE Standard General Requirements for Liquid-Immersed Distribution, Power,
and Regulating Transformers (ANSI).

IEEE Std C57.12.80-1978 (Reaff 1992), IEEE Standard Terminology for Power and Distribution
Transformers (ANSI).

IEEE Std C57.91-1981 (Reaff 1991), IEEE Guide for Loading Mineral-Oil-Immersed Overhead and Pad-
Mounted Distribution Transformers Rated 500 kVA and Less with 65 ¡C or 55 ¡C Average Winding
Rise (ANSI).

IEEE Std C57.92-1981 (Reaff 1991), IEEE Guide for Loading Mineral-Oil-Immersed Power Transformers
Up To and Including 100 MVA with 55 ¡C or 65 ¡C Winding Rise (ANSI).

IEEE Std C57.115-1991, IEEE Guide for Loading Mineral-Oil-Immersed Power Transformers Rated in
Excess of 100 MVA (65 ¡C Winding Rise) (ANSI).

3. DeÞnitions

The following deÞnitions reßect usage as understood within the context of this document. The terminology
used in these deÞnitions is in accordance with IEEE Std C57.12.80-1978 (Reaff 1992). 

3.1 normal base current:4 Rated current of a transformer corresponding to its rated voltage and rated
base kilovoltamperes.

3.2 transformer short-circuit impedance: (1) For Category I and Category II transformers, the transformer
impedance, expressed in percent on the transformerÕs rated voltage and rated base kilovoltamperes. (2) For
Category III and Category IV transformers, the sum of transformer impedance and system short-circuit
impedance at the transformer location, expressed in percent on the transformerÕs rated voltage and rated
base kilovoltamperes.

4. Transformer coordination 

For purposes of coordinating overcurrent protective devices with transformer short-circuit withstand capa-
bility, Þgures 1 through 4 are presented for Categories IÐIV transformers as deÞned in IEEE Std C57.12.00-
1993 and adopted in table 1.

For Categories I and IV transformers, a single curve represents both thermal and mechanical damage
considerations.

For Categories II and III transformers, two curves are required. Depending upon the number of fault occur-
rences in the transformerÕs lifetime and fault current levels, mechanical damage considerations may be neg-
ligible. On the curves that have both a solid and a dashed portion, the solid portion represents the total fault
duration beyond which thermal damage to the transformer may occur. The dashed portion represents the
total fault duration beyond which cumulative mechanical damage may occur. The increasing signiÞcance of
mechanical effects for higher-rated transformers is reßected in these curves. Transformers subjected to fre-
quently occurring faults should be represented with the combination of mechanical and thermal portions of
the curve, while transformers subjected to infrequently occurring faults are represented with the thermal por-
tion only. The validity of these damage limit curves can not be demonstrated by tests, since the effects are

4For multiple-rated transformers, the base kilovoltamperes is the minimum nameplate rating.
2
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cumulative over the transformerÕs lifetime. They are based principally on informed engineering judgment
and favorable, historical Þeld experience.

ANSI C57.92-1962, American National Standard Guide for Loading Oil-Immersed Distribution and Power
Transformers, contained a section entitled Protective Devices, which provided information indicating the
short-time thermal load capability of oil-immersed transformers as summarized in table 2.

During the revision of C57.92 it became evident that the Times Rated Current capability of transformers as
stated therein were thermal limits and did not recognize the mechanical withstand considerations of trans-
formers. Consequently, the Protective Devices portion of the loading guide was removed. Later, this thermal
capability became part of this guide in an attempt to document the through-fault-current duration capability
of transformers in sufÞcient detail to facilitate coordination of overcurrent protective devices with power
transformers.

Table 1ÑTransformer categories

Category Single phase (kVA) Three phase (kVA)

I* 5 to 500 15 to 500

II 501 to 1667 501 to 5000

III 1668 to 10 000 5001 to 30 000

IV Above 10 000 Above 30 000

*Category I shall include distribution transformers manufactured in accordance with
IEEE Std C57.12.20-1988 up through 500 kVA, single phase or three phase. In ad-
dition, autotransformers of 500 equivalent two-winding kilovoltamperes or less,
which are manufactured as distribution transformers in accordance with IEEE Std
C57.12.20-1988, shall be included in Category I, even though their nameplate kVA
may exceed 500.
NOTEÑAll kilovoltampere ratings are minimum nameplate kVA for the principal
windings.

Table 2ÑTransformer short-time thermal load capability

Time Times rated current

2 s 25.0

10 s 11.3

30 s 6.3

60 s 4.75

5 min 3.0

30 min 2.0
3
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Low values of 3.5 or less times normal base current may result from overloads rather than faults, and for
such cases loading guides may indicate allowable time durations different from those given in Þgures 1
through 4. See IEEE Std C57.91-1981 (Reaff 1991), IEEE Std C57.92-1981 (Reaff 1991), and IEEE Std
C57.115-1991.

The per unit short-circuit currents shown in Þgures 1, 2, 3, and 4 are the balanced transformer winding cur-
rents. The line currents that relate to these winding currents depend upon the transformer connection and the
type of fault present. Application engineers shall relate the winding currents to the currents seen by the pro-
tective devices in order to protect the transformer within its capability.

Categories IÐIV were Þrst established by IEEE Std C57.12.00-1980. This standard was later revised to its
present form, IEEE Std C57.12.00-1993, with no major changes to the short-circuit withstand requirements.
The standard preceding the 1980 version (1973) contained short-circuit thermal requirements for transform-
ers that were more conservative than those in the 1980 version. The mechanical requirements for transform-
ers have not changed since 1973.

As the scope in this guide indicates, the Categories IÐIV protection curves apply to transformers covered by
IEEE Std C57.12.00-1993. Based upon the above historical evolution of the short-circuit withstand require-
ments, these curves should be applicable to transformers built beginning in the early 1970s. However, as a
precaution it is recommended that the manufacturer be consulted for conÞrmation of this, especially for
transformers built during the early 1970s. For transformers built prior to the early 1970s, the manufacturer
must be consulted for the short-circuit withstand capabilities.

4.1 Category I transformers

The recommended duration limit is based on the curve of Þgure 1. The curve reßects both thermal and
mechanical damage considerations and should be applied as a protection curve for faults that will occur fre-
quently or infrequently.

The dot-dash extension of the curve covers the transformer varying short-circuit withstand capabilities
required by IEEE Std C57.12.00-1993, adopted in Þgure 1 and table 3, up to a maximum of 40 times normal
current.

Table 3ÑDistribution transformer short-circuit withstand capability

Single phase (kVA) Three phase (kVA)
Withstand capability per 

unit of base current 
(symmetrical)*

*This table applies to all distribution transformers with secondaries rated 600 V and below
and to distribution autotransformers with secondaries rated above 600 V. Two-winding
distribution transformers with secondaries rated above 600 V should be designed to
withstand short circuits limited only by the transformerÕs impedance. Autotransformers
having nameplate kilovoltamperes greater than 500 that are built as distribution trans-
formers in accordance with ANSI C57.12.20-1988 shall have withstand capabilities of
25 per unit of base current (symmetrical).
NOTEÑFor ratings not covered in the above kVA ranges such as 100 kVA three-phase,
contact the transformer manufacturer for the per unit short-circuit withstand capability
information.

5Ð25 15Ð75 40

37.5Ð100 112.5Ð300 35

167Ð500 500 25
4
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Figure 1ÑCategory I transformers
5 to 500 kVA single-phase
15 to 500 kVA three-phase

4.2 Category II transformers

The recommended duration limits depend upon fault frequency and are based upon the curves of Þgures 2a
and 2b. Fault frequency refers to the number of faults with magnitudes greater than 70% of the maximum
possible.
5
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Figure 2ÑCategory II transformers
501 to 1667 kVA single-phase
501 to 5000 kVA three-phase

4.2.1 Faults that occur frequently

Figure 2a, reßecting both thermal and mechanical damage considerations, should be applied as a protection
curve for faults that will occur frequently (typically more than ten in the life of a transformer). Part of the
curve is dependent upon the transformer short-circuit impedance for fault currents above 70% of the maxi-
mum possible and is keyed to the I2t of the worst-case mechanical duty (maximum fault current for 2s) as
shown by the dashed curves for a few selected impedances. The remaining portion matches the thermal pro-
tection curve for faults below the 70% level.
6
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4.2.2 Faults that occur infrequently

Figure 2b, which is the solid portion of Þgure 2a, reßects primarily thermal damage considerations. It is not
dependent upon the transformer short-circuit impedance and may be applied as a protection curve for faults
that will occur only infrequently (typically not more than ten in the life of a transformer). This curve also
may be used for backup protection where the transformer is exposed to frequent faults normally cleared by
high-speed relaying.

4.3 Categories III and IV transformers

Short-circuit withstand capability of these transformers is based on the transformer short-circuit impedance,
which is the sum of the transformer impedance and system short-circuit impedance, in accordance with
IEEE Std C57.12.00-1993. The value of system impedance should be as speciÞed in the userÕs transformer
speciÞcation. If this value is not known or if the transformer was speciÞed in accordance with the require-
ments of IEEE Std C57.12.00-1980 or later revision, the values from IEEE Std C57.12.00-1993 adopted in
tables 4 and 5 should be used.

Neglecting the system impedance in fault calculations for the use of the curves of Þgures 3 and 4 may not
change the results signiÞcantly. However, in cases where available fault levels are in a narrow margin (less
than 5% of the curvesÕ values), inclusion of the appropriate system impedance should be considered.

Table 4ÑShort-circuit apparent power of the system to be used unless otherwise speciÞed

Maximum system 
voltage (kV)

System fault capacity

(kA rms) (MVA)

Below 48.3 Ñ 4 300

48.3 54 4 300

72.5 82 9 800

121.0 126 25 100

145.0 160 38 200

169.0 100 27 900

242.0 126 50 200

362.0 84 50 200

550.0 80 69 300

800.0 80 97 000
7
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4.3.1 Category III transformers

The recommended duration limits depend upon fault frequency and are based upon the curves of Þgure 3a
and 3b. Fault frequency refers to the number of faults with magnitudes greater than 50% of the maximum
possible.

4.3.1.1 

Figure 3a, reßecting both thermal and mechanical damage considerations, should be applied as a protection
curve for faults that will occur frequently (typically more than Þve in the life of a transformer). Part of the
curve is dependent upon the transformer short-circuit impedance for fault currents above 50% of the maxi-
mum possible and is keyed to the I2t of the worst-case mechanical duty (maximum fault current for 2s) as
shown by the dashed curves for a few selected impedances. The remaining portion matches thermal protec-
tion curves for faults below the 50% level.

4.3.1.2 

Figure 3b, which is the solid portion of Þgure 3a, reßects primarily thermal damage considerations. It is not
dependent upon the transformer short-circuit impedance and may be applied as a protection curve for faults
that will occur only infrequently (typically not more than Þve in the life of a transformer). This curve may
also be used for backup protection where the transformer is exposed to frequent faults normally cleared by
high-speed relaying.

4.3.2 Category IV transformers

The recommended duration limit is based upon the curve of Þgure 4. The curve reßects both thermal and
mechanical damage considerations and should be applied as a protection curve for all faults, frequent and
infrequent. The importance of protection for the increasing mechanical duty of large kilovoltampere trans-
formers justiÞes the use of a single curve generally used for faults occurring frequently. It is dependent upon
the transformer short-circuit impedance for fault current above 50% of the maximum possible, and is keyed
to the I2t of the worst-case mechanical duty (maximum fault current for 2s).

Table 5ÑSubtransient reactance of three-phase synchronous machines

Type of machine
Most common reactance 

per unit*

*Assumptions of rotating machine impedances should be defined by the transformer manufacturer.

Reactance range
per unit

Two-pole turbine generator 0.10 0.07Ð0.20

Four-pole turbine generator 0.14 0.12Ð0.21

Salient pole generators and motors 
with dampers

0.20 0.13Ð0.32

Salient pole generators without
dampers

0.30 0.20Ð0.50

CondensersÑair cooled 0.27 0.19Ð0.30

CondensersÑhydrogen cooled 0.32 0.23Ð0.36
8
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4.4 Recommended duration limits

Recommended duration limits designated for transformers given in IEEE Std C57.12.00-1993 as Categories
I, II, III, and IV are given in Þgures 1 through 4.

Figure 3ÑCategory III transformers
1668 to 10 000 kVA single-phase
5001 to 30 000 KVA three-phase
9
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Figure 4ÑCategory IV transformers
above 10 000 kVA single-phase
above 30 000 kVA three-phase
10
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Foreword

(This foreword is not a part of IEEE C57.113-1991, IEEE Guide for Partial Discharge Measurement in Liquid-Filled 
Transformers and Shunt Reactors.)

As a long-term trend beginning in the 1950's, the combination of lower insulation levels and higher system v
brought about increased interest in the detection and measurement of partial discharge activity within the in
structure of a transformer. As the name implies, a partial discharge is the breakdown of a small section of the in
path and is undesirable because of deterioration of the insulation and formation of gas that may accumulate at
stress area. In general, electrical measurements of partial discharge activity should be made on the basis of th
momentary change in the voltage at the terminals of the transformer. Such change may be expressed as 
change or, by suitable calibration, as an apparent charge. An apparent charge is that charge in coulombs that, 
between terminals, would cause the same voltage change as that resulting from the partial discharge.

The initial efforts at measuring partial discharge levels, particularly in regard to acceptance criteria between 
and the manufacturer, utilized NEMA 107-1940, which provided radio influence voltage (RIV) readings in microvolts
(µV) on a quasi-peak basis at or near 1.0 MHz. Later, this approach was modified by using the bushing tap in
a separate coupling capacitor and eventually was included as the standard method of measuring partial disc
transformers in IEEE C57.12.90-1980. 

Meanwhile, however, the industry has recognized that measuring partial discharges in terms of apparent ch
many advantages over the RIV approach. Two advantages are (1) the differences in internal capacitance
transformers are compensated by the calibration procedure, thus the measured level is more closely related t
level of the partial discharge, and (2) a generally lower specified measuring frequency provides for less attenu
partial discharge located deep within the transformer insulation structure.

The problems that have delayed a change to apparent charge measurements as an industry standard have b
the RIV approach has had the advantage of being based on a recognized and established circuit, and (2) th
has gained a great deal of experience with the circuit including appropriate acceptance levels. To take advanta
apparent charge approach required first that a standard circuit be developed. This was undertaken by the Task
the Measurement of Apparent Charge within the IEEE Transformers Committee. This document is the resul
effort. Apparent charge measurements may be made on a wide-band or narrow-band basis, as both sys
recognized and widely used. Without giving preference to one or the other, it is the object of this document to d
the wide-band method. General principles of partial discharge measurements including the narrow-band me
covered in IEC 270 (1981), IEC 76-3 (1980), and IEEE Std 454-1973. The Task Force that prepared this do
hopes and expects that users and manufacturers of transformers will make apparent charge measuremen
transformers so that an adequate base of experience can be developed and so that the apparent charge m
eventually become the standard method of measuring partial discharge within transformers. This docum
developed by the Task Force for the Measurement of Apparent Charge and the Working Group on Partial D
Tests in Transformers of the IEEE Transformers Committee.
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IEEE Guide for Partial Discharge 
Measurement in Liquid-Filled Power 
Transformers and Shunt Reactors

1. Scope

This test procedure applies to the detection and measurement by the wide-band apparent charge method 
discharges occurring in liquid-filled power transformers and shunt reactors during dielectric tests, where appli

2. Purpose

Partial discharge measurements in transformers and shunt reactors may preferably be made on the 
measurement of the apparent charge. Relevant measuring systems are classified as narrow-band or wide-ban
Both systems are recognized and widely used. Without giving preference to one or the other, it is the objec
document to describe the wide-band method. General principles of partial discharge measurements, inclu
narrow-band method, are covered in IEEE Std 454-1973  [7]1, IEC 270  (1981) [2], and IEC 76-3  (1980) [1].

3. References

The following publications shall be used in conjunction with this standard. When the standards referred to in th
are superseded by an approved revision, the latest revision shall apply.

[1] IEC 76-3 (1980), Power transformers; Part 3: Insulation levels and dielectric tests.2 

[2] IEC 270 (1981), Partial discharge measurements. 

1The numbers in brackets correspond to those of the references in Section 3
2IEC publications are available from IEC Sales Department, Case Postale 131, 3 rue de Varembé, CH 1211, Genève 20, Switzerland/Suisse. IEC
publications are also available in the United States from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th
Floor, New York, NY 10036, USA.
1
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[3] IEEE C57.12.00-1987, IEEE Standard General Requirements for Liquid-Immersed Distribution, Powe
Regulating Transformers (ANSI).3 

[4] IEEE C57.12.90-1987, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and Regu
Transformers; and Guide for Short-Circuit Testing of Distribution and Power Transformers (ANSI). 

[5] IEEE Std 4-1978, IEEE Standard Techniques for High Voltage Testing (ANSI). 

[6] IEEE Std 21-1976, IEEE Standard General Requirements and Test Procedures for Outdoor Apparatus B
(ANSI). 

[7] IEEE Std 454-1973 (Withdrawn), IEEE Recommended Practice for the Detection and Measurement of
Discharges (Corona) During Dielectric Tests.4 

4. Definitions

partial discharge: An electric discharge that only partially bridges the insulation between conductors.

apparent charge (terminal charge), q: A charge that, if it could be injected instantaneously between the termina
the test object, would momentarily change the voltage between its terminals by the same amount as th
discharge itself. The apparent charge should not be confused with the charge transferred across the discharg
in the dielectric medium. Apparent charge, within the terms of this document, is expressed in coulombs, abb
C. One pC is equal to 10-12 C.

repetition rate, n: The partial discharge pulse repetition rate, n, is the average number of partial discharge pulses 
second measured over a selected period of time.

acceptable terminal partial discharge level: The specified maximum terminal partial discharge value for wh
measured terminal partial discharge values exceeding said value are considered unacceptable. The m
measurement and the test voltage for a given test object should be specified with the acceptable termina
discharge level.

voltage related to partial discharges: The phase-to-ground alternating voltage whose value is expressed by it
divided by .

partial discharge-free test voltage: A specified voltage, applied in accordance with a specified test procedur
which the test object should not exhibit partial discharges above the acceptable energized background noise 

energized background noise level: Stated in pC, the residual response of the partial discharge measurement s
to background noise of any nature after the test circuit has been calibrated and the test object is energized at 
nominal operating voltage.

acceptable energized background noise level: Energized background noise level present during test tha
considered acceptable.

bushing tap: Connection to a capacitor foil in a capacitively graded bushing designed for voltage or power
measurement that also provides a convenient connecting point for partial discharge measurement. The tap
capacitance is generally designated as C1, and the tap-to-ground capacitance is designated as C2. See bushing potential
tap, bushing test tap, and capacitance (of bushing) in IEEE Std 21-1976  [6].

3IEEE publications are available from the Institute of Electrical and Electronics Engineers, Service Center, 445 Hoes Lane, P.O. B
Piscataway, NJ 08855-1331, USA.
4This standard has been withdrawn. A photocopy is available from the IEEE Service Center.

2
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5. Measuring Instrument

The measuring instrument is composed of two main elements:

1) A measuring impedance unit, Zm
2) A partial discharge detector unit

5.1 Measuring Impedance Unit, Zm

The measuring impedance unit, Zm, is located physically close to the bushing tap or to a capacitive voltage divide
serves two main purposes:

1) It attenuates the test voltage present on the bushing tap to a safe value during the measurement 
discharges.

2) It matches the input impedance of the partial discharge detector to that of the bushing tap or capacitive
divider (on the low-frequency side of the detector bandwidth) to ensure measurement of partial discha
terms of voltage pulses generated across tap-to-ground capacitance, C2. This method ensures a highe
measurement sensitivity than integration of current flowing through tap-to-phase capacitance, C1, and
eliminates the measurement errors introduced by the presence of C2 as long as the product RmC2 satisfies (2)
of 5.1.1.

The measuring impedance unit should be configured in such a way as to permit test voltage level monitorin
observe the phase relationship between the test voltage and the partial discharge pulses. This technique usu
to identify the nature of the discharges.

5.1.1 Capacitive Voltage Divider Requirements

When a bushing tap is not available, a capacitive voltage divider may be used instead by means of a high-volta
resonant-frequency discharge-free capacitor such as C1, and a low-voltage high-resonant-frequency capacitor such
C2. To ensure measurement of partial discharges as voltage pulses across C2, the values of C1 and C2 should be chosen
as follows:

1) C1≥100 pF

2)

where Rm is the parallel resistive part of the measuring impedance unit, Zm. The value of Rm should be
provided by the manufacturer of the particular partial discharge measuring instrument that is used.
NOTE  —  Example: For fL = 70 kHz, Rm = 2.5 kΩ and C1 = 100 pF

A value of 1000 pF may be chosen for C2 since 1000 pF ≥ 909 pF and 1000/100 = 10 <15.

3)

5.2 Detector Unit Characteristics

The detector unit should be of the wide-band type. The characteristics of the detector unit are defined by the fo
parameters.

C2
1

2πfLRm
-------------------(see Note below)≥

C2
1

6.28  70 000 2500⋅ ⋅------------------------------------------------- 900 pF= =

C2

C1
------ 15≤
Copyright © 1992 IEEE All Rights Reserved 3
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5.2.1 Lower and Upper Cut-Off Frequencies fL and fH

The lower and upper cut-off frequencies fL and fH, respectively, are the frequencies at which the response to a con
amplitude sinusoidal input voltage has fallen by 6 dB from the maximum output value occurring insid
recommended bandwidth.

The frequency, fL, should be located at 70 kHz or below. A value of fL that is as low as possible is desirable in order
help minimize the effect of winding attenuation on partial discharge signals but could lead to background
problems. However, a value of 70 kHz for fL is still acceptable from the point of view of signal attenuation and
usually necessary to provide sufficient rejection of SCR generated noise present in manufacturing plants
harmonics from the test voltage source. An upper limit on fH of not higher than 300 kHz usually helps to preve
broadcast stations from interfering with the partial discharge measurement.

5.2.2 Filter Characteristics

To help prevent background noise problems, the filter characteristics of the partial discharge detection circuit sh
such as to provide attenuation of at least 40 dB at 25 kHz, at least 60 dB at 15 kHz and below, and at least,
500 kHz and above with respect to the response at the geometric mean frequency, fc, of the system pass-bandwidth
which is given by

5.2.3 Bandwidth, ∆∆∆∆f

The bandwidth, ∆f, is defined as:

The bandwidth should not be less than 100 kHz. A wider bandwidth provides a response whose level is less 
to the location of a partial discharge pulse along a transformer winding and is therefore more uniform. A ban
that is wider than 100 kHz is preferable but may lead to background noise problems.

5.2.4 Linearity

The instrument circuit, display unit, and discharge meter should be linear within ±10% of full scale in the range of
50–1000 pC.

5.2.5 Display Unit

The display unit should be a cathode ray oscilloscope with a linear, rectangular, or elliptical time-base. In all ca
time-base should be synchronized to the test voltage and at least 98% of a full cycle should be displayed. T
relationship of the partial discharges to the test voltage should be easy to determine. A suitable graticule s
provided.

5.2.6 Discharge Meter Characteristics

A discharge meter should be provided on the instrument, or a suitable output for it should be made available. 
be established that the signal on this output tracks the signal appearing on the display within ±5% over the usable
display range.

fc fL fH⋅( )1 2⁄=

∆f fH fL–=
4 Copyright © 1992 IEEE All Rights Reserved
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The discharge meter should be of the true peak type. Its charging time to 95% should be 1/2fH s or shorter5. Its
discharge time constant or the time taken for a reading to decay to 36.8% of its initial value should be between
and 750 ms.

5.2.7 Basic Sensitivity Requirement

The minimum partial discharge level that can be detected is determined by one of two factors: the partial di
detector basic sensitivity, which depends on the amplifier noise level, or the test circuit background noise, w
either induced or conducted. The partial discharge detector basic sensitivity should be high enough 
measurement sensitivity during actual tests will be usually limited by the test circuit background noise alone 
by the amplifier noise of the detector.

5.3 Partial Discharge Detector Basic Sensitivity Test

To ensure that the partial discharge detector used has sufficient basic sensitivity, the test circuit shown in Fig 1
used. The circuit formed by CT, C1, and C2 represents a fairly bad case of bushing tap attenuation combined wi
above average transformer equivalent capacitance. Any type of low-inductance, low-loss capacitors could be u
mica capacitors are recommended. This test need only be performed when acquiring a new partial discharge
and at fixed time intervals after that (for example, every six months or after the equipment is either repa
modified).

Figure 1—Partial Discharge Detector Basic Sensitivity Test Circuit

A transformer equivalent internal capacitance is simulated by the 8000 pF capacitor, CT. The bushing tap connection
is simulated by capacitors of 100 pF, C1, and 1500 pF, C2. The measurement impedance is connected to the junc
of C1 and C2. The cable normally used for testing connects the measurement impedance to the detector. The se
should be such that when 25 pC are injected into the 8000 pF capacitor, the peak amplitude of the signal app
the detector screen is at least twice the value of the amplifier noise level.

6. Calibrator Characteristics

The calibrator comprises a pulse generator in series with a small capacitor, Cq, of known value. The generator and th
capacitor may be placed in the same box or may be connected together via a properly terminated coaxial
sufficient length to permit calibration from the control room. The calibrator may be either line or battery power

5fH is defined in 5.2.1
Copyright © 1992 IEEE All Rights Reserved 5
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Capacitor Cq should be placed as near as possible to the bushing. Additional information on calibration can be
in IEEE Std 454-1973  [5].

6.1 Calibrating Capacitor Value, Cq

The capacitance of the calibrating capacitor should be no more than 0.1 Ct, and should not exceed 150 pF or be le
than 15 pF. Its value should be known with a precision of ±3%. Ct is the equivalent capacitance at the test obje
terminal where the calibration pulse is injected. A method of measuring Ct is given in 8.3.

6.2 Pulse Generator Rise Time and Decay Time

The rise time of the pulse should be less than 0.1 µs from 10% to 90% of peak value. A decay time to 50% of pe
value of not less than 100 µs will usually be suitable.

6.3 Pulse Generator Amplitude, Uo

The maximum amplitude, Uo, of the pulse generator output should be such that the product Uo· Cq can be made equal
to at least 1000 pC.

6.4 Pulse Generator Output Impedance, Zo

In the case in which the pulse generator and the calibration capacitor are connected together via a coaxial c
output impedance of the generator should be the same as the characteristic impedance of the cable used.

6.5 Calibrator Output Level Adjustment

The amount of charge injected, qo, will be determined using the formula qo = Uo · Cq. The pulse generator should
either have a known calibrated output level or its output level should be monitored. A suitable output level adju
in the form of a calibrated potentiometer or a calibrated step attenuator should be provided. The adjustme
should extend over at least two decades, and a minimum of three adjusting steps, per decade should be pr
calibrated adjustment is not required if the generator output level is monitored. Adjusting its output level sho
affect the pulse generator equivalent source impedance.

6.6 Pulse Generator Frequency

The pulse generator frequency should be the same as the power voltage frequency or the test voltage frequen20%.
Calibration pulse rate will be twice the pulse generator frequency, and the pulse polarity will alternately be posi
negative. The approximate pulse generator frequency should be recorded if different from the power 
frequency.

7. Test Circuits

7.1 Transformer Test Circuit

Fig 2 shows a typical test circuit for partial discharge measurement on a single-phase transformer. The trans
energized through its low-voltage winding. With some test voltage sources, the filter, Z, may be required to reduce the
interference coming from the source. A measurement impedance, Zm, is connected to the bushing tap using low
inductance leads as short as possible. A shield of suitable size is mounted on the bushing end to eliminate a
6 Copyright © 1992 IEEE All Rights Reserved
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that would interfere with the measurement of internal discharges. The measurement impedance, Zm, is connected to a
wide-band partial discharge detector and to a suitable ac voltmeter.

Some partial discharge detectors may not have a built-in display. In such cases, an oscilloscope may be use
purpose. The same oscilloscope may also be used during calibration.

Partial discharge measurement should be performed on all high-voltage winding terminals of 115 kV class an
Low-voltage winding terminals of less than 115 kV class and neutral terminals are not usually measured and 
be equipped with capacitance tap bushings. The low-frequency test circuit used during partial discharge tests s
in accordance with IEEE C57.12.90-1987  [4], which requires simulations of the actual operating configuratio

7.2 Shunt Reactor Test Circuit

Fig 3 shows a typical test circuit for partial discharge measurement on a shunt reactor. The circuit is the same a
for a power transformer except that the test voltage is usually applied from a step-up transformer. A filter, Z, may be
required on the high-voltage (HV) side of the step-up transformer to reduce the level of the interference comi
the test voltage source. This filter may also be positioned on the low-voltage side of the step-up transformer,
better to place it on the high-voltage side because it keeps the internal capacitance of the step-up transform
appearing in parallel with the reactor. This shunting capacitance reduces the partial discharge measurement s

Figure 2—Test Circuit for the Measurement of Partial Discharges in Power Transformers
Copyright © 1992 IEEE All Rights Reserved 7
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8. Calibration Procedure

Before calibration is started, all equipment must be set up exactly as it will be during the induced voltage te
includes the partial discharge (PD) detector and its measuring impedance unit. If the device to be tested is a thr
transformer, PD calibration must be performed at each terminal to be measured, in turn, while making sure tha
detector is always connected to the corresponding measuring impedance unit. Once the test circuit has been 
calibrated, no further changes to the test circuit or instrumentation settings are permitted.

8.1 Considerations Regarding Test Voltage

Wide-band partial discharge detectors need a sample of the test voltage to synchronize their display. T
convenient place to obtain this signal is from the measurement impedance box or power separation filte
connected to the bushing tap (see Fig 2). To make sure that the bushing tap potential will not exceed a value th
for both the measuring impedance unit and the partial discharge detector, the bushing tap potential attenuatio
with the partial discharge detector connected, should be measured or calculated when the total capacitan
partial discharge measuring system and that of C1 are known. Once this factor is obtained, the highest bushing
potential that will be attained during the actual test can be calculated. The maximum value reached will be equ
maximum test voltage expected to be reached during test multiplied by the value of the bushing tap p
attenuation factor. This factor must be small enough to prevent the tap voltage from exceeding a safe value fo
measuring system during testing.

Figure 3—Test Circuit for the Measurement of Partial Discharges in Reactors
8 Copyright © 1992 IEEE All Rights Reserved
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8.1.1 Direct Method of Bushing Tap Circuit Ratio Measurement

The dividing ratio of the bushing tap is the reciprocal of the potential attenuation factor and may be measured
at the test voltage frequency by means of a suitable ratio bridge. The value expected will usually be in the 
1000–50 000, depending on the partial discharge detector model used and the value of bushing capacitance,C1.

8.1.2 Indirect Method of Bushing Tap Circuit Ratio Measurement

To measure the bushing tap ratio with this method, a voltmeter with an impedance higher than 10 kΩ must first be
connected in parallel with the voltage input of the partial discharge detector or to some other terminal on it p
for this purpose. Then, one of the devices specified in IEEE Std 4-1978 [5] for alternating voltage measure
connected to the HV bushing and to an appropriate voltage reading device. The transformer is then energized
convenient low value of voltage at the test frequency. The voltage measured by the IEEE Std 4-1978 [5] metho
compared with the reading of the voltmeter connected to the PD measurement system, and the bushing tap 
then be calculated by dividing the two values thus obtained.

8.1.3 Test Voltage Measurement

It is convenient to use the voltmeter connected to the partial discharge measurement system for test
measurement. The test voltage value is then given by the voltmeter reading multiplied by the tap ratio. Wh
method is used, calibration shall be in accordance with requirements of IEEE Std 4-1978 [5]. Only HV ter
actually required for the determination of the test voltage need be calibrated.

8.2 Partial Discharge Calibration

The equipment must be set up exactly as it will be during the induced voltage test. Partial discharge calibr
performed by injecting a known charge between the top of the high-voltage bushing and the tank. Either a 
battery powered calibrator or a pulse generator along with a terminating box may be used (see Fig 2). The a
of the pulse generator is that the calibration level can be adjusted from the control room and no battery is requ
portable calibrator or the terminating box should be placed as close as possible to the HV terminal in order to 
connecting lead as short as possible. At least three separate charge levels should be injected to ensure th
measuring circuit is linear over the range of interest. For example, for an acceptance level of N pC, the three levels
injected would be N pC, 2N pC, and N/2 pC. The signal amplitude read on the discharge meter should not devia
more than 10% from a straight line for allvalues injected. In order for a partial discharge detector to read directl
it is necessary to establish a relationship between the amount of charge injected at calibration and the indicati
discharge meter This is most easily done by injecting a known calibration level into the bushing and then adjus
sensitivity control on the detector to get an exact ratio between the value injected and the resulting readin
discharge meter. Calibration should be made on each bushing on which PD are to be measured during the te

8.3 Measurement of the Equivalent Terminal Capacitance, Ct

Ct can be measured in the following manner:

1) With all the equipment configured exactly as it will be during the test, inject approximately 500 pC in
terminal for which the value of Ct is to be found.

2) Note the reading produced on the PD detector connected to this terminal and call this reading M1.
3) Put an external high-resonant-frequency capacitor, Cm, of a value of 100 pF in parallel with the same termin

using low-inductance leads, note the new reading of the PD detector, and call it M2. If M2 is within 5% of M1,
this indicates that the terminal capacitance is fairly high. A 1000 pF capacitor should then be used ins
Cm to obtain a better measurement accuracy.

4) The value of Ct may then be calculated by applying the following formula:
Copyright © 1992 IEEE All Rights Reserved 9
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where
Ct = equivalent terminal capacitance in pF
Cm = 100 pF or 1000 pF, ±3%
Cq = calibrating capacitor value in pF

Ct should be equal to at least ten times Cq as stated in 6.1.

9. Partial Discharge Measurement During Induced Voltage Tests

Partial discharge measurements are normally performed during the induced voltage tests. The duration of the
time sequence for the application of test voltage, connection and grounding of windings, and the test voltag
should be as specified in IEEE C57.12.90-1987 [4] and IEEE C57.12.00-1987 [3]. Further information on 
discharge measurement may be found in IEEE Std 454-1973  [7].

9.1 Test Procedure

The voltage should first be raised to 50% of the rated voltage value of the test object, and the energized bac
noise should then be measured and recorded on each measured terminal. The acceptable energized backgr
level should not exceed 50% of the acceptable terminal partial discharge level and, in any case, should be b
pC.

The voltage is then raised to the one-hour test level and held there long enough to verify that there are n
discharge problems. The voltage is then raised to the enhancement level and held for 7200 cycles. The volta
reduced directly back to the one-hour test level and held for 60 min or more.

During the 60 min period, partial discharge measurements should be made at 5 min intervals on each terminal o
class and above.

In terms of interpretation of partial discharge measurements, the results should be considered acceptable and 
partial discharge tests required if

1) The magnitude of the PD level does not exceed the acceptable terminal partial discharge level.
2) The increase in PD levels during the 60 min period does not exceed 39% of the acceptable termina

discharge level.
3) The PD levels during the 60 min period do not exhibit any steadily rising trend and there is no s

sustained increase in levels during the last 20 min of the tests.

If the PD level rises above the specified limit for a significant time and then returns below this level again, the te
continue without interruption until acceptable readings have been obtained for 60 min. Occasional high re
should be disregarded. As long as no breakdown occurs, and unless very high levels of partial discharge are 
for a long period of time, the test is regarded as nondestructive. A failure to meet the partial discharge acc
criteria should not therefore warrant immediate rejection, but should lead to consultation between purcha
manufacturer about further investigations.

Ct Cm

M2

M1 M2–
---------------------⋅ Cq–=
10 Copyright © 1992 IEEE All Rights Reserved
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Annex 

(Informative)

(This appendix is not part of IEEE C57.113-1991, IEEE Guide for Partial Discharge Measurement in Liquid-Filled 
Transformers and Shunt Reactors, but is included for information only.)

A1 Partial Discharge Recognition

One of the greatest advantages of the wide-band method is the ease with which the results can be displa
cathode ray oscilloscope, which means that the PD signal can be observed in terms of the phase of the ap
voltage. This is of great help in determining whether or not the discharges originate inside the test object. Th
polarity can also be identified, and pulses may be counted and sorted according to their amplitude or polarity,
Digital processing of PD signals by computer is also possible.

Examples of the most common oscillographic patterns encountered during partial discharge tests on large tran
appear in Fig A1 (see also [B95] 6 and [B62] ). Fig A1(a) represents the case of air corona on the high-vo
electrode. Fig A1(b) is for air corona on a point on the ground side. Such corona can usually be eliminated by s
a high-voltage electrode of larger diameter for case (a) and by covering protrusions on and around the transfor
rounded metallic shields or semiconductive material, such as rubber, for case (b). These corona discharges a
very large, but it should be pointed out that they appear only during one half-cycle of the applied voltage
discharges are present on the other half-cycle but are so low in amplitude that they usually cannot be observe

The case shown in Fig A1(c) occurs when ungrounded metallic objects are present on or near the transform
test. The obvious solution in this case is to remove as many of the loose objects from the test area as pos
ground the rest, especially metallic fences.

The case shown in Fig A1(d) is the result of a bad ohmic contact, usually inside the transformer, although it co
be from the connections outside. Note that, in this case, the discharges occur on both sides of and at the zero
of the test voltage.

Figs A1(e) and A1(f) represent PDs occurring within the insulation structure of a transformer. They are usually 
on the increasing voltage slope of both half-cycles and do not normally cross the voltage peaks; although th
extend down to zero-crossings. There is usually a fair amount of hysteresis present, but excessive hyste
rapidly decreasing inception voltage are indicative of PDs in gas bubbles. Fig A1(e) represents PDs in o
insulation or in gas bubbles. Fig A1(f) represents creeping discharges, which are usually higher in amplitude
numerous than those in case (e).

Figs A1(g) and A1(h) represent two cases of external interference. The first is typical of thyristor interferen
pulses being equally spaced and of roughly the same amplitude. Since the test voltage frequency for transfo
usually different from the power frequency, the pulses are not synchronized. The number of pulses appearin
one cycle of the test voltage depends on the ratio of its frequency to that of the power system and on the p
design of the equipment producing the interference. Usually a range from two to six pulses is seen, even thou
than two pulses may be present at every cycle. This is due to the fact that the eye tends to see many superpo
at the same time.

Fig A1(h) is typical of a periodic signal with a frequency falling inside the bandwidth of the PD detector. One
source of interference in North America is the navigational system, LORAN C, operating at 100 kHz. Other th
fact that they are not usually synchronized to the test voltage, interference signals are not usually dependent o

6The numbers in brackets, when preceded by the letter “B,” correspond to those of the bibliographic entries in Section A2.
Copyright © 1992 IEEE All Rights Reserved 11
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tuations,

rength
voltage level and do not normally disappear when the test voltage is lowered as PD signals do. In normal si
these characteristics suffice to identify the signals as interference.

Figure A1 —Examples of the Most Common Discharge and Interference Patterns Encountered 
During Partial Discharge Tests on Power Transformers
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1. Scope and References

1.1 Scope

1.1.1 

This guide addresses the reporting and statistical analysis of reliability of power transformers and shunt react
on electric utility power systems. Included are the following types and applications of transformers:

power transformers
autotransformers
regulating transformers
phase-shifting transformers
shunt reactors
HVDC converter transformers
substation transformers
transmission tie transformers
unit transformers
unit auxiliary transformers
grounding transformers

For the purpose of abbreviation in this document, the term “transformers(s)” refers to“power transformer(s) an
reactor(s).” For further clarification of the meaning of “transformer” as used in this guide, refer to the definition
6.5.5 and 6.5.6.

1.1.2 

Types of transformers not covered by these guidelines include:

rectifier transformers
furnace transformers
mobile transformers
dry-type transformers
1
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transformers on industrial and commercial power systems (ANSI/IEEE Std 493-1980 [6]1applies to these
transformers)

electronic transformers
instrument transformers
distribution transformers

1.1.3 

The guidelines set forth in this document cover the format for the collection and reporting of data. This
illustrates the kinds of reports that may be useful to both users and manufacturers of transformers.

1.1.4 

The user is cautioned in the direct use of the historical data collected for predicting reliability of future install
These data are useful in pointing out areas of concern in design, application, installation, operation, and main
of transformers and shunt reactors that should be considered when predicting future reliability.

1.1.5 

Although the primary scope of this document is the reliability statistic called “failure rate,” it is also recognize
users of the suggested data base may also wish to tabulate and report statistics related to product quality, ma
and operating procedures.

1.2 References

[1] ANSI C84.1-1982, American National Standard Voltage Ratings for Electric Power Systems and Equipme
Hz).2 

[2] ANSI C92.2-1981, American National Standard Preferred Voltage Ratings for Alternating-Current Elec
Systems and Equipment Operating at Voltages Above 230 Kilovolts Nominal. 

[3] ANSI/IEEE C57.12.80-1978, IEEE Standard Terminology for Power and Distribution Transformers.3 

[4] ANSI/IEEE C57.21-1981, IEEE Standard Requirements, Terminology and Test Code for Shunt Reactors O
kVA. 

[5] ANSI/IEEE Std 100-1984, IEEE Standard Dictionary of Electrical and Electronics Terms. 

[6] ANSI/IEEE Std 493-1980, IEEE Recommended Practice for the Design of Reliable Industrial and Comm
Power Systems. 

[7] Edison Electric Institute, Electrical System and Equipment Committee. Power Transformer Trouble Repo
MVA and Larger.

1The numbers in brackets correspond to those of the references listed in 1.2 of this standard.

CAUTION — Terms such as “failures with a scheduled outage” and “defects” fall into this area of qua
reporting and should not be used to develop the statistic called “failure rate.” Defects and fail
with a scheduled outage should be tabulated for purposes of immediate and ongoing feedba
manufacturers and operating groups for the improvement of reliability.

2ANSI publications can be obtained from the Sales Department, American National Standards Institute, 1430 Broadway, New York, NY 10018.
3ANSI/IEEE publications can be obtained from the Sales Department, American National Standards Institute, 1430 Broadway, New Yk, NY
10018, or from the Institute of Electrical and Electronics Engineers, Service Center, Piscataway, NJ 08854-4150.
2 Copyright © 1988 IEEE All Rights Reserved
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[8] ELECTRA No 88, May 1983. An International Survey on Failures in Large Power Transformers in Service.
presented by the Study Committee (Transformers) of Working Group 12.05: A. Bossi (Italy, Convenor), J. E
(Canada), J. M. Frisson (Belgium), U. Khoudiakov (USSR), H. F. Light (USA), D. V. Narke (India), Y. Tou
(France), J. Verdon (France).

2. Definitions

The definitions of terms contained in this document are not intended to embrace all meanings of the terms
applicable to the subject treated in this guide.

2.1 accumulated service years: The length of time the transformer is operating from its in-service date until 
retired from service. It is suggested that de-energized time of three months or more not be considered in-serv
See 5.3.2 and 6.5.29.

2.2 component: A part within or associated with a transformer that is viewed as an entity. This is usually a repla
part, for example, main winding, tap changer motor, etc.

2.3 failure: The termination of the ability of a transformer to perform its specified function. In the study of p
transformer reliability, it is often difficult to distinguish between major and minor failures; therefore, the follo
failure definitions are given.

2.4 failure with forced outage: Failure of a transformer that requires its immediate removal from service. Th
accomplished either automatically or as soon as switching operations can be performed.

2.5 failure with scheduled outage: Failure for which a transformer must be deliberately taken out of service 
selected time.

2.6 defect: Imperfection or partial lack of performance that can be corrected without taking the transformer 
service.

2.7 failure rate: The ratio of the number of “failures with forced outages” of a given population over a given p
of time, to the number of accumulated service years for all transformers in that population over the same p
time.

NOTE  —  The failure rate defined here is composed of “failures with forced outages.” This is used for statistical analysis insystem
mathematical studies. Other reports may be made using “failure with scheduled outages” and “defects.” Tabul
scheduled outages and defects needs to be aggressively pursued from the standpoint of reliability improvement.
be recognized that reliability improvement is different from reliability measurement. Quantitative, mathema
correct, reliability measurement can only be accomplished by counting “failures with a forced outage.” Reli
improvement, on the other hand, can be accomplished through tabulating and reporting a wide variety of proble

2.8 population: Transformers that have given common specific characteristics.

2.9 reliability: The probability that a transformer will perform its specified function under specified conditions 
specified period of time.

2.10 repair: Any operation that requires the dismantling, modification, or replacement of transformer componen
results in restoring the transformer to normal service quality.

2.11 shunt reactor: A reactor intended for connection in shunt to an electric system for the purpose of dra
inductive current. See ANSI/IEEE C57.21-1981  [4], 2.1.2.

2.12 transformer: A static electric device consisting of a winding, or two or more coupled windings, with or with
a magnetic core, for introducing mutual coupling between electric circuits. See ANSI/IEEE C57.12.80-1978 [3]

NOTE  —  The transformer includes all transformer-related components, such as bushings, LTC’s, fans, temperature ga
and excludes all system-related components, such as surge arresters, grounding resistors, high-voltage switc
voltage switches, and house service equipment.

2.13 user: The owner of the transformer.
Copyright © 1988 IEEE All Rights Reserved 3
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3. Purpose

3.1 

To promote and facilitate cooperative efforts between users and manufacturers to improve the reliability of
transformers.

3.2 

To encourage the collection of sufficient data to allow investigation of all effects on transformer reliability incl
application, installation methods, operating and maintenance practices, design, construction, and testing
transformer.

3.3 

To provide sufficient information and examples to promote data analysis that is meaningful as well as mathem
correct.

3.4 

To ensure consistency of nomenclature and compatibility with similiar efforts by other organizations.

4. Access to Data and Reports

4.1 

The usefulness and statistical validity of a reporting system such as suggested in thin guide will depend u
amount and the quality of input data provided.

4.2 

To provide a sufficiently large data base within a reasonable time, sincere, continued efforts to cooperate in p
this data are required from users and manufacturers alike. Efforts to provide the necessary data will be minim
all participants clearly see themselves benefiting from the results. For this reason it is suggested that the 
parties who undertake the establishment of a reporting and analysis system consider the following points.

4.2.1 Published Annual Reports

Aggregate reports, that is, summaries made from inputs of all manufacturers or all users or both, will provid
accurate estimates of reliability than will summaries made from data on individual manufacturers or users by v
the greater amount of data available.

4.2.2 Direct Access to the Data Base and Outputs from It

If a nationwide, or even worldwide, system of reporting to a central data base is established, direct access to
base via computer terminal may be a distinct possibility. In designing such a system, those involved may 
consider the following.
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4.2.2.1 

When enough product data of a design nature is available in the data base to enable a manufacturer 
investigations for reliability improvement of its own product, then some of this data may be of a proprietary na

4.2.2.2 

Information in the data base on numbers of transformers installed per year of various types by each manufact
also be proprietary.

4.2.2.3 

When enough installation data of a users system are available in the data base to enable a user to make inve
for reliability improvement of its own system, then some of this data may be of a proprietary nature.

5. Use of This Guide

5.1 

The data collection and reporting system outlined in this guide is developed for transformer reliability analy
electric utility power systems. The same principles, however, apply equally to users, manufacturers, 
organization that may wish to establish a reporting system for their own population of transformers.

5.2 

Diversity in design, application, maintenance practices, etc, may result in nonhomogeneous groups of da
collected. Confidence levels may be applied to aid in determining when enough data is available so th
conclusions can be drawn.

5.3 

The following principles have been identified as important to the successful application of this guide.

5.3.1 

No transformer should be entered as a member of the population unless there is intention to implement a sy
failure reporting and removal of that transformer from the population when appropriate.

5.3.2 

In calculating transformer accumulated service years, provision should be made for excluding time when a tran
is de-energized for a period greater than three months.

5.3.3 

Only a “failure with forced outage” may be used to calculate a failure rate for statistical purposes. This is u
statistical analysis in system mathematical studies. Other reports may be made using “failure with scheduled 
and “defects.” Tabulation of scheduled outages and defects needs to be aggressively pursued from the stan
reliability improvement. It should be recognized that reliability improvement is different from reliab
measurement. Quantitative, mathematically correct, reliability measurement can only be accomplished by c
Copyright © 1988 IEEE All Rights Reserved 5
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“failures with a forced outage.”  Reliability improvement, on the other hand, can be accomplished through tab
and reporting a wide variety of problems.

5.3.4 

Confidence levels may only be applied to failure rates calculated from failures with forced outage.

5.3.5 

If a failure rate statistic is to be associated with a particular manufacturer’s transformer, it may only be calculat
failures resulting exclusively from the population of that manufacturer.

5.3.6 

It is recommended that before entering failure analysis data into the data base the manufacturer be give
opportunity to participate in the investigation and agree or disagree on the cause of failure.

6. Establishing a Data Base

6.1 

One of the first requirements for a system capable of producing high confidence level failure rate statistic
establishment of a data base.

6.2 

Refer to Form 1, Transformer Population Information (see Fig 1) and note that it is divided into three section
user will have ultimate responsibility to supply all the information; however, the user may solicit the aid o
manufacturer.

6.2.1 

Section I information is mainly concerned with the rating and construction of the transformer.

6.2.2 

Section II information is mainly concerned with the installation of the transformer.

6.2.3 

Section III information is concerned with the removal of the transformer from service.

6.3 

A suggested procedure to be used in supplying population data to the data base is as follows.
6 Copyright © 1988 IEEE All Rights Reserved
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6.3.1 

A user participating in the suggested system has the responsibility to supply information in Section I of the Pop
Form (Fig 1). When the aid of a manufacturer is desired, it may be obtained by placing a statement simila
following in the specification:

The manufacturer of this transformer is to supply all information in Section I of the Transformer Popu
Information form. This information is to be sent to the user at the time of delivery of the transformer.

6.3.2 

A blank copy of the Transformer Population Information form then becomes part of the transformer specificatio
manufacturer will fill in Section I of the form and forward it to the user. The user would supply the informati
Section II. Upon completion, the data would be entered into the population data file. This would usually take pla
prior to, or concurrent with, a transformer being energized.

6.3.3 

Should it be necessary to remove a transformer from the data base, Section III would be completed and sub
the user.

6.4 

Occasionally, it may be necessary, although not desirable, to enter an incomplete population data set into the d
This can be accomplished by supplying the manufacturer’s name along with the serial number and the a
information. Additional information may be entered in the same manner at a later date to complete the data se
a transformer is removed from service, it also should be reported. The manufacturer’s name and serial numbe
be included to identify the transformer each time data are submitted.

6.5 

For the purposes of this guide, the following suggested items are chosen for inclusion in a population data ba
to Form I (Fig 1), Transformer Population Information.

Section I of the suggested report form includes information regarding the rating and construction.

6.5.1 Manufacturer

The transformer manufacturer’s identity is necessary to establish a data base for each manufacturer.

6.5.2 Serial Number

This, along with the manufacturer’s name, is the unique identification for the transformer.

6.5.3 Plant Location

The city where the transformer was manufactured.
Copyright © 1988 IEEE All Rights Reserved 7
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Figure 1— Form 1: Transformer Population Information
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6.5.4 Manufactured Date

The date of final electrical tests by the manufacturer.

6.5.5 Transformer Type

6.5.5.1 Power Transformer

A transformer that transfers electric energy in any part of the circuit between the generator and the distribution 
circuits. See ANSI/IEEE C57.12.80-1978  [3], 2.3.1.2.

6.5.5.2 Autotransformer

A transformer in which at least two windings have a common section. See ANSI/IEEE C57.12.80-1978  [3], 2

6.5.5.3 Regulating Transformer

A transformer used to vary the voltage, or the phase angle, or both, of an output circuit (referred to as the [re
circuit]) controlling the output within specified limits, and compensating for fluctuations of load and input vo
(and phase angle, when involved) within specified limits. See ANSI/IEEE C57.12.80-1978  [3], 2.2.2.

6.5.5.4 Phase-Shifting Transformer

A transformer that advances or retards the voltage phase-angle relationship of one system with respect to an
ANSI/IEEE C57.12.80-1978  [3], 2.2.3.

6.5.5.5 Shunt Reactor

A reactor intended for connection in shunt to an electric system for the purpose of drawing inductive curre
ANSI/IEEE C57.21-1981  [4], 2.1.2.

6.5.5.6 HVDC Converter Transformer

A HVDC converter transformer is a transformer used to tie an ac system to a dc transmission system.

6.5.6 Transformer Application

6.5.6.1 Substation Transformer

A power transformer, connected at a transmission or subtransmission voltage, to serve directly a primary dis
system or a customer load. This may or may not be equipped with a load tap changer for voltage regulation.

6.5.6.2 Transmission Tie Transformer

A transformer, commonly an autotransformer, used to transfer power from one transmission voltage to anothe
or may not be equipped with a load tap changer for voltage regulation.

6.5.6.3 Unit Transformer

A transformer installed at a generating station to transform generated voltage to the transmission system volt

6.5.6.4 Unit Auxiliary Transformer

A transformer installed at a generating station to supply the auxiliary power system.
Copyright © 1988 IEEE All Rights Reserved 9
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6.5.6.5 Grounding Transformer

A transformer intended primarily to provide a neutral point for grounding. See ANSI/IEEE C57.12.80-1978  [3],

6.5.7 Load Tap Changer Type

These can generally be divided into reactance bridging or resistance bridging type tap changers with either 
vacuum or arcing in liquid.

6.5.8 Load Tap Changer Auxiliary Equipment

Regulation of the output voltage is usually accomplished with an auxiliary regulating winding. Certain sm
transformers may use a load tap changer directly connected to main winding taps to increase or decrease th
of turns for regulation without the use of a regulating winding. Load tap changing may be accomplished w
without a booster transformer in series with the winding being regulated to reduce the current being interrupte
is called a series transformer. Check the appropriate item.

6.5.9 Windings

Fill in the nameplate nominal voltage and rated BIL for each winding. For the third through eighth columns, ins
appropriate letter from the listing below each column. Note under [special connections] series multiple can be
ratio, for example, 2:1, 3:1, etc, or nonintegral ratio, for example, 4:3, 3:2, etc.

6.5.10 Number of Phases

Enter the number of phases, usually either 1 or 3.

6.5.11 Construction

Check appropriate item.

6.5.12 Construction of Core

Check appropriate item.

6.5.13 Insulating Medium

Check appropriate item. Enter medium, if “other.”

6.5.14 Temperature Rise °C

Check appropriate item. Give “other” temperature rise.

6.5.15 Cooling

Check appropriate item. Explain “other.”

6.5.16 MVA (MVAR) Rating for Above Cooling

Give maximum rating at rated temperature rise. For 55/65 °C rated transformer list 55 °C ratings for OA, FA, FOA
with 65 °C rating for maximum, for example, 30/40/50/56 MVA. For a single-phase transformer give the single-
rating.
10 Copyright © 1988 IEEE All Rights Reserved
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6.5.17 Percent Impedance at Rated Voltage for Minimum Cooling Rating

Impedance should be given in percent at the minimum MVA rating of the transformer and rated voltages.

6.5.18 Fluid Preservation System

Check appropriate item.

6.5.19 Shipment

Check appropriate item of primary means of shipment. It is possible that two or more methods could be utilized
transformer arrives at installation site.

6.5.20 Filled During Shipment

Check appropriate item.

6.5.21 Factory Tests Performed

Check all appropriate items. Explain “other.”

Section II of the report form includes information that is applicable to the installation.

6.5.22 User

User company’s name is necessary to establish a data base for each user.

6.5.23 Station Name

Name of substation or plant where transformer is installed.

6.5.24 User Identification Number (Optional)

Refers to the company equipment number if applicable.

6.5.25 In-Service Date

This is the date that the transformer was energized. This information is necessary to establish the in-service 

6.5.26 Fluid Field Processed

Check the appropriate item for fluid treatment during installation.

6.5.27 Manufacturer’s Field Service

Check appropriate item.

6.5.28 Field Tests Performed

Check appropriate testing done on the transformer at the time of installation. List under “other” any addition
performed.

Section III of the suggested report form contains information required when a transformer is taken out of serv
Copyright © 1988 IEEE All Rights Reserved 11
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6.5.29 Removed from Service Date

Date transformer is removed from service. If this transformer is later returned to service, it should be re-ent
submission of another Form 1 (Fig 1). It is recommended that three months of de-energization is a minimu
period for removal from the population base. It is recommended that any transformer untanked for repair
manufacturing facility other than the original equipment manufacturer, not be re-entered into the data base
suggested to avoid difficulties in accountability encountered when the original equipment manufacturer is 
agent of repair.

7. Reporting Failures

7.1 

Once a transformer is part of the population file, and a failure or defect has occurred, it is desirable to:

7.1.1 

Ensure that failure or defect is reported as soon as possible.

7.1.2 

Solicit the manufacturer’s participation in failure analysis.

7.1.3 

Conduct a failure analysis in accordance with a proposed guide being developed by the working group on
analysis.

7.2 

The following items are suggested for inclusion in the failure report system. Refer to Form 2, Transformer Fa
Defect Information (see Fig 2).

7.2.1 Manufacturer

The transformer manufacturer’s identity is necessary to establish a data base for each manufacturer.

7.2.2 Serial Number

This, along with the manufacturer“s name, is the unique identification for the transformer.

7.2.3 User

User company’s name is necessary to establish a data base for each user.

7.2.4 Station Name

Name of substation or plant where transformer was installed when it failed.
12 Copyright © 1988 IEEE All Rights Reserved
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7.2.5 User Identification Number (Optional)

Refers to the company equipment number if applicable.

7.2.6 Failure Date

The date the failure occurred.

7.2.7 Reason for Report

Enter only one reason for report.

7.2.8 When Discovered

Enter when the failure or defect was discovered.

7.2.9 Presumed Causes

Enter the appropriate cause or causes of the failure or defect and attach a separate sheet to elaborate on the

7.2.10 Failure Location

Enter the appropriate location or locations of the failure and attach a separate sheet to elaborate on the detai

7.2.11 Failure Resulted In

Enter the appropriate result or results of the failure and attach a separate sheet to elaborate on the details.

7.2.12 Disposition

Enter the disposition of the failed or defective transformer.

7.2.13 Repaired By

Check appropriate item.

7.2.14 Where Repaired

Enter where the repair was made.

7.2.15 Outage Time

Enter the appropriate times, in days, for each of the times associated with a failure or defect.

7.2.16 Have User and Manufacturer Agreed on Failure Cause

Enter the appropriate answer: yes, no, or manufacturer not consulted.
Copyright © 1988 IEEE All Rights Reserved 13
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8. Reports from the Data Base

8.1 

Installation data are submitted utilizing the Transformer Population Information form (Fig 1) as transforme
placed in service. This establishes a population file. Then, failure data are entered by way of the Transforme
Information form (Fig 2) as information on the events becomes availiable. Record accuracy is the responsibilit
participating companies. Reliable output data from the file are possible when population and failure data ha
entered.

Figure 2— Form 2: Transformer Failure Information
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8.2 

Each failure record will indicate whether or not the manufacturer has been consulted and whether or 
manufacturer has concurred. This will permit summary reports to be generated showing the percentage of con
and consultation.

8.3 

In an effort to fully utilize a system of this nature, it would be desirable for the output information to meet the
of the entire industry, and subgroups within the industry (for example, users, manufacturers, and individuals
influences on transformer reliability that users and manufacturers might want to investigate are:

8.3.1 

Basic Impulse Insulation Level (BIL)

8.3.2 

Load Tap Changer (LTC)

8.3.3 

De-Energized Tap Changer (DETC)

8.3.4 

Oil preservation system

8.3.5 

Factory and field testing

8.3.6 

Conductor material

8.3.7 

Impedance

8.3.8 

Storage time

8.3.9 

Construction of transformer, that is, shell form versus core form

8.3.10 

MVA rating
Copyright © 1988 IEEE All Rights Reserved 15
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8.3.11 

Autotransformers with and without tertiaries

8.3.12 

Comparison of autotransformers versus two winding transformers

8.3.13 

Comparison of three-phase transformers to single-phase transformers

8.3.14 

Maintenance

8.3.15 

Age of transformer

8.4 

To meet the needs of the entire industry, 8.6 suggests some reports that might be generated periodically. To
needs of subgroups within the industry, 8.7 suggests custom outputs that might be tailored to meet their inter

8.5 

The analysis that is made to answer some of the previous questions may be used in some of the following wa

8.5.1 

By manufacturers to refine transformer design and/or manufacturing to improve reliability.

8.5.2 

By users and/or consultants to select among several engineering alternatives during system design and anal

8.5.3 

By users to compare performance of various manufacturers.

8.5.4 

By users and manufacturers to evaluate adequacies of existing testing and explore need for added testing an
or new standards.

8.5.5 

By users and/or consultants to relate reliability and economics during system design and analysis.

8.5.6 

By users to refine maintenance and/or operating procedures.
16 Copyright © 1988 IEEE All Rights Reserved
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8.6 Periodic Outputs

8.6.1 

Trend indicators, shown in table, graph, or chart form, will be of interest to the transformer industry as a who
information would display whether transformer reliability is getting better or worse in general.

8.6.1.1 

See Example 1.

8.6.1.2 

See Example 2.

8.6.1.3 

See Example 3.

Example 1
 “Forced outage” failure rate. 

All MVA ratings by voltage class.
 For time period of 1984 to 1990.
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Example 2 “Forced and scheduled outage” failure location. (Item 10 of Failure Information
 form [Fig 2].) All transformers greater than 50 MVA also indicating range of down time. For time 

period of 1980 to 1987.

Example 3 “Forced outage” failure rate. All MVA’s and voltages. For time period of 1976 to 1989.

8.7 Custom Output

8.7.1 

A user or manufacturer may request an output of only those characteristics and populations of particular 
subject to the limitations described in 4.2. Only data of interest are received whereby a clutter of irrelevant o
avoided. If provision is made for file access from remote on-line terminals, reports could be produced whene
are desired.
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Annex A 

(Informative)

A.1 Reliability Estimation and Mathematics

A.1.1 Product Life Cycles

Complex products of all kinds often follow a common pattern of failure. Electronic systems, tractors, transform
automobiles all have a similar life cycle in regard to when they fail and how often they fail.

This does not mean that tractors and transformers have the same life or the same reliability. It simply means t
are three distinct phases that a complex product goes through in its life cycle. The chances of failure are much
during each phase, but most assemblies of a large number of component parts exhibit these three characteris
in their life—called infant mortality, useful life, and wear out.

The infant mortality is characterized by a rapidly decreasing failure rate. These failures are usually the re
identifiable causes such as errors in design or manufacture, acceptance of a weak batch of material a
weaknesses in quality control, or errors in use and application of the product. Some products can be debu
simulated use or overstressing in a scheme of testing or burn-in. Other products are “serviced-in” during 
months of their life by replacing weak components under a warranty policy (automobiles, for example).

The useful life phase in a product’s life cycle begins after the rate of failure has decreased to some basic and 
value for that product. During this phase, failures are relatively infrequent and random in occurrence. They
results of limitations inherent in the design (as opposed to errors, acts of God, or acts of vandalism), manuf
limitations and processing capabilities, plus accidents caused by usage or inadequate maintenance. If a p
properly applied, operated, and maintained during its useful life, failures will be as infrequent as possible 
design. The only way to reduce failures further would be to redesign the product. For this reason, it is this pha
life cycle and, specifically, the failure rate during this phase, that is of interest to those attempting to meas
reliability of a specific product. It follows that when characterizing a group of products by rate, it is not enou
group them solely by manufacturer. It is important that the group be of the same model year (automobiles), gener
of design (transformers), and have the same maintenance service and be applied under the same operating p
and controls.

The wear out phase characterizes the end of a product’s life cycle. Here, the failure rate (or the chance of 
begins to increase. Failures are caused by embrittlement of metals, wear, aging of insulation, etc. Re
improvement at this stage requires preventive replacement of these dying components before they res
catastrophic failure.

A.1.2 Transformer Life Cycle

For the typical power transformer, the infant mortality phase has been significantly reduced by adherence to i
wide testing standards. The art and science of power transformer testing has evolved over decades and
constantly improved and fine-tuned year by year. A transformer’s thermal, magnetic, mechanical, and di
system is stressed and/or overstressed by an elaborate system of nationally standardized tests. Compare
products sold today, power transformers offer few, if any, significant problems due to “infant mortality.”

The useful life phase of a power transformer’s life cycle begins with its commissioning into service and may 
years or more. The magnitude of the constant failure rate exhibited by a transformer during this phase var
design, type of transformer, and application. But as a class, power transformers have one of the lowest failure
all electrical equipment. For purposes of measuring this failure rate, it is practical to consider that the useful l
transformer begins at energization.
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When it comes to determining when the wearout phase of a transformer’s life begins, the effect of temperat
time is presently considered to be the most important factor. The control of mechanical and dielectric stresses
have a significant effect on useful life. Extending the transformer’s useful life to the fullest often depends
following accepted standards for loading and operating transformers and, thereby, controlling the effe
temperature and other stresses on the insulation system. For example, there are often good reasons for loadi
nameplate rating, but when done beyond accepted norms for the industry, it should be done with the realizati
shorter useful life will result. The implications for measurement of failure rate  are obvious. Transformers operated
beyond the agreed upon industry norms for transformer application and protection should not be part 
population being used to measure failure rate.

A.1.3 Reliability Measures

It should be clear from the previous discussion of life cycles that the important phase of a power transformer’s 
purposes of measuring reliability) is the time between its initial energization and the point at which it begins t
out. During that period, and only during that period, is there something constant that can be measured, nam
failure rate. During that period, the failure rate is a measure of the basic design of the transformer as we
operating and maintenance practices employed.

Unfortunately, it is nearly impossible to measure when a transformer’s useful life ends and the wear-out phase
To do so would require a 20 to 40 year history of a large group of transformers of the same design—all oper
the same system, for example, under the same operating principles and maintenance practices. A practical a
is to set an arbitrary cut-off of 25 or 30 years to represent what experience tells us is the useful life p
transformers in the population being measured. Transformers older than this cut-off age would not be used,
measure failure rate.

Failure rate can be defined as the number of random (unscheduled) occurrences of failure of a product to pe
intended function divided by the length of time the product was functioning. Using this definition, “failure per 
has no meaning. To be useful as a reliability measure, failure rate must be expressed in terms of failu
transformers of similar characteristics that have been in service for a different length of time. In this case, the
rate for this group would be estimated by dividing the total number of failures experienced by the total servic
of all transformers in the group.

Calculated in this way, failure rate, which is symbolized by the Greek letter lambda (λ), may be used to estimate th
reliability (R) of a transformer.

Reliability is really a statement of the probability of not failing for a stated period of time. It does not make se
other words, to state that the reliability of a product is 0.905. The statement is not complete without mention
period of time involved. It does make sense, though, to say that the 20 year reliability of a product is 0.905.  Th
same as saying, for a given failure rate, this product has a 90.5% chance of surviving 20 or more years w
failure.

Failure rate and reliability are related in the following way:

where

t = time in years
λ = failure rate in failures per transformer-years of service
e = 2.718

Example: Given a constant 0.5% failure rate (λ = 0.005), the probability of a transformer surviving t years of service
without a failure would be as shown below.

R e
λt–

=
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For λ = 0.005

Other measures of failure frequency in common use are the mean time between failures (MTBF) and the mea
failure (MTTF). The concept of mean time between failures is meaningful for products that are frequently re
after failure and placed back in service. Mean time to failure is used for products whose mission is either succe
it is not. In either case, MTBF and MTTF are both considered to be the reciprocal of the failure rate for purp
estimating reliability. For instance,

The idea of product or system availability (A) is also commonly used and may be defined as the time a syste
available to perform its intended function as a fraction of the total elapsed time. Availability is most simply calc
from the following formula:

where MTTR is the mean time to repair the system.

Availability is a common measure used in substation design, in which case, the failure rate (or MTTF) 
transformer and its mean time to repair would just be two of many component inputs. Similar data on all comp
of the substation may be pooled to calculate a MTTF and  MTTR of the station—hence, its availability. Avail
recognizes the additional concepts of maintainability and minimum repair times.

A.1.4 Estimating Reliability

An extremely important consideration in the estimation of reliability parameters, such as failure rate, is the fact
are working with estimates. All estimates are not equal predictors of the truth and not all estimates warran
confidence. The more information we have with which to make an estimate, naturally, the more confidence 
place in that estimate. Fortunately, there are ways to make quantitative judgments about the quality or the “co
limit” of an estimate. Appraising an estimate by associating it with a confidence limit is important because the
practical way to make estimates in which we have 100% confidence; in fact, some estimates of failure rates
quite gross—either because of little data or because of “stretching” the definition of the population to get mo
All populations should be clearly defined and all estimates should be adjusted to reflect the desired level of con
associated with them. The method of doing this is quite simple.

From the table of confidence limit factors provided, choose the desired level of confidence you wish to have
estimate. Using that column of factors, choose the factor associated with the observed number of failure
multiply the failure rate estimate by the table factor.

t R

1 0.995

5 0.975

10 0.951

20 0.905

30 0.861

R e
t MTTF⁄–

=

A MTTF
MTTF MTTR+
---------------------------------------=
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Example: A certain utility has been purchasing transformers for 12 years with the BIL reduced two steps. 
transformers are rated 12/16/20 MVA, 230-69 kV and have been purchased from several manufacturers.

Transformers bought to this specification and installed at various times during the past 12 years have accum
total of 162 transformer-years of service. To date, there have been 6 dielectric failures in this group of transf
The utility wants to estimate the failure rate of the population of transformers purchased to this specification
confidence level of 95%.

The failure rate estimated by a sample of 6 failures is 6 failures divided by 162 transformer-years of service 
(λ = 0.0370).

The upper confidence limit factor corresponding to a confidence level of 95% and an observed number of fai
6 is 1.97. (See Table A.1.)

By multiplying the same estimate (λ) by the upper confidence limit factor (1.97), the utility can now state, with 9
confidence, that the true failure rate (λ) of the population is no worse than 7.29%. In other words,

By calculating failure rate estimates in this way, a valid comparison can be made with another popula
transformers purchased with only one step reduced BIL. Because a confidence limit is applied that is base
number of failures observed, comparisons can be made with populations having widely different numbers of o
failures.

Table  A.1—Factors for Determining the Upper Confidence
 Limit on Estimates of Failure Rate

Number of Failures
Observed (r)

Confidence Level

80% 90% 95% 99%

1 2.99 3.89 4.74 6.64

2 2.14 2.66 3.15 4.20

3 1.84 2.23 2.58 3.35

4 1.68 2.00 2.29 2.90

5 1.58 1.85 2.10 2.62

6 1.51 1.76 1.97 2.43

7 1.46 1.68 1.88 2.29

8 1.42 1.62 1.80 2.18

9 1.39 1.58 1.75 2.09

10 1.37 1.54 1.70 2.01

11 1.34 1.51 1.66 1.95

12 1.32 1.48 1.62 1.90

13 1.31 1.46 1.59 1.86

14 1.30 1.44 1.56 1.82

λ  1.97λ̂≤=

 1.97 0.0370( )≤
 0.0729≤
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 esti
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NOTES:

1 —  From published tables of chi-square (x2) distribution such that:

α = 1 – confidence level in per unit

2 —  Estimates made using the confidence level factors in this table are valid regardless of the point in time at which themate
is made. Different factors apply if an estimate is made based on the service-years accumulated at the time of the m
failure.

15 1.28 1.42 1.54 1.78

16 1.27 1.40 1.52 1.75

17 1.26 1.39 1.50 1.72

18 1.25 1.37 1.48 1.70

19 1.24 1.36 1.47 1.68

20 1.24 1.35 1.45 1.66

21 1.23 1.34 1.44 1.64

22 1.22 1.33 1.43 1.62

23 1.22 1.32 1.42 1.60

24 1.21 1.32 1.41 1.59

25 1.21 1.31 1.40 1.57

26 1.20 1.30 1.39 1.56

27 1.20 1.29 1.38 1.55

28 1.19 1.29 1.37 1.54

29 1.19 1.28 1.36 1.52

30 1.19 1.28 1.36 1.51

Table  A.1—Factors for Determining the Upper Confidence
 Limit on Estimates of Failure Rate (Continued)

Number of Failures
Observed (r)

Confidence Level

80% 90% 95% 99%

λ x
2α 2r; 2+

2r
-------------------------- 

  λ̂≤
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Introduction

 

(This introduction is not part of IEEE Std C57.123-2002, IEEE Guide for Transformer Loss Measurement.)

 

During an earlier revision of Clause 8 and Clause 9 of IEEE Std C57.12.90, IEEE Standard Test Code for
Liquid-Immersed  Distribution, Power and Regulating Transformers, which describe the measurement of no
load and load loss, respectively, it was realized that there was a need for a guide that would explain in more
detail the accuracy requirements, test code procedures, various test methods available, methods to diagnose
test anomalies, and the procedures for calibration and safety.

 

Participants

 

At the time this guide was completed, the working group for developing the guide for transformer loss mea-
surement for liquid-immersed and dry-type transformers had the following membership: 

 

Ramsis Girgis,

 

 

 

Chair

Jim Antweiler
Don E. Ballard
Alain Bolliger
John Borst
John Bosiger
Mark Christini
John Crouse
Alvaro Concino
Don Fallon
Reto Fausch
Pierre Feghali
Norman Field
Ernst Hanique
Bill Henning

Larry Hilsenbeck
Thang Hochanh
Rick Hollingsworth
Oleh Iwanusiw
Dave Kiethly
Steve Lewis
Raymond Lortie
Lozon Meadows
Leach McCormick 
Sam Mehta
Steve Moore
Mark Morton
Chuck Murray
Richard J. Musil

Mark Perkins
Bertrand Poulin
Jeewan Puri
Jean-Christophe Riboud
Steve Searcy
Dilipkumar M. Shah
Jin Sim
James Smith
Eddie So
T. Thornton
Al Traut
Subash Tuli
Ed teNyenhuis
Barry Ward



 

iv

 

Copyright © 2002 IEEE. All rights reserved.

 

The following members of the balloting committee voted on this standard. Balloters may have voted for
approval, disapproval, or abstention. 

Mario Aguirre
Sid Ahuja
Raymond Allustiarti
William A. Andersen
Jim Antweiler
Jacques Aubin
Peter M. Balma
Ralph Barker
Jose Barnard
C. M. Bartley
Martin A. Baur
Barry L. Beaster
Edward A. Bertolini
Enrique Betancourt
Thomas E. Blackburn, III
William E. Boettger
A. Bolliger
David W. Borst
Max A. Cambre
Robert Carter
Mark Christini
Peter J. B. Clarke
John C. Crouse
F. W. David
Guru Dutt Dhingra
Dieter Dohnal
M. Drum
Stephen L. Dyrnes
Charles J. Elliott
Jorge Fernandez-Daher
Joseph F. Foldi
Bruce I. Forsyth
Michael A. Franchek
Jim D. Fyvie
Dudley L. Galloway
George Gela
Adly A. Girgis
Thomas Graham
Lawrence T. Groves
Robert L. Grunert
F. Haas
Ernst Hanique

Heine Hansen
Kenneth S. Hanus
Justin Harlow
James W. Hayes
M. L. Henry
Scott Hopkinson
James D. Huddleston, III
Mike Iman
Robert W. Ingham
Katee James
G. B. Johnson
Lars-Erik Juhlin
Michael Kennedy
Vladimir Khalin
Brian Klaponski
Neil J. Kranich
William Lackey
Terry Lambert
William E. Larzelere
Karoly Lazar
Larry A. Lowdermilk
R. Lowe
Allan Ludbrook
Mark Lundquist
Gregory Luri
Catherine Ma
Donald MacMillan
Lee Maguire
Lee Matthews
Nigel P. McQuin
Joseph P. Melanson
Israel Michel
Melvin Miller
O. W. Mulkey
Richard J. Musil
Ernest H. Neubauer
Carl G. Niemann
Gerald A. Paiva
Klaus Papp
Narenda Patel
Shawn E. Patterson
R. Patton
D. W. Payne

Carlos O. Peixoto
Michael Pierce
Paul J. Pillitteri
G. Preininger
Tom A. Prevost
Jeewan L. Puri
E. Purra
Madan Rana
V. L. Rebbapragada
Jean-Christophe Riboud
John R. Rossetti
Mahesh P. Sampat
Ravi Sankar
Subhas Sarkar
D. Sawyer
Michael Scully
Shirish Shah
Abdul Shamim
Sat P. Sharma
Hyeong Jin Sim
Iqbal Singh
Charles Smith
Brian Sparling
Ronald J. Stahara
J. R. Stevens
Robert G. Stewart
Craig L. Stiegemeier
Ron W. Stoner
Richard E. Sullivan
Vis Thenappan
Lance Thompson
Alan R. Traut
Subhash C. Tuli
John Vandermaar
Michael W. Vaughn
Loren B. Wagenaar
Laurence Ward
Steve Watson
Christopher Wickersham
A. Wilks
Donald L. Wilson
William G. Wimmer



 

Copyright © 2002 IEEE. All rights reserved.

 

v

At the time this document was balloted, the accredited standards committee that reviewed this document had
the following membership.

 

J. D. Borst, 

 

Chair (IEEE)

 

D. J. Rolling,

 

 

 

Vice-Chair (NEMA)

 

J. A. Gauthier, 

 

Co-Secretary

 

 

 

(NEMA staff)

 

N. Ahmad,

 

 

 

Co-Secretary (IEEE staff)

Organization Representated Name of Representative

 

Electric Light & Power (EEI) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G. Anderson
K. S. Hanus
C. G. Niemann

 

(Delegation Chair)

 

J. Sullivan
Vacant
Vacant
P. Hall

IEEE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . J. Borst
J. W. Matthews

 

(Delegation Chair)

 

B. Patel
T. Prevost
H. J. Sim
H. Smith

NEMA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . G. Coulter
P. Hopkinson
S. Kennedy

 

(Delegation Chair)

 

G. Morehart
R. Nichols
D. Rolling

Bonneville Power Admin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . F. Elliott
Underwriters Laboratories  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Vacant
International Electric Testing Assoc. (NETA)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . A. D. Peterson

M. R. Jordan
Tennessee Vally Authority. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . F. Lewis
US Dept. of the Navy, Office of the Civil Engineer Corps.  . . . . . . . . . . . . . . . . . . P. E. Glenn
US Dept. of the Interior  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B. Luenberger
US Dept. of Energy (WAPA)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K. C. Wolohan
US D.A-RUS-ESD (REA)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . M. Eskandary

 

Acknowledgment

 

A number of the Working Group members contributed to the text of this guide. Special acknowledgment is,
however, due to Dr. Ed So and Messers Bill Henning, L. S. McCormick, Bertrand Poulin, and Ed teNyenhuis
for providing specific sections of the text of this document. Finally, the chairman acknowledges that a large
portion of the text on load-loss measurement (Clause 3 of the guide) was taken from the IEEE paper cited as
reference [B7] of the guide and authored by Mr. Sam Mehta.



 

vi

 

Copyright © 2002 IEEE. All rights reserved.

 

When the IEEE-SA Standards Board approved this standard on 13 June 2002, it had the following
membership:

 

James T. Carlo,

 

 Chair

 

James H. Gurney,

 

 

 

Vice Chair

 

Judith Gorman,

 

 

 

Secretary

 

*Member Emeritus

 

Also included is the following nonvoting IEEE-SA Standards Board liaison:

 

Alan Cookson, 

 

NIST Representative

 

Satish K. Aggarwal, 

 

NRC Representative

 

Noelle D. Humenick

 

IEEE Standards Project Editor

Sid Bennett
H. Stephen Berger
Clyde R. Camp
Richard DeBlasio
Harold E. Epstein
Julian Forster*
Howard M. Frazier

Toshio Fukuda
Arnold M. Greenspan
Raymond Hapeman
Donald M. Heirman
Richard H. Hulett
Lowell G. Johnson
Joseph L. Koepfinger*
Peter H. Lips

Nader Mehravari
Daleep C. Mohla
Willaim J. Moylan
Malcolm V. Thaden
Geoffrey O. Thompson
Howard L. Wolfman
Don Wright



 

Copyright © 2002 IEEE. All rights reserved.

 

vii

 

Contents

 

1. Overview.............................................................................................................................................. 1

1.1 Scope............................................................................................................................................ 1
1.2 Purpose......................................................................................................................................... 1

2. References............................................................................................................................................ 2

3. Transformer no-load losses.................................................................................................................. 2

3.1 General......................................................................................................................................... 2
3.2 Parameters affecting magnitude of no-load losses....................................................................... 3
3.3 Excitation current (no-load current)............................................................................................. 6
3.4 Test requirements......................................................................................................................... 7
3.5 Measurement of no-load losses.................................................................................................... 7
3.6 Measurement of excitation current ............................................................................................ 11
3.7 Measuring circuitry for three-phase transformers...................................................................... 12

4. Transformer load losses ..................................................................................................................... 16

4.1 General....................................................................................................................................... 16
4.2 Measuring circuitry.................................................................................................................... 16
4.3 Load-loss measurement uncertainties ........................................................................................ 17
4.4 Corrections to measured load losses .......................................................................................... 18
4.5 Measuring circuitry for three-phase transformers...................................................................... 25

5. Advanced measuring systems ............................................................................................................ 27

5.1 Enhanced conventional system.................................................................................................. 27
5.2 Advanced voltage and current transducers ................................................................................ 27
5.3 Bridge method............................................................................................................................ 28

6. Specified tolerances on losses............................................................................................................ 28

6.1 Specified tolerances on no-load losses ...................................................................................... 28
6.2 Specified tolerances on total losses............................................................................................ 30

7. Traceability and calibration ............................................................................................................... 30

8. Grounding, shielding, and safety ....................................................................................................... 31

8.1 Grounding .................................................................................................................................. 31
8.2 Shielding .................................................................................................................................... 32
8.3 Safety ......................................................................................................................................... 33

Annex A (informative) Bibliography............................................................................................................. 34



 

viii

 

Copyright © 2002 IEEE. All rights reserved.



                      
IEEE Guide for Transformer Loss 
Measurement

1. Overview

This guide provides background information and general recommendations of instrumentation, circuitry,
calibration and measurement techniques of no-load losses (excluding auxiliary losses), excitation current,
and load losses of power and distribution transformers. The test codes, namely, IEEE Stds C57.12.90-
1999, C57.12.91-2001, and the test code section of IEEE Std C57.15-1999, provide specifications and
requirements for conducting these tests.1 This guide has been written to provide supplemental information
for each test. More technical details of the measuring instruments and techniques presented in this guide can
be found in the document developed by So [B13].2

1.1 Scope

This guide applies to liquid-immersed-power and distribution transformers, dry-type transformers, and step-
voltage regulators. Additionally, it applies to both single- and three-phase transformers.

1.2 Purpose

The purpose of the guide is to:

a) Describe the basis and methodology by which the accuracy requirements of (Clause 8 and Clause 9)
of IEEE Std C57.12.90-1999 for liquid-immersed transformers and IEEE Std C57.12.91-2001 for
dry-type transformers can be achieved.

b) Explain why the test code specifies certain procedures and limits.

c) Explain advantages and disadvantages of different test methods where alternative methods are
available.

d) Explain practical limitations and valid means of overcoming them.

e) Give theoretical basis for interpolation/extrapolation of tested data and valid limits.

f) Explain test anomalies—how they result, what they mean, and how to handle them.

g) Give procedures for calibration, certification, and traceability of measurement processes to reference
standards.

1Information on references can be found in Clause 2.
2The numbers in brackets correspond to those of the bibliography in Annex A.
Copyright © 2002 IEEE. All rights reserved. 1
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h) Discuss procedures for grounding, shielding, safety precautions, etc.

i) Provide schematics and examples to clarify concepts and demonstrate methodologies.

2. References

This recommended practice shall be used in conjunction with the following publications. If the following
publications are superseded by an approved revision, the revision shall apply.

IEEE Std C57.12.00-2000, IEEE Standard General Requirements for Liquid-Immersed Distribution,
Power, and Regulating Transformers.3, 4

IEEE Std C57.12.01-1998, IEEE Standard General Requirements for Dry-Type Distribution and Power
Transformers Including Those with Solid Cast and/or Resin Encapsulated Windings.

IEEE Std C57.12.90-1999, Standard Test Code for Liquid-Immersed Distribution, Power, and Regulating
Transformers.

IEEE Std C57.12.91-2001, IEEE Standard Test Code for Dry-Type Distribution and Power Transformers.

IEEE Std C57.13-1993, IEEE Standard Requirements for Instrument Transformers.

IEEE Std C57.15-1999, IEEE Standard Requirements, Terminology, and Test Code for Step-Voltage
Regulators.

3. Transformer no-load losses

3.1 General

No-load losses (also referred to as excitation losses, core losses, and iron losses) are a very small part of the
power rating of the transformer, usually less than 1%. However, these losses are essentially constant over the
lifetime of the transformer (do not vary with load), and hence they generally represent a sizeable operating
expense, especially if energy costs are high. Therefore, accurate measurements are essential in order to
evaluate individual transformer performance accurately.

No-load losses are the losses in a transformer when it is energized but not supplying load. They include
losses due to magnetization of the core, dielectric losses in the insulation, and winding losses due to the flow
of the exciting current and any circulating currents in parallel conductors. Load-tap-changing transformers
may use preventive autotransformers, series transformers, or occasionally, both. In most designs the no-load
losses of these auxiliary transformers add to the no-load losses of the main transformer when the tap changer
is not in the neutral position. For example, the additional no-load losses of preventive autotransformers
depend on whether the tap changer is bridging or non-bridging. For series transformers, the additional no-
load losses depend on tap position. No-load losses are affected by a number of variables discussed in the
following clause.

3The IEEE standards or products referred in Clause 2 are trademarks owned by the Institute of Electrical and Electronics Engineers,
Incorporated.
4IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA (http://standards.ieee.org/).
2 Copyright © 2002 IEEE. All rights reserved.
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3.2 Parameters affecting magnitude of no-load losses

3.2.1 Induction

Losses in the core vary with the level of induction in the core (flux density), and thus the base no-load loss is
established by the rated level of the design core flux density of the transformer.

3.2.2 Excitation voltage magnitude

Since the core flux density is a direct function of the magnitude of the excitation voltage, no-load losses are
also a function of this voltage, for example, a 1% change in voltage causes a corresponding change in core
losses generally in the 1%–3% range. The design and material used for the core determine the magnitude of
the change in losses. It is, therefore, essential to have an accurate measurement of the magnitude of the
excitation voltage.

3.2.3 Excitation voltage waveform

No-load losses are usually quoted and reported based on a sine-wave voltage excitation. Even with a
sinusoidal source voltage, the non-linearity of the transformer core introduces significant harmonics into the
excitation current and could result in distorted excitation voltage and flux waveforms. The magnitude of the
voltage waveform distortion is usually determined by the output impedance of the voltage source and the
magnitude and harmonics of the excitation current. The higher these parameters are, the greater will be the
magnitude of the voltage waveform distortion. Figure 1 illustrates the supply transformer circuit at the no-
load test.

where

Vex is the excitation voltage,
VS is the source voltage,
VO is the output voltage,
Iex is the excitation current,
ZS is the source impedance.

From Figure 1, 

Vs = |Vs|sin(Ωt) (1)

Zsn ≅ Rs + jnXs (2)

Figure 1—Transformer supply circuit at no-load test
Copyright © 2002 IEEE. All rights reserved. 3
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Iex= ∑|Iex
n|cos(nΩt+ Øn) (3)

Vex = Vs - ∑ZsnIex
n (4)

where

Xs is the source reactance, 
Rs is the source resistance, 
n is the order of harmonic,
ω = 2πf,
Øn = phase-angle for harmonic n.

Figure 2 shows a typical excitation current waveform. Assuming a source impedance of 10%, an excitation
current equal to 2% of rated current, and a 50% fifth harmonic, the resultant excitation voltage will have
approximately a 0.5% fifth harmonic.

Measurements will vary markedly with waveform. Peaked voltage waveforms (form factor greater than
1.11) result in lower losses than those of sine-wave voltage. Flat top waves, however, result in higher losses
than those for the corresponding pure sine wave. It is, therefore, a requirement to accurately account for the
effect of having a distorted waveform.

3.2.4 Core configuration

Different core configurations; such as three-legged vs. five-legged cores or single-phase vs. three-phase
cores, will yield different values of core loss (all other factors constant). This is caused by differences in the
magnetic flux distribution in these different core configurations.

3.2.5 Core material

The magnetic properties of the core material itself, as well as the thickness and insulating coating of the
individual laminations, have a direct effect on the magnitude of losses in a core. For example, higher grain-
oriented grades of steel or thinner gauge laminations have lower iron losses than those of regular grain-
oriented or thicker gauge steel grades, respectively. Amorphous metal cores generally have even lower
magnitudes of core loss but operate at much lower flux densities because of a lower saturation level.
Variability in material properties of the same grade of steel may give rise to noticeable differences in the
core-loss performance of transformers of the same design. This effect is generally more noticeable in small
transformers.

Figure 2—A typical excitation current waveform and harmonic content 
4 Copyright © 2002 IEEE. All rights reserved.



 
IEEE

TRANSFORMER LOSS MEASUREMENT Std C57.123-2002

           
3.2.6 Frequency

Losses in the core have two main components: the hysteresis component and the eddy current component.
The hysteresis loss component varies linearly with frequency. The eddy current component (containing both
classical eddy losses and anomalous eddy losses) varies proportional to approximately the square of the
frequency. The relative magnitudes of these two components are a function of the grade and thickness of
steel used as well as the magnitude of the core flux density. Hence, these two parameters determine the
magnitude of the effect of frequency on core losses. For examples, the 60 Hz to 50 Hz ratio of iron loss
density at 1.5 T induction is typically 1.32 for 0.27 mm highly grain-oriented steel. This ratio is
correspondingly equal to 1.26 for 0.23 mm regular-oriented steel at 1.75 T. Also, a frequency deviation of
0.5% corresponds to about 1% to 2% deviation in losses.

3.2.7 Workmanship

The quality of workmanship in slitting, cutting, annealing, and handling of the individual core laminations
and the quality of the assembly of the core have a direct effect on the magnitude of core losses. Quality of
joints in the core also affects the value of core loss to a certain extent but usually has a greater effect on the
magnitude of the exciting current. These factors can partially explain why loss measurements on essentially
duplicate units can differ by a few percent.

3.2.8 Core temperature

Core losses are affected to some degree by the temperature of the core at the time that losses are measured.
Generally, core losses decrease with an increase in core temperature. This is due to a reduction of the eddy
loss component of the core material iron loss caused by the higher resistivity of the material at higher
temperatures. The calculation method to correct the measured values of core losses of distribution
transformers to the reference temperature is given in 8.4 of IEEE Std C57.12.90-1999 and
IEEE Std C57.12.91-2001. The magnitude of this effect is in reality a function of core design and core
material. However, the effect is sufficiently small (about 1% for every 15 °C). In this case, using an average
value of the correction factor would be satisfactory. The factor was chosen to be 0.065% per °C (0.00065
p.u. per °C). Its value was arrived at through consensus of the transformer industry and is based on typical
values. Due to uncertainty in the actual value of the core temperature during operation, the reference
temperature was chosen to be 20 °C for liquid-immersed transformers (per IEEE Std C57.12.00-2000).
According to these standards, since core loss measurements on power transformers are typically made at, or
near, room temperature, there is little need for applying temperature correction in this case.

3.2.9 Impulse tests

No-load loss measurements taken directly after impulse tests are usually slightly higher (typically 1% to 3%)
than those taken beforehand. Higher magnitudes of increased no-load loss have been experienced in some
cases. This phenomenon is not fully understood at the present time. Existing data, however, shows that this
increase is seldom permanent and usually diminishes with time (several hours).

3.2.10 Core stabilization

When a transformer is energized for the purpose of no-load loss measurement, it may exhibit an initially
high excitation current, a slightly higher core loss, and highly distorted voltage waveform. As the voltage is
held constant, the current, loss, and distortion gradually decrease to the expected levels. The time period for
this change to stabilize is typically a few seconds and may be longer for some transformer designs. The
cause of this phenomenon is believed to be mainly due to the core residual magnetization phenomenon. To
reduce the time to reach core stabilization, it is recommended that the core be excited first with higher flux
density levels.
Copyright © 2002 IEEE. All rights reserved. 5
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3.2.11 Short-circuit testing

As stated in 4.2.4 of the IEEE guide for short-circuit testing of distribution and power transformers (IEEE
Stds C57.12.90-1999, Part-II, and C57.12.91-2001), small changes in the excitation current and core loss
can be expected after a short-circuit test. Hence, the test code generally allows for a maximum increase of
5% for transformers with stacked cores. However, in distribution transformers with wound cores, an increase
of up to 25% in the magnitude of the excitation current could occur due to small distortions of the core even
in the absence of a winding failure. When winding failure also takes place, even larger increases would
occur.

3.3 Excitation current (no-load current) 

Excitation current is the current that flows in the winding used to excite the transformer during the no-load
loss test when all other windings are open-circuited. The excitation current has two main components: an
inductive component and a capacitive component. The inductive component (refer to Figure 3 for the
vectorial relationship) provides for the magnetization and losses of the core and hence, is non-linearly
proportional to the excitation voltage. The capacitive component (see again Figure 3) provides for the
charging current and dielectric losses for both the capacitance of the internal winding and the capacitance to
ground. This capacitive current component is linearly proportional to the excitation voltage.

where

VS is the supply voltage, 
Im is the magnetizing current, 
Ih+e is the loss current, 
Ii is the inductive component,
Ich is the charging current,
Id is the dielectric loss current,
Ic is the capacitive component. 

The inductive component of the excitation current is usually the dominant component. It is affected by all of
the factors that affect no-load loss, but to a larger degree. The magnitude of this component is also greatly
affected by the complex relationship between the effective magnetizing inductance of the transformer and
the harmonic content of the current. In some cases, such a relationship can result in a magnitude of current
that does not necessarily increase proportionally with the applied voltage. The excitation current is hence
greatly affected by the core configuration, design of core joints, and quality of core construction.

In a high capacitance winding, the capacitive component of the excitation current may be of a magnitude
that is comparable to the inductive component. In cases where the inductive component of the excitation
current is relatively low, the total excitation current may actually decrease as voltage is increased through a
limited range of voltage. As the excitation voltage is increased, the inductive component, which usually
increases at a much faster rate than both the voltage and the capacitive component of excitation current,
starts to dominate, producing a net increase in total excitation current (see Figure 4).

Figure 3—Vector diagram of the component of the excitation current
6 Copyright © 2002 IEEE. All rights reserved.
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3.4 Test requirements

Requirements, as stated in IEEE Std C57.12.90-1999 and IEEE Std C57.12.91-2001, for reporting no-load
loss/excitation current measurements, are:

a) Voltage is equal to rated voltage unless specified otherwise.

b) Frequency is equal to the rated frequency.

c) Measurements are reported at the reference temperature.

d) The voltage applied to the voltmeters is proportional to that across the energized winding.

e) Whenever the applied waveform is distorted, the measurement must be corrected to a sinusoidal
voltage waveform.

3.5 Measurement of no-load losses

3.5.1 Measuring circuit

Measuring the no-load losses of a transformer subjected to a sinusoidal voltage waveform can be achieved
simply by using a wattmeter and a voltmeter as shown in Figure 5. As mentioned earlier, transformers may
be subjected to a distorted sine-wave voltage under no-load loss test conditions. In order to achieve the
required measuring accuracy, the instrumentation used should accurately respond to the power frequency
harmonics encountered in these measurements. Refer to IEEE Std C57.12.00-2000, 9.3, Table 19.

3.5.2 Waveform correction

The average-voltage voltmeter method, illustrated in Figure 5, utilizes an average-voltage responding
voltmeter based on full-wave rectification. These instruments are generally scaled to give the same
indication as a rms voltmeter on a sine-wave voltage. The figure shows the necessary equipment and
connections both in the absence and presence of the instrument transformers [refer to part a) of Figure 5 and
part b) of Figure 5, respectively]. As indicated in Figure 5, the voltmeters should be connected across the
winding, the ammeter nearest to the supply, and wattmeter between the two; with its voltage coil on the
winding side of the current coil. The average-voltage responding voltmeter should be used to set the voltage.
Also, measured values need to be corrected in order to account for the effect of voltage harmonics on the
magnetic flux in the core and hence on both the hysteresis and eddy current loss components of iron losses.

The hysteresis loss component is a function of the maximum flux density in the core and is practically
independent of the flux waveform. The maximum flux density corresponds to the average value of the half-
cycle of the voltage waveform (not the rms value). Therefore, if the test voltage is adjusted to be the same as

Figure 4—Excitation current components at different excitation voltage levels 
(Note—Voltage level 1 < voltage level 2 < voltage level 3)
Copyright © 2002 IEEE. All rights reserved. 7
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the average value of the desired sine wave of the voltage, the hysteresis loss component will be equal to the
desired sine-wave value.

The eddy current loss component of the core loss varies approximately with the square of the rms value of
the core flux. When the test voltage is held at rated voltage with the average-voltage voltmeter, the actual rms
value of the test voltage is generally not equal to the rated value. The eddy current loss in this case will be
related to the correct eddy current loss at rated voltage by a factor k given in Equation 8.2, Clause 8 of IEEE
Std C57.12.90-1999 and IEEE Std C57.12.91-2001. This is only correct for voltage waves with reasonably
low distortion. If, however, the voltage wave is so distorted that the value of k is larger than a certain limit
value set by the standard, the average voltmeter readings will not be correct, and the voltage wave is then
considered not suitable for use. Clause 8 of IEEE Std C57.12.90-1999 and IEEE Std C57.12.91-2001 limit
the total correction of core loss due to this effect to 5%.

where 

F is a frequency meter,
W is a wattmeter,
AV is an average-responding, rms-calibrated voltmeter,
A is an ammeter,
V is a true rms voltmeter.

As mentioned in 8.3 of IEEE Std C57.12.90-1999 and IEEE Std C57.12.91-2001, “actual per-unit values of
the hysteresis and eddy current losses P1 and P2 should be used in the waveform correction factor (P1 +
kP2)–1.” A simplified approach to obtain values of P1 and P2 for specific core steel at a specific induction
utilizes the frequency dependence characteristics of these two components. P1 is linearly proportional to
frequency while P2 is proportional to the square of the frequency. By knowing the specific loss values of the
core steel at two different frequencies, the values of P1 and P2 can be obtained at any desired frequency. For
example, if a particular core steel has loss values (at a specific induction level) of 1.26 W/kg and 0.99 W/kg
at 60 Hz and 50 Hz, respectively, then: 

Figure 5—Connections for no-load loss test of a single-phase transformer
8 Copyright © 2002 IEEE. All rights reserved.
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1.26 = k1(60) + k2(60)2 (5)

and

0.99 = k1(50) + k2(50)2 (6)

Hence, 

k1 = 1.43 × 10-2 

and 

k2 = 1.11 × 10-4. 

Therefore, the hysteresis loss at 60 Hz = k1(60) = 0.86 W/kg, and the eddy loss at 60 Hz = k2(60)2 =
0.40 W/kg.

And, therefore,

 

and

 

or

.

3.5.3 Impact of a high source impedance

In order to demonstrate how critical the magnitude of the source impedance is to an accurate no-load loss
measurement, consider the following examples, which show the voltage and current of a transformer first
excited with a low impedance source, and then repeated with a high impedance source. The numbers at the
left of each image constitute the harmonic content of each trace plus some of the key parameters calculated
for each curve. Figure 6 shows a measurement using a low impedance source, which gives a nearly pure
sine-wave voltage. Figure 6 shows a measurement (for the same transformer) for a high impedance source,
causing the measured voltage to become distorted (THD = 15%). For this case, even with this much
distortion, the Vave differs from Vrms by only 0.7%, and the corresponding ANSI waveform voltage
correction would be less than 1%. Yet, the measured no-load loss in this case was 7% lower than that
measured for the sinusoidal voltage. This 7% difference is, however, in part due to not having the same test
conditions. Taking into account the effect on no-load losses of the 1.5% difference in the average voltages
between the two test conditions of Figure 6 and Figure 7, the corrected measured no-load loss of Figure 7
would be about 3%–4% lower than that measured for the sinusoidal voltage of Figure 6. Although the
magnitude of the no-load loss difference in this case may be acceptable, this example demonstrates that the
Vrms/Vave ratio is not always a good indicator of the real distortion of the voltage. More importantly, the
waveform correction alone would not be sufficient to account for the effect of the high impedance source. As
will be described in 3.7.3, the connection of the average voltmeter can also be very critical to the accuracy of
the no-load loss measurements. Also with such a distorted voltage waveshape, other factors such as the
wattmeter sampling rate and phase-angle error can have a significant influence on the accuracy of the

P1
0.86
1.26
---------- 0.68= =

P2
0.1
0.57
----------=

1 0.68–( ) 0.32=
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measurements. The clipping of the current wave peaks by a digital wattmeter circuit during measurement of
no-load loss with a highly distorted current wave (when the transformer core is excited near saturation) can
be an additional source of a measurement error. This can typically occur at 105% and 110% excitation
measurements.

In cases where the source impedance is so large that the voltage wave shape exhibits more than two zero-line
crossings, the no-load loss measurements can be even more erroneous. This is due to the incorrect reading of
the average voltmeter, caused by the operating principle of the averaging voltmeter which is commonly
based on a rectified waveform. Figure 8 shows a more distorted voltage waveshape (THD = 18%) but still
with two zero-line crossings. In this case, the average voltmeter reading is still representative of the peak
flux. Conversely, in Figure 9, where the voltage wave shape is highly distorted (THD = 29%) and there are
more than two zero-line crossings, the actual average voltmeter is significantly lower than the Vrms. The
maximum flux calculated from the average voltage is different from the actual peak flux. In such a case the
test is definitely not valid. In fact, there is a greater danger than just measuring erroneous no-load losses
under these conditions. As the average voltmeter reading is being set to the desired voltage, in this case, the
peak voltage appearing across the transformer terminals may reach values in excess of the dielectric
withstand of the insulation system, possibly resulting in the failure of the transformer. This is demonstrated
below in Figure 9, where the average voltmeter reading was 13.966 kV (101.2% of the 13.8 kV rated
voltage), while the actual peak voltage was 26.356 kV (135% of the 19.5 kV rated peak voltage). It is always
a good practice to monitor the peak voltage during the no-load loss test to avoid abnormal operating
conditions.

Figure 6—Excitation voltage and current wave shapes for a low impedance source

Figure 7—Excitation voltage and current wave shapes for a high impedance source
10 Copyright © 2002 IEEE. All rights reserved.
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In conclusion, every effort should be made to avoid high impedance sources. For THD values up to 15%,
which are likely to occur when the core is over-excited near saturation, utmost attention should be paid to the
connection of the measuring circuit and instruments in order to be within measuring accuracy limits imposed
by the standards. Close examination of the waveforms using an oscilloscope is necessary at this point.
Development of a correction method for significant magnitudes of harmonics has been attempted in the
published literature, but no feasible method has yet been achieved. Also, it is worthwhile to note that
excessive harmonics may result in saturation of the electronic devices and hence result in erroneous
measurements. For these reasons, for THD values greater than 15%, the voltage wave shape is too distorted
(with more than two zero-line crossings) and the test becomes invalid.

3.6 Measurement of excitation current

Circuit connections for the measurement of excitation current are the same as those used for the
measurement of the no-load loss (see Figure 5). When the recommended average-voltage voltmeter method
is used, and a nonsinusoidal voltage waveform is applied, the measured rms value of excitation current will
generally be slightly higher than that obtained under sinusoidal conditions. The 5% limit enforced by the
standard (IEEE Std C57.12.90-1999 and IEEE Std C57.12.91-2001) on the waveform correction to the no-
load losses guarantees that the effect of the voltage harmonics on the magnitude of the rms value of the

Figure 8—High impedance source with greater distorted voltage wave shape

Figure 9—High impedance source with highly distorted voltage wave shape and 
multiple voltage zero-line crossings
Copyright © 2002 IEEE. All rights reserved. 11
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excitation current is too small to cause the current magnitude to increase beyond the guaranteed value.
Therefore, no adjustments are allowed to account for this effect in the present standard (IEEE Std
C57.12.90-1999 and IEEE Std C57.12.91-2001).

3.7 Measuring circuitry for three-phase transformers

The method described in 3.5 for single-phase transformers applies to three-phase transformers. Because of
the differences in winding connections of three-phase transformers, the measuring circuitry will be slightly
different for different combinations of winding connections in the test as well as the test source transformer.

3.7.1 Three-wattmeter connections

The number of wattmeters required and the connections of the voltage and current elements are dictated by
Blondel’s Theorem. This theorem states that to measure the total power supplied through N conductors, N
wattmeters are required, with connections as follows. The current element of each wattmeter is connected to
one of the lines, and the corresponding voltage element is connected between that line and a common point.
Total power is determined by summing the N wattmeter readings. The basic configuration for a set of three
line conductors is shown in Figure 10.

Figure 10 shows the voltages and currents that define the total instantaneous power and determine the
individual wattmeter readings. The effects of various circuit conditions can be evaluated by examining the
equations that govern the voltages and currents. The total instantaneous power, Ptot, and the instantaneous
power measured by the three wattmeters, Psum, are calculated below.

Ptot = e1i1 + e2i2 = e3i3 (7)

Psum = e1′  i1 + e2′  i2 = e3′  i3 (8)

where

Ptot is the total instantaneous power delivered to the load,
Psum is the sum of the instantaneous power indications of the three wattmeters,
e1,e2,e3 are the instantaneous phase-to-neutral voltages of the three phase transformer,
e1′  ,e2′  ,e3′  are the instantaneous voltages across the wattmeter voltage elements,
i1,i2,i3 are the instantaneous line currents (and the currents in the wattmeter current elements).

Figure 10—Three-wattmeter circuit
12 Copyright © 2002 IEEE. All rights reserved.
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If the instantaneous voltage between points O and C in Figure 10 is v, then ei = v + ei′ , e2 = v + e2′ , e3 = v +
e3′ . And

Psum = e1i1 + e2i2 + e3i3 – v(i1 + i2 + i3) (9)

Psum = Ptot – v(i1 + i2 + i3) (10)

If no connection exists between points O and C, then 

i1 + i2 + i3 = 0 

If point O and C are connected together, then v = 0. In either case, the term v(i1 + i2 + i3) is always zero, and
Psum = Ptot under all conditions of phase imbalance and even if the voltage at point C is significantly shifted
from the neutral point.

3.7.2 Two-wattmeter method (not recommended)

Theoretically, if the common point (point C in Figure 10) is located on one of the lines, then only N–1
wattmeters need to be employed, which is the basic idea of the two-wattmeter method applied to three line
conductors. The basic configuration with two wattmeters is shown in Figure 11. This connection is included
in the guide since it has been widely used in the past.

Although the two-wattmeter method could be applied in theory, it should not be used in transformer loss
tests because of the following reasons:

a) An unbalanced distribution of no-load losses and excitation current exists between phases.

b) The applied voltage and the excitation current waveforms of the no-load loss test are inherently
distorted.

c) Transformers have a low power factor when connected for measuring losses. For example, with the
two-wattmeter method, if the power factor of the loss being measured is less than 50% (which is
very common for no-load loss measurement) one of the two wattmeters will read negative, and its
connections would need to be reversed.

For a detailed discussion of why the two-wattmeter method should not be used in the transformer load loss
test see 4.5.2.

Figure 11—Two-wattmeter method connections (not recommended)
Copyright © 2002 IEEE. All rights reserved. 13



IEEE
Std C57.123-2002 IEEE GUIDE FOR 
3.7.3 Voltmeter connections

Requirement item d) in 3.4 of this guide necessitates that the voltage applied to the voltmeter be the same as
that across the energized winding. If the voltage applied to the transformer during test has negligible
harmonic content, i.e., less than 1% THD, then the voltmeters may be connected either delta or wye,
whichever is more convenient. However, if the applied voltage has a significant harmonic content, as may be
the case during the no-load loss test, then attention should be paid to the voltmeter connections. This is
necessary to properly correct the measured losses to a sine-wave basis.

Part a) of Figure 12 shows a distorted voltage waveform of one phase of a three-phase system, measured
between line conductors. If the voltage is measured between a line conductor and ground, a different
waveform is obtained, as shown in part b) of Figure 12. Therefore, different rms and average-responding
voltmeter readings would be obtained, depending on whether the voltmeters are connected line-to-line or
line-to-neutral. The correct voltmeter connections depend on the connection of the energized windings. The
waveform of the voltage applied across each voltmeter must be the same as the waveform of the voltage
across each energized winding. 

3.7.3.1 Connections when instrument transformers are not used

Figure 13, Figure 14, and Figure 15 show the correct voltmeter connections for various winding
connections.

Figure 12—Phase-to-phase and phase-to-neutral voltage waveforms

Figure 13—Three-wattmeter method, energized winding wye-connected, 
with transformer neutral available, without instrument transformers
14 Copyright © 2002 IEEE. All rights reserved.
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3.7.3.2 Connections when instrument transformers are used 

Various connections may be used, depending upon the winding connection of the transformer to be tested
and the availability of the source neutral. Figure 16 shows the case of a wye-connected winding with the
neutral grounded. The wye-wye connection of the instrument transformers preserves the line-to-neutral
waveforms of a distorted voltage wave. The voltmeters are connected across the windings of the transformer
being tested. The wattmeter voltage elements are connected line to ground. 

Figure 17 shows the case when a transformer with a delta-connected winding is being tested. The only
difference between Figure 16 and Figure 17, other than the winding connection of the transformer under test,
is that the voltmeters are now connected delta. The wattmeter voltage elements are still connected line-to-
ground. As was shown earlier, the wattmeters will correctly register the total power in spite of differences in
waveform across the windings, voltmeters, and wattmeter voltage elements. This is provided that the
wattmeter correctly registers the power for harmonic frequencies present. In this case, the source must be
grounded to the neutral of the instrument transformers on the primary side.

Figure 14—Three-wattmeter method, energized winding delta-connected, 
without instrument transformers

Figure 15—Three-wattmeter method, energized winding wye-connected, without 
instrument transformers (with transformer neutral unavailable)
Copyright © 2002 IEEE. All rights reserved. 15
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4. Transformer load losses

4.1 General

Transformer load losses, often called copper losses, include I2R losses in windings due to load current, eddy
losses due to leakage fluxes in the windings, stray losses caused by stray flux in the core clamps, magnetic
shields, tank wall, etc., and losses due to circulating current in parallel windings and parallel conductors
within windings. For transformers with an LTC that employs preventive autotransformers or series
transformers, the load losses will have an additional component due to losses in these auxiliary transformers.

4.2 Measuring circuitry

Load losses are normally measured by short circuiting one winding of a transformer, usually the low-voltage
winding, and impressing sufficient voltage (referred to as impedance voltage) on the high-voltage winding to
cause rated current to circulate in both windings. Input voltage, current, and power are then measured.
Figure 18 illustrates a circuit commonly used for load loss measurements on a single-phase transformer.
Three-phase measurement is performed in the same manner but with three sets of instruments and
instrument transformers.

Figure 16—Three-wattmeter method, energized winding wye-connected with 
neutral grounded 

Figure 17—Three-wattmeter method, energized winding delta-connected, 
grounded wye source
16 Copyright © 2002 IEEE. All rights reserved.
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4.3 Load-loss measurement uncertainties

Load losses for modern power and distribution transformers are very low due to increased demands for
improved efficiencies and high transformer loss evaluations for optimum life-cycle costs. In power
transformers, the power factor of the transformer at the load-loss test is generally very low, ranging from 5%
down to 1% or less in large power transformers. In small distribution transformers, with ratings of 5–500
kVA per phase, the load-loss power factor will typically exceed 5%. Typical values range from 10% to as
high as 80% for the smallest distribution transformers. Figure 19 shows typical magnitudes of power factors
for transformers larger than 10 MVA ratings with high, medium, and low levels of load-loss evaluation.

A low power factor means that the angle φ between the voltage and the current (refer to Figure 18) is
approaching 90°. Herein lies the major issue in the accuracy of load-loss measurements. Load losses at low
power factors are very sensitive to phase-angle errors, as illustrated in Figure 20.

As shown in Figure 20, a phase-angle error of 1 minute in the voltage or current will result in approximately
3% error in loss measurement for a transformer with a load-loss power factor of 0.01. Phase-angle
uncertainty is one of the many uncertainties associated with measurement of the transformer load losses at
low power factor. Transformation ratio errors of instrument transformers and magnitude errors of wattmeters
also contribute to errors in the reported losses and need to be corrected for, as shown in 4.4.2 below.

Figure 18—Load-loss measurement circuit for a single-phase transformer

Figure 19—Typical values of load-loss power factor for large power transformers
Copyright © 2002 IEEE. All rights reserved. 17
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4.4 Corrections to measured load losses

With reference to Figure 18, when a load-loss measurement is made, the desired quantity is the actual power

Pt = VtAt cos(φt). (11)

where

Pt is the actual power loss of the transformer under test (W),
Vt is the impedance voltage of the transformer under test (V),
At is the current of the transformer under test (A),
φt is the phase angle of the impedance of the transformer under test (°).

For power transformers, the instrument transformers and the wattmeter, which are necessary to perform this
measurement, indicate measured power on the wattmeter of 

Pm = VmAm cos(φm) (12)

where

Pm is the wattmeter reading (W),
Vm is the voltmeter reading across the voltage element of one wattmeter (V),
Am is the ammeter reading in the current element of the wattmeter (A),
φm is the measured phase angle between Vm and Am (°).

The measured loss must be corrected to obtain the actual power, Pt. The purpose of the next section is to
explain the theory behind the correction from Pm to Pt.

4.4.1 Phase-angle correction of a conventional load-loss measuring system 

Conventional measuring systems consist of magnetic-type voltage and current transformers that generally
have phase-angle errors Vd and Cd, respectively. Also, the wattmeter has a phase-angle error Wd. The phase-
angle error of an instrument transformer is positive when the output signal leads the input signal. For
wattmeters, this error is positive when the indication of the wattmeter under leading power factor conditions

Figure 20—Percent error in measured losses per minute of phase-angle error
18 Copyright © 2002 IEEE. All rights reserved.



IEEE
TRANSFORMER LOSS MEASUREMENT Std C57.123-2002
of the load is larger than nominal. Figure 21 shows the relationship between all voltage and current vectors
with their corresponding phase shifts.

If the actual phase angle between voltage and current in the transformer under test is φt, the measured phase
angle in the wattmeter will be 

φt = φm + (−Wd – Vd + Cd) (13)

where

Wd is the phase-angle error of the wattmeter (°),
Vd is the phase-angle error of the potential transformer (°),
Cd is the phase-angle error of the current transformer (°),
(–Wd – Vd + Cd) is generally referred to as the total phase-angle error (°).

Derivation:

Pt = VtAt cos(φt) 

Assuming that nv and nc are turns ratio for the voltage and current instrument transformers, respectively, and
that K is the wattmeter range multiplier, then in the absence of magnitude errors in the instrument
transformers: 

Pt = KnvncVmAm cos(φm –Wd – Vd + Cd)

= KnvncVmAm [cos(φm) cos(–Wd – Vd + Cd) – sin(φm) sin(–Wd – Vd + Cd)]

since φm ≈ 90° then sin(φn) ≈ 1.0 and since the angle (–Wd – Vd + Cd) is very small 

Figure 21—Vector diagram for a power transformer under load-loss 
test conditions (Vv is voltage across voltmeter)
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then 

sin(–Wd – Vd + Cd) ≈ (–Wd – Vd + Cd) 

and 

cos(–Wd – Vd + Cd) ≈ 1.0.

Then, from above:

Pt = KnvncVmAm [cos(φm) – (–Wd – Vd + Cd)]

= Knvnc[Pm – VmAm(–Wd – Vd + Cd)]

Example 1

For a very large transformer that has a 0.8% pf, φt = 89.541°. If the total phase-angle error is +3.2 minutes
(0.053°), then φm = 89.488°. Therefore,

The measured loss is about 11.5% higher than the actual loss of the transformer. This example illustrates the
problem with using instrument transformers with high phase-angle errors to measure load loss of very low
power factor transformers. Since IEEE Std C57.12.90-1999, item d) of 9.3, limits the phase-angle correction
to ± 5%, measuring equipment with such high total phase-angle error would not meet the requirements of
the standard.

Example 2

For a transformer that has a 1.5% pf, φt = 89.14°. If the total phase-angle error is –1.5 minutes (–0.025°),
then φm = 89.165°. Therefore,

 

The measured loss is 2.9% lower than the actual loss of the transformer.

Example 3 

For a small distribution transformer that has a 20% pf, φt = 78.463°. Assume 0.3 metering accuracy class
instrument transformers are employed with phase-angle errors (at the specific operating points and burdens
of the instrument transformers during this test) of –5 minutes for the potential transformer and –10 minutes
for the current transformer. Further, assume that the phase-angle error of the wattmeter used is +5 minutes.
Then the total phase-angle error is:

φt –φm= –Wd – Vd + Cd = –10 minutes (–0.1667°), and then φm = 78.630°.

Pm

Pt
------- 89.488( )cos

89.541( )cos
------------------------------ 1.115= =

Pm

Pt
------- 89.165( )cos

89.541( )cos
------------------------------ 0.971= =
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Therefore,

 

The measured loss is 1.4% lower than the actual loss of the transformer.

The above demonstrates that a higher phase-angle error of equipment used to measure load loss of high
power factor distribution transformers gives load-loss errors of a magnitude equivalent to those experienced
by extremely low phase-angle error of instrument transformers of wattmeters used with low power factor
large power transformers.

4.4.2 Magnitude correction

In addition to correction due to phase-angle errors of the instrument transformers, measuring transformers,
and the wattmeter, correction due to magnitude errors of the instrument transformers should also be applied
in determining the actual measured power Pt. This magnitude correction applies to low as well as high power
factor power measurements. Also, since the losses of the transformer under test vary with, approximately,
the square of the current, the error of the ammeter (current reading) used in setting the test current should
also be accounted for. This type of error could lead to significant errors in the measured losses. More
detailed analysis on corrections and uncertainties of a loss measurement can be found in the document
developed by So [B13].

4.4.3 Correction for losses due to the shorting connection

The current flowing in the shorting connection is an additional factor that affects the measured load-loss
values. The shorting connection also affects the impedance measurements (impedance voltage). However,
the correction to this value is usually insignificant. It should be emphasized that accounting for the shorting
connection losses are most important for transformers with low-voltage, high-current secondary windings.
For example, the shorting connection correction for a 500 kVA transformer rated at 120/240 V on the LV
winding would be much more important than the shorting connection correction for an 8 MVA transformer
rated at 4 kV on the LV winding, even though the power losses on the shorting connection may be the same.

This subclause of the guide presents four different methods of accounting for losses due to the shorting
connection. These methods have varying degrees of accuracy. Since the shorting connection losses are
generally small (≤ 5%), the difference in accuracy among the different methods will have a negligible impact
on the accuracy of the total measured load loss of the transformer. It is advised that if the shorting
connection losses exceed 5% of the total load losses, the shorting connection should be replaced by one that
has a larger cross section and that the joints be made tighter to minimize the contact resistance at the joints.
Also, since it is very hard to estimate stray losses induced in the bushing plate by the shorting connection, it
is the manufacturer’s responsibility to minimize the magnitude of these losses. In this case, precautions can
be taken to ascertain that higher risers are used for the shorting connections. Only I2R of the shorting
connection is to be accounted for in power transformers > 10 MVA where R shall be the measured value of
the resistance of the shorting bar used for the transformer final load-loss test calculations. For such sizes, the
methods presented below can result in erroneous values of shorting connection losses. 

Although the correction methods proposed in this subclause are shown for single-phase transformers, the
first two methods are equally applicable to three-phase transformers using the three wattmeters method. 

4.4.3.1 Approximate method

In this method, the voltage drop Vc across the shorting connection is measured and multiplied by the voltage
ratio and the primary current to obtain the correction. As this method assumes that the circuit has unity

Pm

Pt
------- 78.630( )cos

78.463( )cos
------------------------------ 0.986= =
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power factor, inductive pickup by the measuring leads should be avoided by twisting the leads together and
running them close to the shorting connection. This is critical to the accuracy of this method. It has been
shown that close to a 100% error can result if inductive pickup is not minimized. See Figure 22.

4.4.3.2 Wattmeter methods

The proper way of correcting for the losses in the shorting connection is to measure them. Contrary to the
approximate method above, the wattmeter methods described below are not sensitive to inductive pick up
from the high current bars.

4.4.3.2.1 Clamp-on wattmeter method

Shorting connection losses can be measured by means of a clamp-on wattmeter as shown in Figure 23. The
difficulty with this measurement is that the voltage is very low and must be increased with a step-up
potential transformer or by amplifying it electronically. The reading of this instrument would be subtracted
from the main wattmeter reading to obtain the true load losses of the transformer under test. The above is
usually difficult to do and therefore this method is seldom used.

4.4.3.2.2 Wattmeter method

As the current is already being measured with the current transformer and an ammeter, the clamp-on
wattmeter method can be modified to use an ordinary wattmeter. This is shown in Figure 24. As with the
clamp-on wattmeter method, the voltage across the shorting connection is very low for commercial
instruments (wattmeters) and must be increased with a transformer or amplified electronically. As above, the
reading of this instrument would be subtracted from the reading of the main wattmeter to obtain the true load
losses.

Figure 22—Measurement of shorting connection losses—approximate method

Figure 23—Measurement of shorting connection losses using a clamp-on wattmeter
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One advantage of this method is that it can (easily) be modified to allow for automatic correction of the
losses in the shorting bar, as described in the next subclause.

4.4.3.2.3 Automatic correction

It is possible to configure the shorting connection in such a way that its losses are automatically subtracted
from the reading of the main wattmeter. Such a connection is shown in Figure 25. Here, the voltage drop
across the shorting connection is adjusted for the ratio of the potential transformer and test transformer and
then applied to the reading of the main wattmeter. As long as the auxiliary potential transformer has the
prescribed ratio, the wattmeter will indicate the load losses without the losses in the shorting connection.

4.4.4 Special precautions

4.4.4.1 Measurement at a lower than rated current

According to IEEE standards, load losses should be measured at a load current equal to the rated current for
the corresponding tapping position. However, if it is not exactly equal to the rated current, the measured
load-loss value will need to be corrected by the square of the ratio of the rated current to the test current
(average of the measured phase current in three-phase transformers).

Figure 24—Measurement of shorting connection losses using the 
wattmeter method

Figure 25—Circuitry for automatic correction for shorting connection losses
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4.4.4.2 Duration of the load-loss measurement test

During load-loss measurement, the current in the winding increases winding temperature and hence
increases winding I2R losses. To minimize the magnitude of this effect, it is the manufacturer’s responsibility
to keep the test time as short as possible.

4.4.4.3 Optimization of measuring range of instrumentation

Transformer manufacturers are encouraged to use the instruments at their optimum operating range to
minimize the errors. phase-angle corrections of voltage instrument transformers and current instrument
transformers that have magnetic core materials are generally significantly higher when they are operated at
lower than about 70% of their rated operating voltage/current (see Figure 26 and Figure 27). Also, these
corrections can vary significantly with the turns-ratio setting of the instrument transformer.

4.4.4.4 Other precautions with the use of instrument transformers

Using the proper burden, cleaning connections, and demagnetizing the current transformer after every use
are measures that will help achieve a better measurement accuracy.

Figure 26—Example of magnitude and phase-angle errors of a typical current 
transformer used in load-loss measurements

Figure 27—Example of magnitude and phase-angle errors of a typical potential 
transformer used in load-loss measurements
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4.5 Measuring circuitry for three-phase transformers

Measuring losses in three-phase transformers can be carried out using various methods, such as:

a) Three-wattmeter method

b) Two-wattmeter method

c) Bridge method

Of these methods, only the three-wattmeter method is widely used in routine testing of power transformer
losses.

4.5.1 Three-wattmeter method

The three-wattmeter method is the preferred method for accurate measurement of transformer load losses.
The total loss is simply the algebraic sum of the three single-phase readings. Thus, the same rules apply for
the errors in the measurements. When corrections for these errors are applied, they should be applied to each
individual wattmeter reading, not to the sum of the three, because very often, the three wattmeters have very
different readings and thus, very different power factors.

Figure 28 shows the circuit diagram for measuring load losses of a three-phase, four-wire circuit using the
three-wattmeter method and with instrument transformers. For transformers without the neutral brought out,
an artificial neutral is to be created. In this case, identical instruments with the same nominal impedance
should be used.

4.5.2 Two-wattmeter method (not recommended)

Although the two-wattmeter method is usually considered suitable for measuring power in symmetrical
three-phase circuits due to its simplicity and convenience, it should not be used to carry out measurements at
low power factors. This is because, in this case, the two wattmeter readings are usually very close in
magnitude and have opposite signs, so even small errors in individual meters result in large measurement
error. The following example will illustrate this point:

Example

Let PT be the total power in a three-phase circuit, with PT = W1+ W2

Figure 28—Load-loss measurement circuitry using instrument transformers
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where

W1 is the power measured by wattmeter 1,
W2 is the power measured by wattmeter 2,

and

W1 = VI cos(θ + 30°), 
W2 = VI cos(θ - 30°). 

Assuming θ = 89°, then W1 = –0.4848VI and W2 = +0.5150VI.

Assuming 1% meter error, ±∆W1 = 0.004848VI and ±∆W2 = 0.005150VI, so that the total effective error is

With PT = W1+ W2 = –0.4848VI + 0.5150VI = 0.03023VI, 

Error, as a percent of total power = .

As demonstrated in the above, with small differences in the two wattmeter readings at low power factor, a
small 1% error in meter readings can cause a large 23.4% error in the total measured losses.

For the two-wattmeter method, magnitude errors are as critical as the phase-angle error at low power factor.
Figure 29 illustrates the effect of the total combined magnitude error (M) on the loss measurement error
when the phase-angle error is assumed to be 1 minute. Figure 29 shows that, in order to achieve a measuring
accuracy of better than 3%, the two-wattmeter method would require that the magnitude error be below 3%
for a transformer power factor of 0.02 and practically zero for a power factor of 0.01. This illustrates why the
two-wattmeter method is not recommended for use for low power factor measurements.

∆W 1( )2 ∆W 2( )2 0.007074VI=+

0.007074
0.03023
---------------------- 

  100 23.4°=×

Figure 29—Percent error in measured load losses of three-phase transformers using 
the two-wattmeter method and instrument transformers having a 1-minute phase-

angle error. M is the per unit magnitude of uncertainty.
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5. Advanced measuring systems

A number of advanced power measuring systems have emerged in the past three decades. These systems
provide for significantly improved accuracy for low power factor loss measurements. An overview of the
more commonly used systems for measuring both no-load and load losses of larger power transformers in
particular is given in this clause of the guide. More technical details of these measuring instruments and
techniques can be found in the document developed by So [B13].

5.1 Enhanced conventional system

Conventional measurement systems, consisting of magnetic voltage and current transformers combined with
electromechanical analog instruments, can be modified to yield a significantly improved accuracy. The use
of high accuracy electronic wattmeters along with accounting for the accurate values of phase-angle errors
of voltage and current transformers generally provide the required accuracy down to power factor values as
low as 0.02. Voltage and current transformers with very low phase-angle errors are generally required to
achieve the required accuracy for transformers with power factors below 0.02.

5.2 Advanced voltage and current transducers

Advanced state-of-the-art loss measuring systems utilize a number of voltage and current sensors that have
very low or zero phase-angle error.

Modern voltage transducers utilize standard compressed gas capacitors in conjunction with various active
feedback circuits to minimize the magnitude and phase-angle errors of the voltage measuring system. The
compressed gas capacitors are sufficiently stable and have relatively low loss, however the electronics
associated with the divider generally drift over time and hence should be calibrated periodically and
readjusted in order to meet the accuracy requirements of the standards. 

Current scaling is accomplished using special high-accuracy current transformers such as:

— Zero flux current transformers

— Two-stage current transformers

— Amplifier-aided current transformers

These current transformers operate on the principle of reducing the flux in the active core of the CT to, or
near, zero; thereby reducing the magnitude and phase-angle errors.

The use of high-accuracy solid-state transducers combined with digital readout can improve overall
measurement accuracies due to the following factors:

a) Random error due to the limited resolution of analog instruments is virtually eliminated by the use
of digital instruments.

b) Technology, such as solid-state time division multiplexing techniques for measurement of power,
can improve accuracy over conventional electrodynamometer type wattmeters. The accuracy is also
improved because of reduced burden on the instrument transformers and reduction in internal phase
shifts. Compensation for lead losses can be designed into these devices.

c) Judicious use of electronic circuits, aided by operational amplifiers, can ensure operation of
transducers in their optimal operating ranges. This minimizes the error that is dependent upon the
input magnitude as a percent of full scale.
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d) Computing circuits for summing and averaging of three-phase measurements can be included in the
system design to minimize calculation errors. Errors due to incorrect signs and errors due to self-
heating are also minimized by these circuits.

5.3 Bridge method

Bridge measurements of power factor, or loss tangent, combined with voltage and current measurements,
offer another method for determining power loss at low power factors. In particular, the transformer-ratio-
arm bridge is most suitable for such measurements. It uses the essentially lossless and stable high-voltage
three-terminal compressed-gas-dielectric capacitor as a reference source to provide a reference current in
quadrature with the applied voltage. However, this requires a phase reversal of the inductive load current to
achieve a bridge balance. This is accomplished using a highly accurate current transformer, such as a two-
stage current transformer that also serves as a range-extending current transformer.

The bridge balance parameters are not sensitive to small voltage fluctuations, so the values for the voltage
and current can be those for which the loss measurement was requested. However, due to the comparison of
an inductive current with a capacitive current, the bridge balance is sensitive to frequency variations and
harmonics in the current. These problems must be accounted for in obtaining accurate measurement results.
They impose a requirement for short periods of relatively stable frequency and a sinusoidal test voltage
waveform of low distortion to enable a proper balance to be obtained. Therefore, the bridge can not be used
for no-load loss measurements due to a high harmonic content in the excitation current.

For three-phase loss measurements, with all three phases energized, each phase must be measured
individually. This requires three bridges if simultaneous loss measurement of all phases is desired.
Alternatively, only one bridge is used and each phase is measured individually with brief shutdowns to
permit transfer of equipment. Three two-stage current transformers, one for each phase, are normally used
since their changeover involves heavy conductors and is rather cumbersome. With three reference capacitors
and suitable switching, the shutdowns could be eliminated.

The measurement of load loss in three-phase transformers poses additional problems because of the
inaccessibility of phase currents at the neutral or low voltage end of the windings. Special input
transformers, insulated to withstand the short-circuit impedance voltage at the high-voltage end of the
windings are required. Only one ground should be connected to the system, preferably at the neutral point of
the transformer under test; otherwise significant zero sequence voltages or currents may be present, which
will cause large deviations in the apparent power factor of the three different phases. This in turn could
reduce the accuracy attainable with the bridge. The neutral point of any power factor correction capacitors
should be isolated. It is difficult, if not impossible, to realize physical coincidence between the bridge ground
and the electrical neutral point of the transformer. Hence, individual phase loss measurements have little
practical meaning and only the total of the three individual phase loss measurements can be relied upon.
Further details on the analysis and application of the bridge method, circuitry, and measurements can be
found in the document developed by So [B13].

6. Specified tolerances on losses

6.1 Specified tolerances on no-load losses

As stated in Clause 3, core material variability and variability in the quality of the core production process
cause the commonly observed variability in measured values of no-load loss and excitation current among
transformers of the same design. This variation, however, is to be expected in normal transformer
production. The magnitude of this type of variability usually lies in the ± 2% to ± 8% range. Generally, the
smaller the transformer, the greater the range of variability. For example, in distribution transformers, the
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variability that exists in the values of the specific iron loss within and between coils of core steel nearly add
up to the total magnitude of core-loss variability for same design transformers. Figure 30 presents an
example of tested core-loss values for a multiple-unit order of distribution transformers of the same design.

In addition to the above mentioned production and material variability, deviations between core loss design
calculations and average loss performance of a particular transformer design contribute to the total deviation
between the calculated and tested core-loss values. In the example shown in Figure 30, the calculated core-
loss of this design is only 1.2% lower than the average tested value for this order. However, as seen in Figure
31, since the variability range within this order is 17%, the highest loss unit tested 12.2% higher than the
calculated value for this design without being defective.

Figure 30—Measured no-load loss of a multi-unit order of small distribution 

Figure 31—Measured/calculated ratio of no-load loss of a multi-unit order of small 
distribution transformers
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Recognizing the existence of such variations in no-load losses, 9.3 of C57.12.00-2000 states that the “no-
load losses of a transformer shall not exceed the specified no-load losses by more than 10%.” This tolerance,
which has long historical precedence, is intended to define the no-load loss variation to be expected in usual
transformer production. With the statistical process control (SPC) methodology, the 10% corresponds to
3 standard deviations (STDEV) (using over 99% confidence level) of about 3.3%, which is a reasonable
value of STDEV for typical deviations between calculated and tested losses of individual transformers. This
value of standard deviation is representative of the capability of current core-loss calculation methods and
quality/performance variability control methods. In other words, a transformer with no-load losses outside
of this tolerance would warrant further discussion between purchaser and manufacturer regarding further
testing and analysis to explain the higher losses and to ensure that the unit will operate satisfactorily. It is
important to note that when the tolerance on no-load losses is exceeded in a stacked-core power transformer,
it is most often a result of additional interlaminar losses caused by an exceptionally low core interlaminar
resistance (due to large edge burrs) and should not necessarily be considered a defect. It is also important to
note that standard deviation values lower than 3.3% will allow manufacturers to use a lower calculation
margin. Higher values of standard deviations will do exactly the opposite. So, it is in the manufacturer’s
interest to reduce the standard deviation.

6.2 Specified tolerances on total losses

Regarding the tolerance on the load losses of a transformer, it is recognized that the variations in load losses
are much smaller since basically they are determined by geometrical and dimensional variations. Rather than
specifying tolerance on load losses, 9.3 of IEEE Std C57.12.00-2000 specifies a tolerance on the total losses
(sum of no-load and load losses) of 6%. Again, this is with historical precedence of many years of
experience and represents typical transformer design/production process capabilities existing today.

Finally, it is important to note that 9.3 of IEEE Std C57.12.00-2000 is only an acceptance criterion and is not
intended to replace a manufacturer’s guarantee of losses for economic loss evaluation purposes. Such a
guarantee is subject to a totally different tolerance, which may include a tolerance on the average of a
specified group of purchased transformers. This economic loss tolerance is usually specified in the purchase
contract and is a tolerance agreed to between the purchaser and the manufacturer. Previous versions of IEEE
Std C57.12.00 (1993 and earlier) did specify a zero tolerance on the average of two or more units on a given
order. However, it was the intention of the IEEE Working Group responsible for revising 9.3 of IEEE Std
C57.12.00 that the purpose of the tolerance here is to identify transformers with possible manufacturing
defects. Therefore, beginning with IEEE Std C57.12.00-1999, there is no longer a specified tolerance on the
average of units on an order. Instead, 9.4 of IEEE Std C57.12.00-1993 specifies a tolerance on the accuracy
of the test equipment used to measure the no-load and the load losses.

7. Traceability and calibration

A measurement result possesses traceability if it can be related to stated references, usually national or
international standards, through an unbroken chain of comparisons all having stated uncertainties.
Traceability only exists when there is documented evidence of the traceability chain and the quantification of
its associated measurement uncertainties. The values of standards, their uncertainties, and the corrections
and uncertainties of associated measurement systems have time-dependent components. Evidence should
therefore be collected at appropriate intervals and used on a continuing basis to remove measurement biases
and to re-determine the associated uncertainties. The appropriate calibration intervals depend on the type of
measurement system and its components and should initially follow the recommendation of the
manufacturer of the components and the measurement system. Once a history of calibration is developed,
the appropriate frequency of calibration for a particular component can be determined. For continuously
maintaining the quality of the measurement, means must be provided for regular in-house checking of the
components and the complete measurement system in between calibration intervals. 
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Obtaining traceability of a loss measurement can be done by calibrating its principal components and/or a
system-based calibration. The measured magnitude and phase-angle errors of the components, including
their calibration uncertainties, should be accounted for in obtaining a corrected measurement result. This in
turn should be confirmed with a system-based calibration, which provides information on the overall system
errors and uncertainties at the required test points. 

Obtaining direct traceability for large transformers and reactors is generally difficult because of the large
physical size of the test object and the large voltage and power requirements. An alternative is to have a
“portable” loss measuring system that can be used for on-site calibration. Indirect traceability is obtained by
calibrating this loss measuring system on a regular basis using a standard measuring system. An alternative
calibration practice is performed by comparing the results of a loss measurement with those of a more
accurate test system on the same load. This calibration method usually provides verification at only one
voltage and one current, and at a particular power factor determined by the load under test. Another
alternative calibration practice would be the use of a standard load with adjustable power factor to provide a
reference power to calibrate the loss measuring system. Ideally the standard load should be “portable” and
operable over a large range of voltage, current, and power factor. Such a standard load would provide a
means for characterizing the accuracy of transformer loss measuring systems over different voltage, current,
and power factor ranges. 

Table 1 of 9.4.1, IEEE Std C57.12.90-1999, provides the conditions of apparent load-loss power factor under
which phase-angle corrections must be applied. The maximum value of correction to the measured load
losses due to the test system phase-angle error is limited to 5% of the measured losses. If more than 5%
correction is required, the test method and test apparatus should be improved for an adequate determination
of losses. Since traceability of a loss measurement system is obtained by calibrating its principal
components and applying phase-angle corrections to improve the measurement results, then the calibration
method and measurement results, including uncertainties, should be followed with a system-based
calibration check.

Table 20 of IEEE Std C57.12.00-2000 specifies that the losses be measured with an uncertainty of not more
than 3%. Having traceability is a prerequisite to being able to achieve this specification. It provides a means
to have documented evidence of the magnitude and phase errors of the various components of the
measurement system and their associated uncertainties. After properly accounting for all these errors, their
associated uncertainties must be evaluated to obtain a combined overall uncertainty of the loss measurement.
This combined overall uncertainty must not be more than 3% for all reported loss measurements. It is
recommended that this combined overall uncertainty be based on a 95% confidence interval. Whether this
3% uncertainty specification for load-loss measurements can be met depends primarily on how low the load-
loss power factor is. The lower the load-loss power factor, the more difficult it is to meet the 3% uncertainty
specification. Again, a system-based calibration should be done to confirm the combined overall uncertainty
of the loss measurements at various load power factors. More detailed information on traceability,
calibration methods, and uncertainty analysis can be found in the document developed by So [B13].

8. Grounding, shielding, and safety

8.1 Grounding

When two points in a measuring system are connected to the ground at two different locations, a ground loop
is formed. In the presence of ground currents, caused by unbalanced three-phase load currents or line-to-
ground capacitive currents, a common mode voltage results. This voltage, in turn, becomes a series-mode
voltage measured by the instrument, introducing errors.

To avoid the generation of series-mode voltage, it is recommended that the system be grounded only at one
point, for example:
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a) By connecting the ground terminals of the instrument and the transducer to one physical ground
point.

b) By disconnecting the grounded end of the transducer from its enclosure and grounding the entire
instrument and the enclosure of the transducer.

In any grounding modification, the safety aspects should not be compromised. 

Even if the ground current and associated common-mode voltages are eliminated by grounding the system at
a single point, erroneous signals can still be introduced in the measuring circuit from the nearby power
system and other sources by magnetic and capacitive couplings. In many measurement systems multiple
grounding and the resulting common-mode voltages cannot be avoided and remedial techniques should be
used. Popular remedial methods involve isolation transformers, bifilar or coaxial inductors (chokes),
instrumentation amplifiers, and optocouplers.

The problem of magnetic and capacitive couplings can be eliminated by the use of a coaxial connecting
cable. Such a cable has no net loop to capture extraneous magnetic flux. Also, the outer conductor of a
coaxial cable is connected to the ground and hence electrostatically shields the inner conductor.

If the connected cable is a twisted pair of conductors, the net loop to capture the flux Φ is reduced by
creating a large number of small loops in which alternatively positive and negative voltages are induced, thus
nearly eliminating any erroneous voltage. The twisted pair does not, however, eliminate capacitive coupling
but may reduce it. Detailed information on grounding and shielding of instrumentation and transducers can
be found in the document developed by So [B13].

8.2 Shielding

Coaxial and twisted leads may not suffice for eliminating undesirable magnetic and capacitive couplings,
and additional shielding of the measuring circuit may be necessary. For example, exposed components in the
transducer or the instrument could become the points of pickup of undesirable signals. At high frequencies,
including fast surges, the cables that suffice at dc or low frequencies may become inadequate.

Electrostatic fields produce not only interference in the measurement but may also permanently damage
solid-state electronic components. A properly grounded metal housing provides the most effective means of
shielding against such fields. For low frequency, such a housing can be made of sheet metal, foil, or braid.
Near perfect electrostatic shielding can be achieved for fully enclosed parts.

Nonmagnetic metal enclosures with thin walls, such as those made of sheet metal, are ineffective as low-
frequency magnetic shields. In order to become effective, the wall thickness of the enclosure must be of the
same order as or larger than the penetration depth of the electromagnetic field for the particular shielding
material. Effective low-frequency magnetic shields made of conductive material must be constructed so as
not to impede the paths for the eddy currents.

High-permeability ferromagnetic materials are the best shielding materials against dc and low-frequency
magnetic fields. An effective magnetic shield should have a large cross-sectional area and a short path for the
flux that is to be shielded against.

Care should be exercised in constructing the high-permeability magnetic shields in order to avoid
discontinuities and increased reluctances in critical paths for the magnetic flux. To achieve the highest
permeability, the materials may have to be annealed after construction of the enclosure. A high level of
magnetic shielding is much more difficult to achieve than a high level of electrostatic shielding. A high
permeability magnetic shielding enclosure made of metal sheet has sufficient conductivity and thus will
serve adequately also as an electrostatic shield.
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In shielding high-frequency electromagnetic waves, both electric and magnetic field components should be
considered. Near perfect shielding as in the low-frequency electrostatic case cannot be readily achieved in
practical enclosures because of limited thickness of the shielding material and because of discontinuities
such as joints, openings, and power supply leads, all of which facilitate penetration by electromagnetic
fields.

8.3 Safety

Care should be taken in any measurement to avoid coming into contact with dangerous levels of voltages and
also to avoid damage to the insulation. Leads should be kept clean and in good condition, be insulated to
withstand the voltages being accessed, and should be replaced immediately if worn or damaged.

When using instrument transformers, the possibility of an open circuit across the secondary winding of a
current transformer should be avoided. Likewise, a short circuit on the secondary winding of a potential
transformer should be avoided. All test equipment and practices should be in accordance with
IEEE Std 510-1983 [B5].
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Annex A

(informative) 
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IEEE Trial-Use Guide for 
the Detection of Acoustic
Emissions from Partial Discharges
in Oil-Immersed Power Transformers

 

1. Overview

 

1.1 Scope

 

This trial-use guide is applicable to the detection of partial discharges (PDs) in power transformers. It
utilizes the acoustic emissions (AEs) produced by PDs. Although primarily intended for field use, this guide
can also be used in the factory environment, if required.

IEEE Std C57.127-2000 is not intended to provide a precise method for defining the geometric location of
the source of PDs, although it can sometimes provide a rough approximation of it.

 

1.2 Purpose

 

This trial-use guide organizes AE detection-measurement methods so that results may be compared by
persons knowledgeable in this field, such as utility engineers, consultants, academics, and manufacturers.

 

1.3 Safety warnings

 

The safety warnings in this subclause and in 4.1 apply only to work done on transformers installed in the
field, not to factory testing. 

 

Refer to factory test codes for safety warnings for these situations.

 

PD location should only be attempted by those technicians and engineers trained in working high-voltage
transformers.
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2. Definitions

 

For the purposes of this trial-use guide, the following terms and definitions apply. 

 

The Authoritative
Dictionary of IEEE Standards Terms

 

 [B21]

 

1

 

 should be referenced for terms not defined in this clause.

 

2.1 acoustic couplant:

 

 A material introduced into the interface between the sensor and the transformer tank
to facilitate the transfer of the mechanical signal from the steel wall to the sensing crystal. All liquids and
many gels meet this criterion. Couplants produced for ultrasonic, nondestructive testing purposes are
generally suitable; however, gelled glycerin or silicone grease are particularly efficient and are
recommended.

 

2.2 acoustic emission (AE) burst rate: 

 

The number of groups of acoustic emission oscillations in a time
interval, often 1 s, or a number of cycles, depending on the instrument being used. For example, there are
nine bursts shown in the time interval, which is not defined, in Figure 1. The groups of acoustic emission
oscillations are also called pulses.

 

2.3 acoustic emission (AE) oscillation:

 

 An oscillation produced by a resonant, piezo-electric crystal when
perturbed by a shock wave, which could be caused by a partial discharge.

 

1

 

The numbers in brackets correspond to those of the bibliography in Annex A.

WARNINGS

1) The transformer tank must be connected to a low resistance ground to limit
the extremely high voltages being induced into the ground circuit and the tank
if a high voltage to ground failure occurs. The personnel risk is very high if the
transformer fails to ground.  Even when grounded properly, the voltage on the tank
to a different ground source may be LETHAL at the instant the failure occurs.

2) If the transformer is being energized or de-energized, or there is another type of
power system voltage, all personnel should maintain a reasonable distance
from the transformer and equipment electrically connected to the tank due to
the possibility of a failure.  It is recommended that acoustic measurement
equipment connected to the tank be electrically isolated from the transformer tank,
e.g., by optical means or by high-voltage electrical insulation, when measuring dur-
ing transient events to eliminate the danger to the equipment or operators.

3) It is preferable to make all connections to the tank with the transformer de-
energized, but in no case should the transformer voltage be above normal voltage
while the sonic measuring devices are installed. Personnel must not access areas
where high voltages are within striking distance, such as on top of energized
transformers or in bushing compartments. 

4) The transformer ground circuit must never be changed (connected or
disconnected) while the transformer is energized. Even with the transformer de-
energized, it is possible to have circulating currents in substation ground circuits;
therefore, appropriate care should be exercised when connecting or disconnecting
ground circuits.
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2.4 acoustic emission (AE) oscillation rate:

 

 The number of acoustic emission oscillations that exceed the
counter threshold level in a time interval, often 1 s, or a number of cycles, depending on the instrument being
used. For example, there are 13 oscillations in the detail of Figure 1. The time interval in the detail is not
defined.

 

2.5 partial discharge (PD):

 

 An electrical discharge that only partially bridges the insulation between
conductors.

 

2.6 partial discharge (PD) acoustic sensor or sensing transducer:

 

 A resonant, piezo-electric transducer
that detects the mechanical stress waves that propagate from the partial discharge source through the internal
construction materials and oil to the transformer tank wall. Note that the sensor is sensitive to stress waves in
its frequency range that may not be from a partial discharge source.Instrumentation

 

3. Instrumentation

 

Many different types of instrumentation are available for detecting and displaying AEs. A typical system,
which has been shown effective in certain transformer arrangements, is described in this trial-use guide.
However, other detection systems may be equally or more effective, depending on the transformer physical
parameters and the location of the PD. The main elements of the system are

— Sensing transducer

— Preamplifier

— Filter

— Power amplifier

— Counter

— Display

— Power supply

Figure 1—Typical AE oscillations
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3.1 Sensing transducer

 

The sensor is a piezo-electric displacement transducer operating in its compression mode and has a resonant
frequency (for longitudinal waves) in the 120–160 kHz range. Because the sensor is a piezo-electric device,
it will also respond to varying electromagnetic fields, such as those found in substations. To minimize this
effect, the transducer can be either a “differential” type utilizing two crystals (mounted out of phase) or a
shielded single crystal transducer with an integral preamplifier circuit. The latter is the preferred and most
common configuration because its comparatively high-amplitude, low-impedance output is less susceptible
to degradation due to noise pickup in the connecting cables.

The acoustic impedance of a sensing crystal differs from that of the steel transformer wall; therefore, for
efficient transfer of the signal from the steel to the crystal, some users interpose a “matching piece

 

.”

 

Although several materials may be used for this purpose, a hard-epoxy resin is convenient because it also
provides some thermal and electrical isolation. However, care should be taken to select a resin that exhibits
low acoustic attenuation (usually a function of the fillers used) so that it does not adversely affect the
amplitude of the transmitted signal. Furthermore, as the acoustic impedance of epoxy resin does not
numerically fall between that of steel and crystal, the thickness of the matching piece shall be equivalent to
half the wavelength of the signal propagating in it—in this case, 150 kHz longitudinal waves.

The acoustic couplant gel or grease, defined in 2.1, is applied to the face of the transducer or matching piece
just prior to the test.

 

3.2 Preamplifier

 

The preamplifier circuit can be either an integral part of the sensor package or a separate unit. The preferred
configuration is the integral amplifier discussed in 3.1. In either case, the preamplifier circuit should accept
high-impedance (approximately 10 000 

 

Ω

 

), low-amplitude (less than 100 

 

µ

 

V) signals, provide a gain of
about 40 dB, and be capable of working into a 50 

 

Ω

 

 load. To preserve the integrity of the signal, the inherent
noise produced by the preamplifier itself shall not exceed 3 

 

µ

 

V referred to its input.

 

3.3 Filter

 

The filter is a band-pass type with lower and upper cutoff frequencies of 

 

F

 

L

 

 and 

 

F

 

H

 

.

 

 These are frequencies at
which the response to a constant sinusoidal input voltage has fallen by 3 dB from the maximum value. In
this case, 

 

F

 

L

 

 should be about 100 kHz, and 

 

F

 

H

 

 should be about 300 kHz. The roll-off characteristics of the
filter shall be a minimum of 48 dB/octave (240 dB/decade) for the high-pass section. This means that,
relative to the signal of interest (150 kHz), a 50 kHz signal would be attenuated by 48 dB. The low-pass
filter should roll off at not less than 24 dB/octave (120 dB/decade) so that a 600 kHz signal would be
attenuated by 24 dB.

The purpose of the filter is to negate as many of the effects as possible of signals that are not associated with
PDs. These include vibrations caused by the magnetostrictive action of the core (Barkhausen noise), pumps,
and fans. Most of these fall below 30 kHz; however, the Barkhausen noise emanating from the core has been
found to be in the 50 kHz range. Hence, a 100 kHz high-pass section with a rapid, roll-off response
characteristic is needed. The reasonably generous band-pass (200 kHz) allows for variations between
different transducers, in so far as their resonant frequencies are concerned. 

Depending on location and source of the PD, some users find that a lower frequency (e.g., 60 kHz) is better,
particularly when higher-frequency signals are attenuated. This type of sensor is more susceptible to external
or other mechanical signals.



 

IEEE
EMISSIONS FROM PARTIAL DISCHARGES Std C57.127-2000

Copyright © 2000 IEEE. All rights reserved.

 

5

 

3.4 Power amplifier

 

The power amplifier is to have a flat frequency response (+ 5%) between 50 kHz and 300 kHz. Its gain must
be adjustable in at least 2 dB increments over the range of 20–70 dB. The maximum inherent noise level
produced by the amplifier should not exceed 100 

 

µ

 

V referred to its input.

 

3.5 Counter

 

The counter circuit is to be capable of counting the number of individual oscillations contained in the AE
signal during a time interval, commonly 1 s, or a set number of cycles. The amplitude threshold, in which
this is to be carried out, should require a minimum signal-to-noise ratio of 3:1 for activation.

 

3.6 Display

 

The output from the counting circuit covers a wide dynamic range. Oscillation rates from 0 to 10

 

6

 

 counts/s
should be capable of being displayed. To accomplish this, a logarithmic or digital display is recommended.
The physical display should be convenient and easy to read—bear in mind that it sometimes will be read in
awkward locations in the field and often in bright sunlight.

 

3.7 Power supply

 

The detector is to be used on energized transformers; it should be powered by an isolated supply. This is
necessary because the power-supply ground is unlikely to be the same physical ground as the transformer
tank. Ground loops are to be avoided for both safety and noise reduction considerations. When size and
transportation limitations do not preclude an adequate supply of power for the desired time period of
monitoring, batteries may be used.

 

4. Test procedure

 

4.1 Introduction

 

The instrumentation and techniques described in this trial-use guide are intended for the detection of the
low-amplitude mechanical stress waves that are produced by PDs taking place within transformers.
Consequently, the test can only be carried out on energized equipment, and adequate safeguards must be
involved. 

WARNING

The following test procedure requires that the operator make contact with the apparatus
being evaluated. It is mandatory that such contacts involve only adequately grounded
surfaces. Bushings and other electrical components are not necessarily adequately
grounded. Therefore, the evaluation of such components (bushings, etc.) by means of this
test procedure is not recommended, and is HAZARDOUS.

The technique and test procedure described are intended for exclusive use on oil-filled
equipment with adequately grounded metal walls. Use in any other environment could be
DANGEROUS.
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4.2 Background

 

Each PD occurring within the insulation produces a low-amplitude mechanical pulse, which propagates to
the tank wall where it can be detected by an appropriate sensor. The output of the sensor will be proportional
to the energy content of the forcing function (pulse). Because the sensor contains a resonant crystal, it will
oscillate at its natural frequency. The amplitude of these oscillations will then decay exponentially due to the
mechanical damping inherent in the crystal. Consequently, each pulse arriving at the transformer tank wall
will result in a “burst” type signal from the transducer. One burst is produced for each PD detected.

The number of oscillations contained within each burst is determined by the amplitude of the forcing
function (pulse from the PD) that excited the crystal. An accounting of the number of these oscillations,
which occurs within a 1 s interval, or a set number of cycles, contains information relative to both the
number of discharges that occurred within that time interval as well as their amplitude.

The amplitude of the mechanical pulse is attenuated as it propagates through the insulation and oil during its
journey to the tank wall. Consequently, the oscillation count rate will be at its maximum when the sensor is
at its closest proximity to the source. This effect enables the operator not only to detect the presence of PDs,
but also to estimate the approximate location of their source.

 

4.3 Instrument adjustment

 

The sensor is to be connected to the instrument by means of an appropriate shielded cable. If the
preamplifier is included in the transducer package (the preferred arrangement), the cable should be a 50 

 

Ω

 

characteristic-impedance shielded coaxial cable not more than 30 m long. If the preamplifier is a separate
unit, it should first be connected to the sensor with a high-impedance shielded coaxial cable not exceeding
1 m in length.

Subsequent connection between the preamplifier and power amplifier should then be made with a 50 

 

Ω

 

characteristic-impedance coaxial cable no longer than 30 m long.

With the transducer connected and suspended in such a manner that it does not come in contact with any
object, the power amplifier gain should be increased to a point where its own noise causes random pulses to
be detected when the counting threshold is set to 1 V. With the amplifier set at this level, the counter
threshold level should then be raised to 3 V, thus requiring a signal-to-noise ratio of 3:1 for actuation of the
counter circuit during testing operations.

 

4.4 Test procedure

 

This test procedure is suitable for the attended inspection of transformers only. Its use for unattended long-
term monitoring is not recommended due to the confusing signals produced, for example, by rain.

AE signals produced by PDs propagate through the oil to reach the transformer tank wall. Therefore, all
attempts to detect such AEs should be carried out below the top oil level.

As previously stated in 4.1, this technique is designed for use on metal transformer tanks that are at ground
potential. The following procedures, therefore, apply only to that mode of operation.

a) The instrument should be set up as previously described in 4.3, with care being taken to ensure that
the power source selected is adequate for the type and length of tests planned.

b) Sufficient couplant is to be applied to the face of the transducer to ensure efficient transmission of
the AE signal from the tank wall to the sensing crystal. Ideally, the face of the transducer should be
covered with a film of couplant approximately 0.5 mm thick. The use of more couplant will not be
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harmful (though wasteful), whereas too little couplant can seriously inhibit the transducer’s sensing
capabilities.

c) The face of the transducer with its film of couplant should be brought into contact with the
transformer tank wall with only sufficient pressure applied in order to hold it in position. It is only
necessary to hold the sensor steady so that no signals are generated due to relative movement
between the sensor and tank wall. This can be achieved either by means of a magnetic clamp or
adhesive tape. However, with care and a little practice, the sensor can be quite successfully hand
held.

d) If PD activity is detected at any location, the foregoing procedure should be repeated at other
positions on the transformer in order to locate the position where a maximum oscillation count rate
is obtained. This is the position on the tank wall where the sensor is closest to the PD source. The
oscillation count rate obtained at that location also provides the best estimate of the activity level of
the emitting PD source. There will be more than one area where maximums are observed if there are
multiple PD sources.

e) The functioning of the transducer and instruments can be tested by tapping on the face of the
transducer or by placing the face of the transducer against the tank wall and breaking the lead of a 

 

#2

 

pencil on the tank wall next to the transducer.

 

5. Interpretation of results

 

This clause is included as a guide to the types of signals that may be encountered. It is not intended as a
definitive description of all types of faults and their signatures.

 

5.1 Amplitude of individual discharges

 

The oscillation count rate is related to the total amount of PD activity detected during a short time interval.
However, it gives little indication of the amplitude of the individual discharges that have occurred. (For
example, the same oscillation count rate could be obtained from many discharges of low amplitude as could
be obtained from a few discharges of high amplitude.)

This situation can be resolved by also taking into account the burst count rate. A high oscillation count rate,
coupled with a high burst count rate is indicative of many low-amplitude discharges. On the other hand, a
high oscillation count rate coupled with a low burst count rate is indicative of fewer, high-amplitude
discharges.

 

5.2 Effect of attenuation

 

The construction materials (pressboard, solid insulation, conductor materials, etc.) all attenuate the
mechanical stress wave as it propagates to the tank wall. The situation is further complicated by the fact that
each of these materials exhibits different attenuation characteristics. For this reason, it is not possible to
quantify the discharge level through the oscillation or burst count rates. To achieve this, it would be
necessary to know the exact location of the PD source and details of the materials in the propagation path of
the pulses. It may then be possible to calculate the amount of attenuation present and apply the necessary
compensation (increase) to the observed oscillation count rate. As this is rarely a practical approach in the
field, the observed pulse rate should be taken as indicative of the minimum level of activity that is present,
since compensation for attenuation would always result in a higher estimate.
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5.3 Characterization of signals

 

In general, two types of result (other than zero) may be encountered. One in which “continuous” readings
are obtained, while the other produces “sporadic” readings. By 

 

continuous

 

 it is meant that activity is present
all the time, though not necessarily producing a nonvarying oscillation count rate—count rates may vary but
never decline to zero. This type of signal is typical of that produced by an energetic PD source. Usually, this
sensor is associated with reasonably high count rates and a well-defined location.

“Sporadic” activity can be further subdivided into two types. One in which the activity is present most of the
time, but short quiescent periods are also encountered. This type of signal is usually produced by exposed
sources on conductors, connectors, and worn tap changers. The second type of “sporadic” signal is typified
by lengthy quiescent periods (perhaps minutes) followed by short periods of very high activity. This type of
signal usually has been found to be associated with floating static shields. Often short-lived arcs are associ-
ated with this type of fault, and these produce very energetic AE signals during active periods.

As previously described, it is often possible to determine the position on the tank wall where the transducer
is closest to the PD source. This, however, gives no information as to the distance into the tank (from that
location) to the source. However, observing the signal on an oscilloscope (a digital transient recorder is
recommended), it is possible to form an opinion regarding this. For example, the pulse shown in Figure 1 has
suffered very little attenuation. This is evidenced by the high rise rate of the leading edge of the burst
envelope, resulting in the characteristic “arrowhead” shape. To achieve this, the propagation path is almost
entirely in oil with little solid insulation involved. If the same signal had propagated through layers of
insulating materials, the resulting attenuation would not only have affected the overall amplitude, but also
modified the burst envelope by

 

 “

 

rounding off” the leading edge. In the extreme, the burst envelope becomes
“egg shaped” as shown in Figure 2. By utilizing this phenomenon, it is possible to estimate whether the
source lies close to the surface or is buried well within the insulation system.

The foregoing involves the use of ancillary instrumentation not normally available in the field. It is,
therefore, most often applied in the field if circumstances warrant the added complication.

Figure 2—Typical AE burst
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5.4 PD activity levels

 

In the laboratory it is possible to calibrate the AE oscillation count rate with electrical PD levels (in
picocoulombs); however, this correlation should not be used in the field due to the effects of attenuation in
both the acoustic and electrical signals. This means that no absolute value of PD activity can be determined
from AE measurements made in the field.

It is important to verify whether the acoustic signal is due to internal PDs or if it is due to mechanical noise.
To make this determination requires the expertise of the investigator, and other evidences such as the
presence of indicating combustible gasses or electrical PD.

In general it is true that a more intense PD source will produce a higher count rate than a weak source. This
is because, at the site of an intense discharge, there are multiple locations or perturbations that are each
producing PDs and AEs. However, it is necessary to recognize the differences in making acoustic
measurements on large power transformers vs. smaller ones.

a)

 

Large power transformers:

 

 The locations of the PDs that are likely to lead to failure in large power
transformers may be in areas where the attenuation of the PD signal is great. These would include
areas within the windings and in the high-low spaces. In this instance, a source that is likely to lead
to failure will be attenuated to the point that the AE count rate is low.

With large power transformers, there are generally more attenuation sources due to the thicker tank
walls, the presence of more insulation barriers, forced oil-air (FOA)

 

 

 

wraps, tank wall shielding, etc.
Because the value of the large power transformer is so high and the cost of a catastrophic failure is
so great, the detection of any internal PDs in large power transformers should be a cause for further
investigation.

 

 

 

This might include close monitoring of the behavior of the discharge with time, more
frequent samples of oil for combustible gas measurements, and other advanced diagnostic
measurements.

b)

 

Smaller core form transformers that do not have tank wall shielding and/or FOA barriers
whose tank wall thickness is 1/4 in or less:

 

 A given PD will probably produce more acoustic
energy at the transducer location than a larger transformer with 3/8 in tank wall thickness and tank
wall shielding. 

Because of this, there may be more justification for taking a less conservative approach such as
characterizing the PD count rate—a detected oscillation count rate of 10 000 counts/s

 

 

 

should be
cause for further investigation. The level of activity necessary to produce oscillation count rates in
the range of 100 000 counts/s should be cause for considerable concern. Typically, this type of result
requires the existence of either high levels of continuous PD activity or occasional arcing. In any
case, it should justify prompt actions aimed at determining the cause. 

The foregoing is included only to give guidance as to the level of AE activity detected in the field
that should

1) Give cause for little concern

2) Give sufficient concern to warrant further repeated testing

3) Be of sufficient concern that it prompts serious evaluation using all means available

Obviously, the data obtained from this type of test is not sufficiently definitive to warrant its use as
either acceptance or go/no-go criteria, and should not be used as such.

It can be seen that by taking into account the type of signal obtained, the approximate location of the
emitting source, and an estimate of the level of the activity involved, it is reasonable to use the
acoustic measurement as a means of identifying potential PD problems. While the acoustic
measurement alone may not provide an estimate of the severity of the problem or the assessment of
its cause, it can indicate the need for other diagnostic measures, which when combined with the
acoustic data, will often provide the means for identifying the cause and severity of the problem.
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5.5 Integrating AE results with data from oil analysis

 

Although AE data is useful in its own right, it becomes even more useful when used in conjunction with
other information, such as dissolved gas-in-oil data. Assuming that the problem has been present for some
time, as is typical of situations that develop in the field, good correlation should be expected between gas
analysis and AE data. If a gas analysis shows the existence of constituents associated with the degradation
of cellulose due to PD activity and the AE data indicates a continuously emitting source in the area of one
of the coils, there is a good possibility that a PD is present in the area indicated. (Refer to IEEE Std
C57.104-1991 [B22].)

The two sources of data can often supplement each other in yet other ways. For instance, sometimes the
breakdown of constituents in the gas analysis is so complex that, although it is obvious that a significant
problem is involved, it is not possible to determine whether the cause is due to PDs or is thermal in origin.
The AE system responds only to signals produced by PDs or arcs. Purely thermal phenomena do not produce
such signals. Therefore, the existence of any AE signal together with the complex gas analysis may confirm
the existence of PDs. Conversely, the absence of AE activity in this case may indicate that the problem is
basically thermal in origin. As the combination of information produced by these two techniques is so
advantageous, it is particularly recommended that gas analysis results be taken into account when
interpreting AE data.

The foregoing comments are particularly aimed at the evaluation of units in the field. When evaluating
transformers on the shop floor, the same good correlation between dissolved gas and AE data is not usually
obtained. AE technique provides essentially real-time data relative to activity occurring at that instant. Oil
analysis, on the other hand, is to some extent historical in nature. It is necessary for a PD to be active for
some time before sufficient gas is generated so that it is detectable in the large volume of oil present. When
the unit is new, or the insulating fluid is new or reprocessed, it is unlikely that PD-related faults would be
present for a long enough period of time to be reliably detected by gas analysis. Normally, radio-influence
voltage (RIV) or “apparent charge” detection is carried out in the factory, and this provides an alternate
database for correlation with AE data in the signal interpretation process. 
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Annex B

(informative) 

Instrumentation calibration

B.1 Introduction

The circuitry in the instrument external to the sensor is required to perform the following functions:

a) Provide 60 dB of gain to the incoming signal

b) Severely attenuate signals outside the frequency range of 100–300 kHz

c) Produce a 3:1 signal-to-noise ratio for actuation of the pulse counting process

The procedure in B.3 is designed to verify satisfactory operation.

B.2 Equipment required

The following equipment is required:

a) Signal generator (with low-output voltage capability)

b) Frequency counter

c) Precision voltmeter with high-frequency (500 kHz) response capability and preferably peak voltage
indication

B.3 Procedure

Connect the signal generator to the input of the PD detector. Connect the voltmeter across this input so that it
monitors the voltage level of the applied signal. Connect the counter to the output of the signal generator to
monitor the frequency of its output.

a) Adjust the signal generator to supply a 150 kHz sinusoidal signal with peak amplitude of 1 mV.

b) Set the power amplifier gain to 60 dB ± 1 dB.

c) Set the pulse counter circuitry trigger level to 1 V. The instrument display should indicate an
oscillation count rate of 150 000 pulses/s.

d) Raise the instrument counter trigger level to 3.00 V. The counter should now indicate 0.

e) Slowly increase the amplitude of the applied signal (still at 150 kHz), noting the voltage necessary to
activate the counter circuit and result in a 150 000 pulses/s display. This amplitude should be no less
than 3.00 mV and no more than 3.20 mV.

f) With the system setup as previously described (3.00 V counting level; 60 dB power amplifier gain;
and 3 mV, 150 kHz input), reduce the frequency of the input signal to 100 kHz. The counter should
now indicate 0.

g) With the same setup, increase the frequency of the input signal to 300 kHz. The counter should again
indicate 0.
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h) Without changing the instrumentation configuration, slowly vary the input signal (at constant 3 mV
peak amplitude) over the range of 100–300 kHz. Correct indication should only be obtained when
the frequency of the input signal is between 120 kHz and 280 kHz.

Completion of these checks ensures satisfactory performance of the power amplifier, filter, and signal-to-
noise ratio discriminator and counter circuits.
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Annex C

(informative) 

Calibration of transducer and preamplifier

C.1 Introduction

The sensor utilizes a piezo-electric crystal with a nominal resonant frequency of 150 kHz when excited by a
longitudinal waveform. The output from the crystal is a very low-amplitude, high-impedance signal that
requires processing in a preamplifier before it is useful. The transducer element and preamplifier is to be
considered as a complete system, whether they are contained in the same package (as in the preferred
shielded single crystal sensor) or as separate units.

C.2 Instrumentation required

a) Heavily damped, 5 mHz, ultrasonic, non-destructive testing immersion transducer.

b) Transducer excitation pulse circuit—This is required to provide a positive going pulse, achieving a
peak amplitude of 300 V in 500 ns, and decaying to 0 amplitude in 3 µs. The circuit is required to
work into a high-impedance load and have a pulse repetition rate of approximately 1  kHz.

c) Transient recorder—A digital oscilloscope with a 500 ns sampling rate is recommended.

d) Spectrum analyzer—This should be capable of analyzing transients and processing signals with a
frequency content up to at least 300 kHz.

e) Ultrasonic immersion test tank.

f) Appropriate preamplifier power supply.

C.3 Procedure

The intent of this procedure is to determine the output of the PD sensor/preamplifier combination to a
well-defined longitudinal mechanical pulse. To achieve this, the pulsing circuit excites the ultrasonic
(driving) transducer so that it outputs a well-defined mechanical pulse. Having been submerged in water,
this pulse propagates exclusively in the longitudinal mode and subsequently excites the sensor being
evaluated. The output of the sensor/preamplifier combination is then supplied to a transient recorder
where the time-domain record is obtained. At the same time, the signal is supplied to a spectrum analyzer
for frequency analysis.

a) Connect pulser circuit to ultrasonic (transmitting) transducer.

b) Connect appropriate power supply to sensor/preamplifier combination.

c) Connect sensor/preamplifier output to transient recorder and in parallel to the spectrum analyzer.

d) Set transient recorder sampling period to approximately 500 ns and transient capture trigger level to
approximately 2 V.

e) Set spectrum analyzer in the transient analysis mode and select a frequency range that embraces at
least 0–250 kHz.
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f) Immerse both driving transducer and discharge detector sensor in the water-filled immersion tank.
Ensure that they face each other squarely and are 16–17 cm apart. The transducers should be located
at least 8 cm away from any reflecting objects such as the tank walls. It is also important to ensure
that no bubbles adhere to the face of either the transmitting transducer or sensor.

g) Energize transducer excitation pulse circuit and preamplifier power supply.

The time-domain signal displayed by the transient recorder should be that of a “burst” made up of many
oscillations. The leading oscillations should be high in amplitude with the remainder decaying to zero,
similar to that shown in Figure 1. The requirements are that the maximum peak-to-peak voltage be no less
than 5.80 V and no higher than 6.20 V.  The duration of the burst should be no less than 80 µs and no longer
than 150 µs.

To avoid the confusing effects of random noise, it is recommended that the spectrum be enhanced by
averaging at least eight separate spectra. The resulting spectrum should show a dominant peak between
120 kHz and 160 kHz. The resonant characteristic of the crystal should be evident by the amplitude of this
peak being at least 40 dB and no more than 43 dB above the spectrum reference level.

In meeting these criteria, the sensor is shown to have a lightly damped crystal of the correct resonant
frequency and the preamplifier is producing the required 40 dB of gain.

Note—The foregoing procedure requires that the PD detection sensor be completely immersed in water.  If a sensor that
is not suitable for total immersion is used, the same result can be obtained by utilizing a vertical water column. In this
case, the driving transducer is located about 8 cm from the bottom of the column, while only the face of the sensing
transducer is required to enter the water surface. If this approach is used, the same precautions relative to reflections
from the tank sides, avoidance of bubbles, and separation distance between the sensors are still appropriate.
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IEEE Standard Requirements for Load 
Tap Changers

1. Overview

1.1 Scope

This standard covers electrical and mechanical performance and test requirements for load tap changers installed in
power transformers and voltage regulating transformers of all voltage and kVA ratings. It relates mainly to load tap
changers immersed in transformer mineral oil, but may also be used for other insulating fluids insofar as conditions are
applicable.

1.2 Purpose

The purpose of this standard is to provide standard performance and test requirements for load tap changers.

2. References

This standard shall be used in conjunction with the following publications. When the following standards are
superseded by an approved revision, the revision shall apply.

ANSI C57.12.10-1987, American National Standard for Transformers, 230 kV and Below, 833/958 through 8333/10
417 kVA, Single-Phase, and 750/862 through 60 000/80 000/100 000 kVA, Three-Phase without Load Tap Changing;
and 3750/4687 through 60 000/80 000/100 000 kVA with Load Tap Changing—Safety Requirements.1 

IEEE Std 4-1995, IEEE Standard Techniques for High Voltage Testing.2 

IEEE Std 100-1992, The New Standard Dictionary of Electrical and Electronics Terms (ANSI).3 

1ANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor, New York,
NY 10036, USA.
2As this standard goes to press, IEEE Std 4-1995 is approved but not yet published. The draft standard is, however, available from the IEEE.
Anticipated publication date is fall 1995. Contact the IEEE Standards Department at 1 (908) 562-3800 for status information.
3IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-
1331, USA.
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IEEE Std C57.12.00-1993, IEEE Standard General Requirements for Liquid-Immersed Distribution, Power and
Regulating Transformers (ANSI). 

IEEE Std C57.12.80-1978, Terminology for Power and Distribution Transformers (ANSI). 

IEEE Std C57.12.90-1993, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and Regulating
Transformers, and Guide for Short-Circuit Testing of Distribution and Power Transformers (ANSI). 

IEEE Std C57.91-1995, IEEE Guide for Loading Mineral-Oil-Immersed Transformers.4 

IEEE Std C57.113-1991, IEEE Guide for Partial Discharge Measurement in Liquid-Filled Power Transformers and
Shunt Reactors (ANSI). 

3. Definitions

3.1 arcing switch: A switching device used in conjunction with a tap selector to carry, make, and break current in
circuits that have already been selected.

3.2 arcing tap switch: A switching device capable of carrying current and also breaking and making current while
selecting a tap position. It, thereby, combines the duties of an arcing switch and a tap selector.

3.3 bypass contacts: For reactance-type load tap changers (LTCs), a set of through current-carrying contacts that
commutates the current to the transfer contacts without any arc.

3.4 change-over selector: A device designed to carry, but not to make or break current, used in conjunction with a tap
selector or arcing tap switch to enable its contacts, and the connected taps, to be used more than once when moving
from one extreme position to the other.

3.5 circulating current: The current that flows through the transition impedance as a result of two taps being bridged
during a tap change operation for resistance-type LTCs or being in the bridging position for reactance-type LTCs.

3.6 coarse change-over selector: A change-over selector that connects the tap winding to a coarse winding, a main
winding, or to portions of the main winding.

3.7 coarse/fine operation: A winding arrangement in which a coarse change-over selector connects the tap winding
to the coarse or main winding, and allows the use of the taps twice when travelling through the tapping range.

3.8 coarse winding: A winding that extends the regulating range beyond the range of the finely tapped winding.

3.9 cycle of operation: The movement of the LTC from one end of its range to the other and back to its original
position.

3.10 design test: A test made on an LTC or the components of an LTC, or a range of LTCs or components all based on
the same design, to prove compliance with this standard.

NOTE  —  A range of LTCs is a number of LTCs based on the same design and having the same characteristics, with the exception
of the insulation levels to ground and possibly between phases, the number of steps and the value of the transition
impedance.

3.11 drive mechanism: The means by which the LTC is actuated.

3.12 insulation level: The withstand values of the impulse and power frequency test voltages to ground, and where
appropriate, between the phases, and between those parts where insulation is required.

3.13 linear operation: A winding arrangement in which the tap winding is directly connected to the main winding and
where the taps can be used only once when travelling through the tapping range.

4As this standard goes to press, 1EEE Std C57.91-1995 is approved but not yet published. The draft standard is, however, available from the IEEE.
Anticipated publication date is winter 1996. Contact the 1EEE Standards Department at 1 (908) 562-3800 for status information.
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3.14 load tap changer (LTC): A selector switch device, which may include current interrupting contactors, used to
change transformer taps with the transformer energized and carrying full load.

3.15 main contacts: For resistance-type LTCs, a set of through current-carrying contacts that have no transition
impedance between the transformer winding and the contacts and commutates the current to the main switching
contacts without any arc.

3.16 main switching contacts: For resistance-type LTCs, a set of contacts that has no transition impedance between
the transformer winding and the contacts and makes and breaks current.

3.17 maximum rated step voltage: The highest value of rated step voltage for which the LTC is designed.

3.18 maximum rated through current: The rated through current for which both the temperature rise of the contacts
and the service duty test apply.

3.19 number of inherent tap positions: The highest number of tap positions for half a cycle of operation for which
an LTC is designed.

3.20 number of service tap positions: The number of tap positions for half a cycle of operation for which an LTC is
used in a transformer.

NOTE  —  The above two terms, 3.19 and 3.20, are generally given as the ± values of the relevant numbers, e.g., ± 16 positions.
They are, in principle, valid also for the motor-drive mechanism. When the term number of tap positions is used in
connection with a transformer, this always refers to the number of service tap positions of the LTC.

3.21 plus/minus operation: A winding arrangement in which one or the other end of the tap winding is connected by
a reversing change-over selector to the main winding, and allows use of the taps in a buck or boost mode when
travelling through the tapping range.

3.22 preventive autotransformer: An autotransformer (or center-tapped reactor) used in load tap changing and
regulating transformers, or step-voltage regulators to limit the circulating current when operating on a position in
which two adjacent taps are bridged, or during the change of taps between adjacent position.

3.23 rated frequency: The frequency of the alternating current for which the LTC is designed.

3.24 rated step voltage: For each value of rated through current, the highest permissible voltage between successive
tap positions.

NOTE  —  Step voltage of resistance-type LTCs means tap to tap voltage (no bridging position).

3.25 rated through current: The current flowing through the LTC towards the external circuit, which the apparatus
is capable of transferring from one tap to another at the relevant rated step voltage, and which can be carried
continuously while meeting the requirements of this standard.

NOTE  —  Concerning the relationship between rated through current and the relevant step voltage, see 5.2.

3.26 recovery voltage: The power frequency voltage that appears across each set of main switching, transition, or
transfer contacts of the arcing switch or arcing tap switch after these contacts have broken the switched current.

3.27 relevant rated step voltage: The value of rated step voltage that corresponds to a specific value of rated through
current.

3.28 reversing change-over selector: A change-over selector that connects one or the other end of the tap winding to
the main winding.

3.29 routine test: A test made on each completed LTC to establish that the LTC is without manufacturing defects, with
the design having been verified by a design test.

3.30 switched current: The prospective current to be broken during a switching operation by each set of main
switching or transition contacts (resistance-type LTC) or transfer contacts (reactance-type LTC) incorporated in the
arcing switch or arcing tap switch.

3.31 tap change operation: A complete sequence of events from the initiation to the completion of the transition of
the through current from one tap position to an adjacent one.
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3.32 tap selector: A device designed to carry, but not to make or break current, used in conjunction with an arcing
switch to select tap connections.

3.33 transfer contacts: For reactance-type LTCs, a set of contacts that makes and breaks current.

NOTE  —  In cases where no bypass contacts are provided, the transfer contact is a continuous current carrying contact.

3.34 transition contacts: For resistance-type LTCs, a set of contacts that is connected in series with a transition
impedance and makes and breaks current.

3.35 transition impedance: A resistor or reactor consisting of one or more units that bridge adjacent taps for the
purpose of transferring load from one tap to the other without interruption or appreciable change in the load current,
at the same time limiting the circulating current for the period that both taps are used. Normally, reactance-type LTCs
use the bridging position as a service position and, therefore, the reactor is designed for continuous loading.

4. Service conditions

Unless specified otherwise, LTCs shall be suitable for operation when immersed in insulating fluid over a range of
temperatures from –25 °C to 100 °C.

5. Rating

5.1 Rated characteristics

The rated characteristics of an LTC are as follows:

a) Rated through current
b) Maximum rated through current
c) Rated step voltage
d) Maximum rated step voltage
e) Rated frequency
f) Rated insulation level

5.2 Interrelation between rated through current and rated step voltage

Within the maximum rated through current of the LTC there may be different assigned combinations of values of rated
through current and corresponding rated step voltage. When a value of rated step voltage is referred to as a specific
value of rated through current, it is called the relevant rated step voltage.

6. Design tests

The following design tests shall be performed on an LTC of each stated rating:

a) Temperature rise of contacts
b) Switching
c) Short-circuit current
d) Transition impedance
e) Mechanical
f) Dielectric
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6.1 Temperature rise of contacts

6.1.1 Maximum rated through current

While carrying 1.2 times maximum rated through current continuously, tests shall be performed to verify that the
steady-state temperature rise of the contacts does not exceed 20 °C above the temperature of the insulating fluid
surrounding the contacts. The temperature rise limit applies to both plain and plated contacts. A temperature rise test
is required on only one phase of a three-phase LTC.

6.1.2 Overload capability

LTCs that comply with the above definition of maximum rated through current, and when installed and properly
applied in a transformer or regulating transformer, can be loaded in accordance with the applicable ANSI or IEEE
loading guide.5

6.1.3 Test requirements

Temperature rise tests shall be performed at ambient temperature. The temperature of the surrounding insulating fluid
shall be measured at not less that 25 mm below the contacts. Temperatures shall be measured by thermocouples or
other suitable means positioned on the surface of the contacts as near to the point of contact as is practicable.

The temperature is considered to be at steady state when the difference of the temperature between the material being
measured and the surrounding medium does not change more than 1 °C over a period of 1 h.

For reactance-type LTCs, the highest temperature rises will be experienced in the bridging position. The current in the
bridging position is determined by the through current, as well as by the circulating current and the power factor of the
through current. The design test shall be performed in the bridging position and with currents calculated on the
following bases:

a) Through current equal to 1.2 times the maximum rated through current
b) Circulating current equal to 50% of the maximum rated through current (or otherwise specified by the

manufacturer and stated in the design test report)
c) Power factor equal to 80%

6.2 Switching tests

Switching tests, which include service duty tests and breaking capacity tests, shall simulate the most demanding
conditions for which the LTC is rated. Refer to annexes A and B for the most demanding conditions for resistance and
reactance-type LTCs, respectively, for the majority of contact arrangements.

The switching tests may be limited to the arcing switch or arcing tap switch after proving that the contact operating
conditions are not affected by such limitation.

If the arcing switch or arcing tap switch has several sets of contacts that operate in a definite sequence, it is not
permitted to test each set of contacts separately from the others unless it can be proved that the operating conditions of
any one set of contacts are not affected by the operation of the other sets of contacts.

Where resistors are used as transition impedances, they may be placed outside the apparatus if necessitated by the
construction of the LTC or the test circuit, and they may have a higher thermal capacity than those which are employed
in service, unless otherwise specified.

5Information on references can be found in clause 2
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The value and type of the transition impedance shall be stated.

Contacts and insulating fluid shall not be renewed during each of the tests.

In the case of three-phase switches, it is normally sufficient to test the contacts of only one phase.

If a particular LTC has more than one combination of rated through current and rated step voltage, at least two
breaking capacity tests shall be performed—one at maximum rated through-current and its relevant rated step voltage,
and one at the maximum rated step voltage and its relevant rated through-current.

The arrangement for testing shall be such that, except where otherwise specified, neither the switched current, nor the
recovery voltage nor the product of these shall, in any case, vary more than −5% to +10% of the calculated values
appropriate to the switching cycle (see table A.1 in annex A for resistance switching or table B.1 in annex B for
reactance switching) at the appropriate through current and relevant rated step voltage.

6.2.1 Service duty test

This test shall be performed in accordance with one of the subclauses below.

After the tests, inspection of contact wear shall take place. The results of this inspection shall leave no doubts as to the
suitability of the LTC for service.

NOTE  —  The results of these tests may be used by the manufacturer to demonstrate that the contacts used for making and breaking
current are capable of performing, without replacement of the contacts, the number of tap change operations guaranteed
by the manufacturer at the rated through current and at the relevant rated step voltage.

6.2.1.1 Service duty test at rated step voltage

The contacts on arcing switches and arcing tap switches shall be subjected to a number of operations corresponding to
50 000 tap change operations when carrying a current corresponding to not less than the maximum rated through
current and the relevant rated step voltage.

In order to approximate service conditions, arcing tap switches shall have the test performed over not more than eight
tap change positions (excluding dead positions), these being centrally disposed about the change-over selector if such
is incorporated into the LTC design.

Comparison of oscillograms taken at regular intervals during the test shall show that there is no significant alteration
in the characteristics of the LTC in such a way as to endanger the operation of the apparatus. Twenty oscillograms shall
be taken at the start of the test, and 20 after each succeeding 12 500 operations, making a total of 100 oscillograms.

NOTE  —  Generally, it is sufficient to compare the series of oscillograms taken at the beginning and at the end of the test.

6.2.1.2 Service duty test at reduced step voltage

A test at reduced step voltage may be performed as follows:

a) One hundred operations at the maximum rated through current and the relevant rated step voltage shall be
performed with new contacts in clean insulating fluid. Each operation shall be recorded by oscillograph.

b) When the oscillograms taken in item a) indicate that the arcing time does not exceed 1.2/(2f) s (f = rated
frequency in Hz), then the number of operations of the service duty test as described in item d), below, shall
be 50 000.

c) When the oscillograms taken in item a) indicate that arcing times in excess of 1.2/(2f) s are occurring, then the
number of operations of the service duty test in item d) shall be increased by the following amount:
2S/100 × 50 000
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where
S is the total number of half-cycles of arcing current in the 100 operations from a), above, which

exceed 1.2/(2f) s.
d) A service duty test of 50 000 operations, increased by the number of operations resulting from item c), if

applicable, shall be performed with a current not less than the maximum rated through current and at reduced
step voltage. This voltage shall be such that the switched current is not less than that occurring during
operations at the relevant rated step voltage; furthermore, current chopping shall not occur. In order to obtain
the specified test conditions, the value of the transition impedance shall be suitably modified.

e) Without change of contacts or of insulating fluid, 100 operations shall be performed at the maximum rated
through current and the relevant rated step voltage, with each operation being recorded by oscillograph.
Comparison of these oscillograms with those taken in the series of operations under item a) shall show no
alteration in the characteristics of the LTC, such as might endanger the operation of the apparatus.

The test sequence specified above is designed to give substantially the same contact erosion as would occur with
maximum rated through current and relevant rated step voltage.

6.2.2 Breaking capacity test

Forty operations shall be performed at a current corresponding to twice the maximum rated through current and at the
relevant rated step voltage. The forty operations shall be performed over not more than eight tap change positions
(excluding dead positions), these being centrally disposed about the change-over selector if such is incorporated in the
LTC design.

Oscillograms shall be taken for each operation, and the results shall indicate that in no case is the arcing time such as
to endanger the operation of the apparatus. For example, dragging of the arc across the contacts could result in short
circuiting the regulating winding of a transformer.

The breaking capacity test for resistance-type LTCs shall be performed, if possible, with a transition resistor of the
same thermal and ohmic design as that to be employed in service. If this is not possible, the resistor as used in service
shall be tested separately in accordance with 6.4.1, but with twice the maximum rated through current for one
operation only.

6.2.3 Simulated test circuits

The tests described in 6.2.1 and 6.2.2 may be performed with simulated circuits provided it is proven that the test
conditions are substantially equivalent. Two simulated test circuits that are relevant for resistor type LTCs only are
described in annex D.

6.3 Short-circuit current test

All contacts of different design that carry current continuously shall be subjected to short-circuit currents, each of at
least 2 s duration. In the case of three-phase LTCs, it is sufficient to test the contacts of one phase only unless otherwise
specified.

Three applications shall be made with an initial peak current of 2.5 (± 5%) times the rms value of the short-circuit test
current. The load impedance shall exhibit an X/R ratio of 12 or more in order to accomplish the desired degree of
asymmetry. The contacts shall not be moved between these applications.

When there are no facilities for point-on-wave switching, a resistive load may be used. The rms value of the short-
circuit test current may be increased so that the peak current is obtained for the three applications and the test duration
reduced. When using this method, the product of the square of the increased rms current and the shorter test duration
shall be not less-than the product of the square of the rated short-circuit rms current and the 2 s duration.
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The values of the short-circuit test current to be applied shall be as shown in figure 1.

Figure 1—Short-circuit multiple of the maximum rated through current

The open circuit voltage for the test shall be at least 50 V. At the conclusion of the test, the contacts shall not have been
damaged so as to prevent continuing correct operation at rated current. Other current-carrying parts shall not show
signs of permanent mechanical distortion.

For reactance-type LTCs the short-circuit current is divided into two equal parts at the tap selector or arcing tap switch
contacts and the transfer or bypass contacts. Therefore, the test current carried by each contact will be only 50% of the
full test current.

6.4 Transition impedance test

6.4.1 Transition resistors

To meet the overload requirements of 6.1.2, the test shall be performed with 1.5 times the maximum rated through
current and at the relevant rated step voltage. The resistor shall be mounted in the LTC as in service.

The resistor shall be loaded by operating the LTC. The number of operations shall be equivalent to one-half of an
operation cycle (see 3.12). The operations shall be uninterrupted with the driving mechanism operating at its normal
speed.

The temperature of the resistor at the final operation shall be determined and recorded. The temperature rise above the
surrounding medium at 1.5 times maximum rated through current shall not exceed 350 °C. The temperature of
resistors and of parts adjacent to them shall be limited to a value such that the characteristics of the assembly are not
affected.

If it is not practicable to determine the temperature of the transition resistor according to the above, the method given
in annex C may be employed.

NOTE  —  In cases when the rated through current or the relevant rated step voltage is different from the maximum rated through
current and the relevant rated step voltage, it is permissible to calculate the thermal rating of the resistor from the results
of the design test.
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6.4.2 Transition reactors

Transition reactors are normally tested in accordance with the specification for the transformer with which the tap
changer is intended for use.

NOTE  —  Precautions should be taken in the design of the transition reactors to avoid high inrush currents during switching.

6.5 Mechanical tests

6.5.1 Mechanical endurance test

The LTC shall be assembled and filled with insulating fluid or immersed in a test tank filled with clean insulating fluid,
and operated as for normal service conditions. The contacts shall not be energized and the full range of taps shall be
utilized until 500 000 tap-change operations have been performed. At least 15 625 operations shall be carried out on
the change-over selector, if applicable.

For LTCs located in a separate compartment, this test may be performed at ambient temperature. For LTCs located in the
main tank of the transformer, half the number of operations shall be performed at a temperature of not less than 75 °C
and half at a lower temperature (ambient or higher), for example during the heating or cooling period, with daily
temperature cycles being permitted.

Ten timing oscillograms for the arcing switch and tap selector or the arcing tap switch and, if applicable, for the
change-over selector, shall be taken at the start and finish of the mechanical endurance test. Comparison of these
recordings shall show no significant difference in the timing of the movement of the contacts.

For either type of LTC (located in a separate compartment or in the main tank), 100 operations shall be performed with
the arcing switch only or with an arcing tap switch at −25 °C insulating fluid temperature. The operation of the arcing
switch or arcing tap switch shall be recorded by oscillograph. Comparison of these oscillograms with those obtained
in accordance with the previous paragraph shall show suitability for service.

During mechanical endurance tests there shall be no failure or undue wear of the mechanical parts that would cause
erratic LTC operation or would lead to mechanical failure if operation continued. Scheduled servicing, such as
lubrication and minor adjustments according the manufacturer's written instructions, is permitted during the test.

6.5.2 Sequence test

With the LTC assembled as in service, and with clean insulating fluid, it shall be operated over one complete cycle of
operation. With the contacts energized at the voltage of the recording equipment, the exact time sequence of operation
of the tap selector, change-over selector, and arcing switch or arcing tap switch, as applicable, shall be recorded.

6.6 Dielectric tests

6.6.1 General

The dielectric requirements of an LTC depend on the transformer or regulator winding to which it is to be connected.

The transformer or regulator manufacturer shall be responsible not only for selecting an LTC of the appropriate
insulation level, but also for the insulation level of the connecting leads between the LTC and the windings of the
transformer or regulator.

The LTC compartment shall be filled with clean insulating fluid or immersed in a test tank filled with clean insulating
fluid before the tests detailed in 6.6.3 are performed.
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6.6.2 LTC categories

To permit selection of appropriate voltage tests, LTCs shall be categorized according to table 1.

Table 1—LTC categories

6.6.3 Nature of tests

The insulation level of the LTC shall be demonstrated by dielectric tests performed on the following insulation spaces:

a) Test 1: live parts to ground
b) Test 2: between phases, if applicable
c) Test 3: between the first and last contacts of the tap selector or arcing tap switch and, where applicable, of the

change-over selector
d) Test 4: between any two adjacent contacts of the tap selector or arcing tap switch or any other contacts

relevant to the LTC contact configuration
e) Test 5: between arcing switch contacts in their final open position

6.6.4 Test voltages

6.6.4.1 Category 1

For test 1, the test voltages shall comply with appropriate values from table 2. For tests 2, 3, 4, and 5, appropriate
withstand values of lightning impulse voltage and, if applicable, of power frequency voltage with a duration of 60 s
shall be determined and reported by the manufacturer of the LTC.

6.6.4.2 Category 2

For tests 1 and 2, test voltages shall comply with the appropriate values from table 2. For tests 3, 4, and 5, appropriate
withstand values of lightning impulse voltage and, if applicable, of power frequency voltage with a duration of 60 s
shall be determined and reported by the manufacturer of the LTC. Test voltage levels for the partial discharge test,
when required and as described in 6.6.9, shall comply with the appropriate values from table 3.

Category Application

1 For use at the neutral point of windings

2 For use at other than the neutral point of windings
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Table 2—Insulation levels for LTCs

6.6.5 Application of test voltages

For the dielectric tests, the LTC shall be assembled, arranged, and processed in a manner similar to that in service. It
is not, however, necessary to include leads for connecting the LTC to the windings of a transformer. The test may be
performed on separate components provided it can be shown that the same dielectric conditions apply.

For tests 1 and 2 for category 2 LTCs, the live parts of each phase shall be short-circuited and connected either to the
voltage source or to ground, as appropriate.

Dielectric tests shall be performed in the following sequence:

a) Lightning impulse
b) Switching impulse, when required
c) Applied voltage
d) Partial discharge, when required

6.6.6 Applied voltage test

The test shall be performed with a single-phase alternating voltage. The duration of each test application shall be 60 s.

6.6.7 Basic lightning impulse insulation test

The wave for the test shall be the standard 1.2 × 50 µs impulse as defined in IEEE Std 4-1995. Each test shall consist of
three voltage applications of positive polarity and three of negative polarity at the required value selected from table 2.

6.6.8 Switching impulse test

This test is applicable to category 2 LTCs having a nominal voltage level of 345 kV. The test shall be made between
active and grounded parts of the LTC. The test configuration shall be stated by the manufacturer. The impulse wave
shape shall be a standard 250 × 2500 µs impulse as defined in IEEE Std 4-1995. Each test shall consist of three voltage
applications of negative polarity at the required value shown in table 2.

Nominal voltage level 
of LTC

(kV)

Applied voltage test 
level

(kV rms)

Basic lightning 
impulse level

(kV crest)

Switching impulse 
level

(kV crest)

15 and below 34 110 —

25 50 150 —

34.5 70 200 —

46 95 250 —

69 140 350 —

115 230 550 —

138 275 650 —

161 325 750 —

230 395 900 —

287 460 1050 —

345 520 1175 975
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6.6.9 Measurement of partial discharges

For category 2 LTCs having a nominal voltage level of 115 kV and above, a partial discharge test shall be made
between active parts and grounded parts of the LTC. This test is not required for category 1 LTCs.

The test configuration shall be determined and reported by the LTC manufacturer. The test shall be performed with a
single-phase alternating voltage.

The time sequence for the application of test voltage shall be as shown in figure 2. The voltage shall be switched on
and then increased to the extended period test level for a duration of 5 min. The voltage shall then be raised to the
enhancement voltage level for 5 s after which it shall be reduced to the extended period test level for a period of one-
half hour. The duration of the test shall be independent of the test frequency.

During the entire test sequence, partial discharges shall be monitored. The partial discharge level during the half hour
portion of the test shall not be above the allowable ambient level, which shall not exceed 10 µV or 50 pc. The test
voltages shall be as shown in table 3.

The partial discharges shall be observed and evaluated as follows:

a) Before and after the application of test voltage, the background noise level shall be recorded.
b) During the raising of voltage up to the extended period test level and back down again, inception and

extinction voltages shall be noted.
c) A reading shall be taken and noted during the first period at the extended period test level.
d) Partial discharge values at the enhancement level shall be recorded.
e) During the half hour duration of the extended period test level, the partial discharge level shall be

continuously observed and readings recorded at 5 min intervals.

Figure 2—LTC partial discharge test



Copyright © 1995 IEEE All Rights Reserved 13

LOAD TAP CHANGERS IEEE Std C57.131-1995

Table 3—Voltage levels for partial discharge test

The test is successful if no collapse of the test voltage occurs, and the continuous level of partial discharge during the
half hour duration of the extended period test level remains below the specified limit and does not show a steadily
rising trend.

If the partial discharge reading rises above the specified limit for a period not to exceed 5 min and then returns below
this level again, the test may continue without interruption until acceptable readings have been observed for one half
hour. Occasional momentary variations should be disregarded.

7. Routine tests

The following routine tests shall be performed on each completed LTC intended for application in all power
transformers and in voltage regulating transformers with a rated throughput above 1000 kVA single phase or 3000 kVA
three phase.

7.1 Mechanical test

With the LTC fully assembled, but without the contacts energized, ten complete cycles of operation shall be performed
without failure.

7.2 Sequence test

During the routine mechanical test of 7.1, the sequence of operations of the LTC shall be recorded with the operation
of the arcing switch or arcing tap switch being recorded by oscillograph for one-half of a complete cycle of operation.
The results of the recording shall be substantially in agreement with those of the sequence design test of 6.5.2.

7.3 Auxiliary circuits insulation test

The LTC control wiring shall withstand without failure a power frequency test of 1.5 kV applied for 1 min between all
live terminals and the frame.

8. Nameplate

The LTC nameplate shall be in accordance with ANSI C57.12.10-1987  and shall include the items listed below:

Nominal voltage level 
of LTC

(kV)

Extended period test 
level, phase-to-ground

(kV rms)

Enhancement test level, 
phase-to-ground

(kV rms)

115 105 120

138 125 145

161 145 170

230 210 240

287 260 300

345 315 360
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a) Number and year of this standard
b) Manufacturer's name
c) Serial number
d) Manufacturer's type designation
e) Year of manufacture
f) Maximum rated through current
g) Basic lightning impulse insulation level to ground

The nameplate shall be permanently attached to the LTC compartment.

9. Test report

9.1 Design test report

The report shall include the following:

a) Full details of the test arrangement (e.g., assembly, arrangement, and processing) with explanatory sketches
as necessary.

b) Full details of all tests applied in accordance with clause 6

9.2 Routine test report

A routine test report shall be provided for each LTC produced. The report shall provide full details of all tests applied
in accordance with clause 7

10. Motor-drive mechanism

10.1 Temperature of motor-drive mechanism environment

Unless specified otherwise, motor-drive mechanisms shall be suitable for operation in any ambient air temperature
from −25 °C to 40 °C.

10.2 Permissible variation of auxiliary supply

The drive motor and the electrical control of the motor-drive mechanism shall be designed to operate satisfactorily
within the limits of 85% to 110% of rated voltage and 90% to 105% of rated frequency.

10.3 Design tests for motor-drive mechanisms

10.3.1 Mechanical load test

If the LTC is operated by a separate motor-drive mechanism, the output shaft shall be loaded by the largest LTC for
which it is designed or by an equivalent simulated load. At such a load, 500 000 operations shall be performed at room
temperature across the entire tap range. Additional cooling of the motor-drive is permissible during this test.
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During this test, 10 000 operations shall be performed with the motor supply voltage at 85% of rated drive motor
voltage. Also, 10 000 operations shall be performed at 110% of rated drive motor voltage. In addition, 100 operations
shall be performed at a temperature of −25 °C.

The correct functioning of the tap position indicator, limit switches, restarting device, and operation counter shall be
verified during this test. At the completion of this test, the LTC shall be operated manually, if applicable, through one
cycle of operation (see 2.12). The test shall be considered to be successful if there is no mechanical failure or any
undue wear of the mechanical parts. Normal servicing according to the manufacturer's instruction book is permitted
during the test. During this test, the heating system of the motor-drive mechanism shall be switched off.

10.3.2 Overrun test

It shall be demonstrated that, in the event of a failure of the electrical limit switches, the mechanical end stops will
prevent operation beyond the end positions when a motorized tap-change is performed and that the motor-drive
mechanism will not suffer either electrical or mechanical damage.

10.4 Routine tests for motor-drive mechanism

The following routine tests shall be performed on each motor-drive mechanism intended for application in all power
transformers and in voltage regulating transformers with a rated throughput above 1000 kVA single phase or 3000 kVA
three phase.

10.4.1 Mechanical tests

The motor-drive mechanism in the service condition or with an equivalent simulated load shall be operated electrically
for ten cycles of operation without failure. During this test, correct functioning of mechanical components shall be
verified.

After the above test, two further cycles of operation shall be performed—one at the minimum and one at the maximum
level of voltage stated in 10.3.1.

10.4.2 Auxiliary circuits insulation test

Auxiliary circuits, except for the motor and such elements that are to be tested with lower test voltages according to
applicable standards, shall withstand a power frequency voltage of 1.5 kV applied for 1 min between all active
terminals and the grounded frame.

10.5 Nameplate for motor-drive mechanism

Each motor-drive mechanism shall be provided with a nameplate showing the following items listed below. When the
motor-drive mechanism is an integral part of the LTC, a combined nameplate for the LTC and the motor-drive
mechanism may be provided.

a) Number and year of this standard
b) Manufacturer's name
c) Serial number and type designation
d) Year of manufacture
e) Rated voltage, frequency, and horsepower of the motor
f) Rated voltage and frequency of the control equipment
g) Number of service operating positions
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10.6 Test report for motor-drive mechanism

10.6.1 Design test report

The design test report shall include full details of all tests applied in accordance with 10.3.

10.6.2 Routine test report

A routine test report shall be provided for each motor-drive mechanism produced. The report shall provide full details
of all tests applied in accordance with 10.4.
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Annex A Switching duty relating to load tap changers with resistor transition

(Informative)

A.1 Additional definitions

A.1.1 flag cycle: A method of performing a tap change operation in which the through current is diverted from the
main contacts before the circulating current starts to flow.

A.1.2 symmetrical pennant cycle: A method of performing a tap change operation in which the circulating current
starts to flow before the through current is diverted from the main contacts.

NOTES:

1 —  The above two cycles require that the through current connection is at the midpoint of the transition impedance when this is
carrying the circulating current.

2 —  The derivation of the designations “flag cycle” and “pennant cycle” arises from the appearance of the phasor diagrams
showing the change in output voltage of the transformer in moving from one tap to the adjacent one. In the “flag cycle” the
change of voltage comprises four steps, while in the “pennant cycle” only two steps occur. See figures A.1 and A.2.

Figure A.1—Flag cycle
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Figure A.2—Symmetrical pennant cycle

A.2 Duty on main and transition contacts

Table A.1 shows typical contact arrangements used for flag and pennant cycles on arcing switches and arcing tap
switches. Only one pair of contacts is shown for each function, although in practice, this may represent a set of
contacts.

Table A.1 also shows the number of circuit transfer operations performed, together with the duty performed, by each
pair of contacts for each combination of switched current and recovery voltage during a number of cycles of operation
0corresponding to “N” tap change operations.



C
opyright ©

 1995 IE
E

E
 A

ll R
ights R

eserved
1

9

LO
A

D
 TA

P
 C

H
A

N
G

E
R

S
IE

E
E

 S
td C

57.131-1995

Table  A.1—Duty on main and transition contacts for resistance-type LTCs

Type 
of 

switch

Operating 
cycle

Diagram of 
connections

Contact 
operating 

order

Main contact duty Transition contact duty

Con-
tact

Switched 
current

Recovery 
voltage

Number of 
operations

Contact
Switched 
current

Recovery 
voltage

Number 
of oper-
ations

Arcing 
switch

Flag cycle

W breaks
Y makes
X breaks
Z makes

W I RI N/2 X
1/2 (E/F+I) E+RI N/4

1/2 (E/R−I) E−RI N/4

Z I RI N/2 Y

1/2 (E/F+I) E+RI N/4

1/2 (E/R−I) E−RI N/4

Symmetrical 
pennant 
cycle

L makes
J brakes
W makes
K breaks

J
E/R+I 1/2 (E+RI) N/4

K E/R E N/2
E/R−I 1/2 (E−RI) N/4

M

E/R+I 1/2 (E−RI) N/4

L E/R E N/2
E/R−I 1/2 (E−RI) N/4

Arcing 
tap 

switch
Flag cycle

C breaks
B breaks
C makes
A breaks
B makes
A makes

B I RI N

A 1/2 (E/R+I) E+RI N/2

C 1/2 (E/R−I) E−RI N/2

NOTES:
1 — Other circuits involving multiple resistors are not included, as they are extensions of the above basic circuits.
2 — For the purpose of clarity, the diagram of connections and contact operating order are given for one direction of movement of the switch. The expressions for contact duty and 

number of operations, howeve, take into account the movement of the switch in both directions.
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In the expressions for current and voltage in table A.1 the plus (+) and minus (−) signs indicate phasor addition and
subtraction, not algebraic expressions. The duty on the contacts is consequently affected by the power factor of the
load on the transformer, which controls the phase angle between the through current I, and the step voltage E. The
effect of the load power factor on the duty of the various contacts is shown in table A.2.

Table  A.2—Effect of load power factor on circuit breaking duty for resistance 
type load tap changers

If the transition resistance is divided into two units, these are assumed to be of equal value, each equal to R.

The arrangements shown are by no means exhaustive; other possible arrangements exist and are used such as the
multiple resistor cycle, which may be an extension of either the flag cycle or pennant cycle principle.

Type of Switch
Operating 

cycle

Main contacts Transition contacts

Contact
Effect of load power 

factor Contact
Effect of load power 

factor

Arcing switch Flag cycle W and Z None X and Y Maximum duty at 
power factor = 1.0

Symmetrical 
pennant cycle

J and M Maximum duty at 
power factor = 1.0

K and L None

Arcing tap switch Flag cycle B None A and C Maximum duty at 
power factor = 1.0
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Annex B Switching duty relating to Icad tap changers with reactor transition

(Informative)

B.1 Additional test parameters

B.1.1 Service duty test (see 6.2.1)

a) Current: Rated through current
b) Voltage: Relevant step voltage
c) Preventive auto: Circulating current in bridging position equal to 50% of the rated through current or as

otherwise specified by the manufacturer and stated in the design test report.
d) Power factor: 80%
e) Number of operations: 50 000

B.1.2 Breaking capacity test (see 6.2.2)

a) Current: Twice the maximum rated through current.
b) Voltage: Relevant step voltage
c) Preventive auto: Circulating current in bridging position equal to 50% of the rated through current or as

otherwise specified by the manufacturer and stated in the design test report.
d) Power factor: 0%
e) Number of operations: 40

B.2 Duty on switching contacts

Tables B.1, B.2, and B.3, respectively, show the duty on switching contacts for LTCs with the following three types of
switching: Arcing tap switch

f) Arcing switch and tap selector
g) Vacuum interrupter

Likewise, figures B.1 and B.2, B.3 and B.4, and B.5 and B.6, show the operating sequence and phasor diagrams for the
three types of reactance-type LTCs.
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Table  B.1—

Figure B.1—Operating sequence of arcing tap switch

Duty on switching contacts for reactance-type LTCs with arcing tap switch 
Switching direction from position 1 to position 5 *

*When transition to on-tap is in the reverse direction (position 5 to position 1) the switched current at G contact is 1/2 I and the corresponding
recovery voltage is 1/2 IZ (position 4). The switched current at H contact is ET/Z − 1/2I and the corresponding recovery voltage is ET − 1/2
IZ (position 2).

Position†

†Positions 1, 3, and 5 are operating positions.

Contact operation Contact Switched current Recovery voltage

1

on tap 1
N/A

G — —

H — —

2

Transition to bridging 
(arcing switch opens)

H breaks

G — —

H 1/2 I‡

‡I = load current

1/2 IZ

3

Bridging taps 1 and 2
H makes

G — —

H — —

4

Transition to on-tap 2
G breaks

G 1/2I + ET/Z**

** ET/Z = IC (circulating current), Z = impedance of preventive autotransformer, and ET = tap voltage

ET + 1/2 IZ

H — —

5

On tap 2
G breaks

G — —

H — —

NOTES:
1 — See figure B.1 for contact position diagrams and figure B.2 for phasor diagrams.
2 — All additions shown in the table are phasor additions.
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Figure B.2—Current and voltage phasors for reactance-type LTCs with arcing tap switch
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Table  B.2—
Duty on switching contacts for reactance-type LTCs with arcing tap switch and tap selector 

Switching direction from position 1 to position 7 *

*When transition to on-tap is in the reverse direction (position 7 to position 1) the switched current at G contact is 1/2 I and the corresponding
recovery voltage is 1/2 IZ (position 6). The switched current at H contact is ET/Z − 1/2I and the corresponding recovery voltage is ET − 1/2
IZ (position 3).

Position Contact operation Contact Switched current Recovery voltage

1†

On tap 1

†Positions 1, 4, and 7 are operating positions.

N/A
G — —

H — —

2

Transition to bridging 
(arcing switch opens)

H breaks

G — —

H 1/2 I‡

‡I = load current

1/2 IZ

3

Transition to bridging 
(selector moves to 

bridging)

Selector moves to bridge 
taps 1 and 2

G — —

H — —

4

Bridging taps 1 and 2
H makes

G — —

H — —

5

Transition to on-tap 2 
(arcing switch opens)

G breaks

G 1/2I + ET/Z**

** ET/Z = Ic (circulating current), Z = impedance of preventive autotransformer, and ET = tap voltage

ET + 1/2IZ

H — —

6

Transition to on-tap 2
Selector moves to tap 2

G — —

H — —

7

On tap 2
G breaks

G — —

H — —

NOTES:
1 — See figure B.3 for contact position diagrams and figure B.4 for phasor diagrams.
2 — All additions shown in the table are phasor additions.
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Figure B.3—Operating sequence of LTC with arcing switch and tap selector
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Figure B.4—Current and voltage phasors for reactance-type LTCs
with arcing switch and tap selector
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Table  B.3—
Duty on switching contacts for reactance-type LTCs with vacuum interrupter Switching direction 

from position 1 to position 11 *

*When transition to on-tap is in the reverse direction (position 11 to position 1) the switched current at V contact is 1/2 I and the
corresponding recovery voltage is 1/2 IZ (position 9). The switched current at V contact is ET/Z − 1/2I and the corresponding recovery voltage
is ET − 1/2 IZ (position 4).

Position†

†Positions 1, 6, and 11 are operating positions.

Contact operation Contact Switched current Recovery voltage

1

On tap 1

G closed — —

V closed — —

H closed — —

2

Transition to bridging
(by-pass switch opens)

G closed — —

V closed — —

H open — —

3

Transition to bridging 
(vacuum switch opens)

G closed — —

V breaks 1/2 I‡

‡I = load current

1/2 IZ

H closed — —

4

Transition to bridging 
(selector moves to tap 2)

G closed — —

V open — —

H open — —

5

Transition to bridging 
(vacuum switch closes)

G closed — —

V makes — —

H open — —

6

Bridging taps 1 and 2 
(by-pass switch closes)

G closed — —

V closed — —

H closed — —

7

Transition to on-tap 2 
(by-pass switch opens)

G open — —

V closed — —

H closed — —

8

Transition to on-tap 2 
(by-pass switch opens)

G open — —

V breaks 1/2I−ETZ**

** ET/Z = Ic (circulating current), Z = impedance of preventive autotransformer, and ET = tap voltage

ET+1/2IZ

H closed — —

9

Transition to on-tap 2 
(selector moves on tap 2)

G open — —

V open — —

H open — —

10

Transition to on-tap 2 
(vacuum switch closes)

G open — —

V makes — —

H closed — —

11

On tap

G closed — —

V closed — —

H closed — —

NOTES:
1 — See figure B.5 for contact position diagrams and figure B.4 for phasor diagrams.
2 — All additions shown in the table are phasor additions.
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Figure B.5—Operating sequence of LTC with vacuum interrupter and tap selector
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Figure B.6—Current and voltage phasors for reactance-type LTCs with vacuum interrupter
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Annex C Method of determining the equivalent temperature of the transition 

resistor using power pulse currents

(Informative)

a) Set up the resistor in an LTC or in a thermally equivalent situation, with suitable arrangements being made to
measure the temperature of the resistance material. The thermocouples or thermometers for measuring the
temperature of the cooling medium should be positioned 25 mm or more below the lowest point of the
resistance material.

b) Measure and record the temperatures of the resistance material and of the cooling medium at the start of the
test.

c) The test shall be performed with current Ip, the rms value of which is obtained from the following equation:

where

Ii is the value of current
ti is the time during which the Ii is flowing, both quantities being taken as the mean value from the 100

oscillograms recorded at the service duty test according to 6.2.1
k is the coefficient chosen to suit the testing requirements of the resistor, the value selected to be between 5

and 10, bearing in mind that the heating phenomena shall remain adiabatic

The resistor shall be subjected to the above current for a number of times corresponding to one half of one cycle of
operation.

The duration of the current application shall be determined from the following equation:

The rest period during which current does not flow through the resistor shall be equal to the minimum time interval
that can occur between two consecutive operation of the LTC.

To determine the peak temperature, extrapolation of recorded values may be necessary.

Ip 1 k⁄ I i
2 ti×( )

i 1=

n

∑ ti
i 1=

n

∑⁄=

tp k ti
i 1=

n

∑=
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Annex D Simulated circuits for service duty and breaking capacity tests for 

resistance-type LTCs

(Informative)

Two proven simulated test circuits are shown in figure D.1 (transformer method) and in figure D.2 (resistance method).
Refer to 6.2.3. These test circuits are given for information only and the use of different circuits is permissible.

Figure D.1—Simulated test circuit—Transformer method
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Figure D.2—Simulated test circuit—Resistance method
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In the case under consideration (flag cycle on a four contact arcing switch), the equations for the most demanding
conditions are the following:

where

I1 and I2 are the switched current rms values of contacts 1 and 2
V1 and V2are the recovery voltage rms values of contacts 1 and 2
V3 and V4are the applied voltage rms values of contacts 3 and 4
I3 and I4 are the making current rms values of contacts 3 and 4

In order to meet the requirements of 6.2.1 and 6.2.2 and to take into account the impedance of the supply, the current
and voltage values occurring on the four contacts shall be controlled and, when necessary, adjusted by means of small
variations or the R1 ohmic value.

R1

VS VS V1–( )
I4 VS V4–( ) V2I2+
---------------------------------------------=

R2

VS V1 V2–( )
I4 VS V4–( ) V2I2+
---------------------------------------------

VS

I4 VS V4–( )
----------------------------

V2I2 VS V2–( )
I4 VS V4–( ) V2I2+
---------------------------------------------×+=

R3

VS

I4
------

V2 V4–

VS V4–
------------------×=

R4

VS

I4
------

V4

VS V4–
------------------×=

R5

V1

I1
------

V1 VS V1–( )
I4 VS V4–( ) V2I2+
---------------------------------------------–=

R6

V2

I2
------

V2 VS V2–( )
I4 VS V4–( )
-----------------------------–=

R7

VS

I3
------=

R8

V3

I3
------

VS

VS V3–
------------------×=
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Annex E Tutorial information on LTC application

(Informative)

E.1 Application of LTC to transformers

E.1.1 Basic arrangements of tapped windings

A change of the ratio is accomplished by adding or subtracting turns to either the primary or secondary winding. Three
basic arrangements are shown in figure E.1. Depending on system and design parameters of the transformer
arrangement a), b), or c) can be applied.

Figure E.1—Basic arrangements of tapped windings

On power transformers the linear arrangement shown in figure E.1a) is generally applied for a moderate regulating
range up to a maximum of 20%.

If a reversing change-over selector is applied as shown in figure E.1b), the tapped winding voltage can be added or
subtracted from the main winding voltage in which case the regulating range can be increased or the number of taps on
the tapped winding can be reduced. However, in the position with the minimum number of effective turns the total
winding is in the circuit which causes maximum load losses in the transformer.

Figure E.1c) shows the coarse/fine arrangement. The advantage of this arrangement is that load losses are lower at the
tap position with the minimum number of turns. From the dielectric point of view, however, this arrangement requires
a more complicated winding layout. The multiple coarse step arrangement lends itself to large regulating ranges as
used on rectifier and furnace transformers.

Depending on system and operating requirements, the basic winding arrangements shown in figure E.1 are applied to
two winding transformers as well as to voltage and/or phase angle regulating transformers.
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On two winding wye-connected power transformers, a very common winding arrangement has the regulation applied
at the neutral end as shown in figure E.2.

Figure E.2—LTC in wye-connected winding

For turns ratio control in delta-connected windings, arrangements as shown in figure E.3 are applied. The choice
between figures E.3a), b), or c) depends on the highest system voltage and on such parameters as transformer
impedance, insulation level, and the particular LTC used.

The winding arrangement in figure E.3a) requires a three-phase LTC with insulation between phases dictated by the
highest system voltage applied. The winding arrangement shown in figure E.3c) reduces the dielectric stresses of the
phase-to-phase insulation of the LTC to half of the highest system voltage. The winding arrangement of figure E.3b)
is advantageous because it allows the use of one two-pole and one single-pole LTC. The winding arrangements shown
in figures E.3a) and c) can be used if three single pole line-end LTCs are applied.

For autotransformers the winding arrangements of figure E.4 are used. Autotransformers are always wye-connected,
however, different arrangements are used to affect turns ratio control. Depending on the regulating range, system
conditions, and weight and size restrictions, the most appropriate arrangement is chosen.

The advantage of the arrangement shown in figure E.4a) is that the tapped winding is at the neutral end and can be
designed for graded insulation, thereby permitting a three-phase neutral end LTC to be used.

For autotransformers on systems where, predominantly, the low voltage is regulated, the arrangements shown in
figures E.4a), b), d), and e) are used. Using arrangement in figure E.4d), the regulating range can be doubled.

If a higher variation in the high voltage than in the low voltage is expected for autotransformers, the arrangement of
figure E.4c) can be used. The advantage is the lower through current of the LTC and, therefore, the possibility of using
an LTC with a lower current rating.
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Figure E.3—LTCs in delta-connected windings

The winding arrangement shown in figure E.4e) has been used on autotransformers where the low voltage exceeds the
voltage class of available LTCs. The same arrangement is often used on two winding or furnace autotransformers in
order to adapt the characteristics of the intermediate circuit to standard LTC ratings.

E.2 Design concepts and functional description of LTCs

In order to change taps under load, two basic methods have been developed and are in use today—the reactance
switching method and the resistance switching method. Both methods have been incorporated into reliable LTCs and
are described below.

In order to change the turns ratio of a transformer under load, two design concepts are used. The first consists of an
arcing switch, and a tap selector, and the second consists of an arcing tap switch, which combines the function of the
arcing switch and of the tap selector into one device. Both concepts can be used with or without a change-over selector.

E.2.1 Resistance-type LTCs

The resistance method is illustrated by the following examples. Figure E.5 shows a LTC with an arcing switch and a
tap selector, and figure E.6 with an arcing tap switch.

Using the arcing switch and tap selector concept, the tap change operation is accomplished in two steps. The tap
adjacent to the one in service is pre-selected by the tap selector without the flow of current. The arcing switch then
transfers the current from the tap in service to the pre-selected one. The complete sequence is actuated by the motor-
drive mechanism, which is comprised of a drive motor, reduction gear, control, and safety devices. The motor-drive
mechanism actuates the tap selector by geneva gears and simultaneously winds up a stored-energy spring mechanism
that actuates the arcing switch on completion of the wind-up process. This is accomplished in a rapid fashion resulting
in a transfer time of approximately 40 ms to 60 ms depending on type and design. The arcing switch operating cycle
is carried out as soon as the spring is released, and is independent of the motor-drive mechanism. The transition
resistors are inserted into the circuit for a loading time of about 20 ms to 30 ms depending, again, on type and design.
The total time for one tap change between initiation of the motor drive mechanism to the completion of the tap change
operation amounts to 2 s to 10 s, depending on manufacturer.
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Figure E.4—LTCs in autotransformers

Figure E.5—Arcing switch—Tap selector concept—Resistance-type LTC
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Figure E.6—Arcing tap switch concept—Resistance-type LTC

Figure E.7 shows the operating sequence described above. For this example, the so-called “flag-cycle” is used for the
arcing switch.

The tap selector sequence of operation shown in figure E.7 a), b), and c) is a relatively slow process actuated by the
motor-drive mechanism in approximately 2 s to 6 s. The arcing switch operation shown in figure E.7d) through g) is
carried out in a rapid action actuated by the stored-energy spring within 40 ms to 60 ms.

The arcing tap switch carries out the tap change from the tap in service to the adjacent tap in one step and is illustrated
in figure E.8. As before, the motor-drive mechanism winds up a stored-energy spring which, after its release, actuates
the moveable contact system of the arcing tap switch in rapid action from one tap to the next one. Depending on the
type and design, the actual transfer time is in the order of 40 ms to 180 ms.
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Figure E.7—Operating sequence of arcing switch and tap selector—Resistance-type LTC

Figure E.8—Operating sequence of arcing tap switch—Resistance-type LTC
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E.2.2 Reactance-type LTCs

Compared to the resistance-type LTC, the reactance-type LTC requires only half the number of taps of the regulating
winding for the equivalent number of service positions because the bridging position is also a service position.

For reactance-type LTCs, the following three types of switching are used:

a) Arcing tap switch
b) Arcing switch with tap selector
c) Vacuum interrupter

The operating sequences for these three types are shown in annex B (see figures B.1, B.3, and B.5).

Annex F Bibliography

(Informative)

[B1] IEC 214 (1989), On-load tap-changers. 



 

The Institute of Electrical and Electronics Engineers, Inc.
3 Park Avenue, New York, NY 10016-5997, USA

Copyright © 2000 by the Institute of Electrical and Electronics Engineers, Inc.
All rights reserved. Published 5 April 2000. Printed in the United States of America.

Print: ISBN 0-7381-1988-1 SH94836
PDF: ISBN 0-7381-1989-X SS94836

No part of this publication may be reproduced in any form, in an electronic retrieval system or otherwise, without the prior 
written permission of the publisher.

 

IEEE Std C57.134-2000

 

IEEE Guide for Determination of 
Hottest-Spot Temperature in 
Dry-Type Transformers

 

Sponsor

 

Transformers Committee
of the
IEEE Power Engineering Society

 

Approved 30 January 2000

 

IEEE-SA Standards Board

 

Abstract:

 

 

 

Methodologies for determination of the steady-state winding hottest-spot temperature in
dry-type distribution and power transformers with ventilated, sealed, solid cast, and encapsulated
windings built in accordance with IEEE Std C57.12.01-1998 and IEC 60726 (1982-01) are de-
scribed in this guide. Converter transformers are not included in this guide.

 

Keywords: 

 

ambient temperature, average winding temperature rise, dry-type transformer, produc-
tion transformer, prototype transformer, temperature measurement, temperature sensors, trans-
former model, winding hottest-spot temperature



 

IEEE Standards

 

 documents are developed within the IEEE Societies and the Standards Coordinating Com-
mittees of the IEEE Standards Association (IEEE-SA) Standards Board. Members of the committees serve
voluntarily and without compensation. They are not necessarily members of the Institute. The standards
developed within IEEE represent a consensus of the broad expertise on the subject within the Institute as
well as those activities outside of IEEE that have expressed an interest in participating in the development of
the standard.

Use of an IEEE Standard is wholly voluntary. The existence of an IEEE Standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related to
the scope of the IEEE Standard. Furthermore, the viewpoint expressed at the time a standard is approved and
issued is subject to change brought about through developments in the state of the art and comments
received from users of the standard. Every IEEE Standard is subjected to review at least every five years for
revision or reaffirmation. When a document is more than five years old and has not been reaffirmed, it is rea-
sonable to conclude that its contents, although still of some value, do not wholly reflect the present state of
the art. Users are cautioned to check to determine that they have the latest edition of any IEEE Standard.

Comments for revision of IEEE Standards are welcome from any interested party, regardless of membership
affiliation with IEEE. Suggestions for changes in documents should be in the form of a proposed change of
text, together with appropriate supporting comments.

Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as they
relate to specific applications. When the need for interpretations is brought to the attention of IEEE, the
Institute will initiate action to prepare appropriate responses. Since IEEE Standards represent a consensus of
all concerned interests, it is important to ensure that any interpretation has also received the concurrence of a
balance of interests. For this reason, IEEE and the members of its societies and Standards Coordinating
Committees are not able to provide an instant response to interpretation requests except in those cases where
the matter has previously received formal consideration. 

Comments on standards and requests for interpretations should be addressed to:

Secretary, IEEE-SA Standards Board
445 Hoes Lane
P.O. Box 1331
Piscataway, NJ 08855-1331
USA

Authorization to photocopy portions of any individual standard for internal or personal use is granted by the
Institute of Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright
Clearance Center. To arrange for payment of licensing fee, please contact Copyright Clearance Center, Cus-
tomer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; (978) 750-8400. Permission to photocopy
portions of any individual standard for educational classroom use can also be obtained through the Copy-
right Clearance Center.

Note: Attention is called to the possibility that implementation of this standard may
require use of subject matter covered by patent rights. By publication of this standard,
no position is taken with respect to the existence or validity of any patent rights in
connection therewith. The IEEE shall not be responsible for identifying patents for
which a license may be required by an IEEE standard or for conducting inquiries into
the legal validity or scope of those patents that are brought to its attention.



 

Copyright © 2000 IEEE. All rights reserved.

 

iii

 

Introduction

 

(This introduction is not part of IEEE Std C57.134-2000, IEEE Guide for Determination of Hottest-Spot Temperature in
Dry-Type Transformers.)

 

The 

 

hottest-spot allowance

 

 is a number used in industry standards to establish the average temperature rise
for rating purposes. The rated ambient temperature and hottest-spot allowance are subtracted from the rated
insulation temperature class to determine the average temperature rise to be confirmed by thermal testing.
IEEE Std 1-1986 states that the value of the hottest spot allowance is arbitrary, difficult to determine, and
depends on many factors, such as size and design of the equipment. Based on the 1944 experimental works
of Stewart and Whitman and Satterlee, standards used a hottest-spot allowance of 30 ºC for 80 ºC average
temperature rise. The 30 ºC hottest-spot temperature allowance established in 1944 for 80 ºC average tem-
perature rise was approximately correct for ventilated dry-type transformers produced at that time.

The 220 ºC insulation temperature class, 150 ºC average temperature rise, was initially used in sealed units.
For these units, the 30 ºC hottest-spot temperature allowance was probably correct due to operation in the
hotter inside gas. The 1959 Loading Guide, ANSI Appendix C57.96, used rated load limiting hottest spot
temperatures of 150 ºC for ventilated units and 220 ºC for sealed units. In 1965, NEMA Standard TR 27
extended the 220 ºC insulation temperature class to ventilated units. In 1979, IEEE standard C57.12.01 also
adopted the 220 ºC insulation temperature class for ventilated units. In both these documents, the 30 ºC hot-
test-spot allowance for the 220 ºC insulation temperature class was retained. In 1989, IEEE Std C57.12.01
and the Loading Guide IEEE C57.96 used a constant to 30 ºC hottest-spot allowance for all insulation tem-
perature classes and all size transformers. IEC 60726 (1982-01) uses a variable hottest-spot allowance from
5 ºC to 30 ºC.

The winding hottest-spot temperature rise and average winding temperature rise are related by a ratio that is
dependent upon such factors as the following:

a) Turn insulation

b) Winding height

c) Radial build

d) Ventilating ducts

From this relation, it is evidenced that no single winding hottest-spot temperature allowance is applicable to
all types and ratings of transformers due to the variability of factors affecting the winding hottest-spot tem-
perature. Laboratory test results reported by Pierce in 1993 validate this finding.

As a step to establishing appropriate temperature limits, the Dry-Type Hot-Spot Methodology Working
Group was encouraged to report their findings on winding hottest-spot temperature measurements. Those
reporting have confirmed the variability of the winding hottest-spot temperature ratio; however, the quantity
of data compiled is insufficient for validation of winding hottest-spot temperature limits. To ensure consis-
tency and repeatability of results, the working group decided to establish a methodology for determination of
winding hottest-spot temperature by testing for qualification of a design family or mathematical model, and
by testing or calculation for validation of production units.

This guide represents the state-of-the-art at the time of publication. It was not possible to provide detailed
information on determining the hottest-spot temperature or magnitude for the many dry-type transformer
designs manufactured. The guide also applies to future designs that incorporate different materials or design
concepts not currently produced. The working group deemed it impractical to detail winding configurations
and possible hottest-spot locations. The manufacturer has the detailed design knowledge and the responsibil-
ity for determining the winding hottest-spot rise. When additional information is available, it will be incor-
porated into future revisions of this guide

 

.



 

iv

 

Copyright © 2000 IEEE. All rights reserved.

 

At the time this guide was completed, the Dry-Type Hot-Spot Methodology Working Group had the follow-
ing membership:

 

P

 

aulette A. Payne

 

, Chair

 

The following members of the balloting committee voted on this standard:

When the IEEE-SA Standards Board approved this standard on 30 January 2000, it had the following
membership:

 

Richard J. Holleman,

 

 Chair

 

Donald N. Heirman,

 

 

 

Vice Chair

 

Judith Gorman,

 

 

 

Secretary

 

*Member Emeritus

 

Also included is the following nonvoting IEEE-SA Standards Board liaison:

 

Robert E. Hebner

Catherine Berger

 

IEEE Standards Project Editor

David A. Barnard
Richard F. Dudley
Michael E. Haas
Timothy Holdway
Philip J. Hopkinson

Michael Iman
Charles W. Johnson, Jr.
Alexander Kline
Timothy Lewis

Dhiru Patel
Linden W. Pierce
Dilip R. Purohit
Michael Schacker
Wes W. Schwartz

S. H. Aguirre
Glenn Andersen
Ron L. Barker
David A. Barnard
Mike Barnes
A. Bartek
B. L. Beaster
Edward A. Bertolini
Alain Bolliger
Max A. Cambre
Don Chu
Thomas F. Clark
Peter W. Clarke
Jerry L. Corkran
John N. Davis
J. C. Duart
Richard F. Dudley
Stephen L. Dyrnes
A. S. Gould
Richard D. Graham
Robert L. Grubb
Robert L. Grunert
Michael E. Haas
N. Wayne Hansen

R. R. Hayes
Keith R. Highton
Philip J. Hopkinson
R. Horton
James D. Huddleston, III
E. W. Hutter
Charles W. Johnson
Lars-Erik Juhlin
Sheldon P. Kennedy
J. P. Lazar
Donald L. Lowe
Don MacMillan
William A. Maguire
Richard P. Marek
K. T. Massouda
John W. Matthews
Nigel P. McQuin
Joe Melanson
Daniel H. Mulkey
Chuck R. Murray
Shantanu Nandi
Carl G. Niemann
Paul E. Orehek
Wesley F. Patterson

Paulette A. Payne
Linden W. Pierce
Paul Pillitteri
Donald W. Platts
Tom A. Prevost
Dilip R. Purohit
John R. Rossetti
V. S. N. Sankar
Subhas Sarkar
Wes W. Schwartz
Pat Scully
Hyeong Jin Sim
R. William Simpson Jr.
Tarkeshwar Singh
James E. Smith
Ronald J. Stahara
Peter G. Stewart
Craig L. Stiegemeier
Ron W. Stoner
Richard E. Sullivan
Joseph J. Vaschak
Barry H. Ward
B. Scott Wilson
William G. Wimmer

Satish K. Aggarwal
Dennis Bodson
Mark D. Bowman
James T. Carlo
Gary R. Engmann
Harold E. Epstein
Jay Forster*
Ruben D. Garzon

James H. Gurney
Lowell G. Johnson
Robert J. Kennelly
E. G. “Al” Kiener
Joseph L. Koepfinger*
L. Bruce McClung
Daleep C. Mohla
Robert F. Munzner

Louis-François Pau
Ronald C. Petersen
Gerald H. Peterson
John B. Posey
Gary S. Robinson
Akio Tojo
Hans E. Weinrich
Donald W. Zipse



 

Copyright © 2000 IEEE. All rights reserved.

 

v

 

Contents

 

1. Overview.............................................................................................................................................. 1

1.1 Scope............................................................................................................................................ 1
1.2 Purpose......................................................................................................................................... 1
1.3 Applications ................................................................................................................................. 1

2. References............................................................................................................................................ 1

3. Definitions............................................................................................................................................ 2

4. Temperature measurement................................................................................................................... 3

4.1 Temperature sensors .................................................................................................................... 3
4.2 Accuracy ...................................................................................................................................... 3
4.3 Attachment of temperature sensors.............................................................................................. 3
4.4 Temperature measurement methodology..................................................................................... 3
4.5 Application................................................................................................................................... 3

5. Determination of winding hottest-spot temperature ............................................................................ 4

5.1 Validation of winding hottest-spot temperature .......................................................................... 4
5.2 Effects of winding hottest-spot temperature rise ......................................................................... 4
5.3 Transformer model....................................................................................................................... 4
5.4 Prototype thermal tests to develop or validate mathematical models.......................................... 5

Annex A (informative) Temperature measurement methodology................................................................. 8

Annex B (informative) Bibliography .......................................................................................................... 12





 

Copyright © 2000 IEEE. All rights reserved.

 

1

 

IEEE Guide for Determination of 
Hottest-Spot Temperature in 
Dry-Type Transformers

 

1. Overview

 

1.1 Scope

 

This guide describes methodologies for determination of the steady-state winding hottest-spot temperature
in dry-type distribution and power transformers with ventilated, sealed, solid cast, and encapsulated wind-
ings built in accordance with IEEE Std C57.12.01-1998 and IEC 60726 (1982-01). Converter transformers
are not included in this guide.

 

1.2 Purpose

 

Assumptions regarding the relation of winding hottest-spot temperature rise to average winding temperature
rise are not representative of all dry-type transformer constructions and winding size. A uniform methodol-
ogy for determination of winding hottest-spot temperature will provide consistency in testing and calcula-
tions for manufacturers’ verification of the winding hottest-spot temperature to the user, and for validation
and review of winding hottest-spot temperature limits.

 

1.3 Applications

 

This guide is applicable to prototype and production unit dry-type transformers.

 

2. References

 

This guide is to be used in conjunction with the following publications. When the following publications are
superseded by an approved revision, the revision applies.

IEC 60050-426 (1990-10), International Electrotechnical Vocabulary. Chapter 426: Electrical apparatus for
explosive atmospheres.

 

1

 

1

 

IEC publications are available from the Sales Department of the International Electrotechnical Commission, Case Postale 131, 3, rue
de Varembé, CH-1211, Genève 20, Switzerland/Suisse (http://www.iec.ch/). IEC publications are also available in the United States
from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor, New York, NY 10036, USA.
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IEC 60726 (1982-01), Dry-type power transformers.

IEEE Std C57.12.01-1998, IEEE Standard General Requirements for Dry-Type Distribution and Power
Transformers Including Those with Solid Cast and/or Resin Encapsulated Windings.

 

2

 

IEEE Std C57.12.80-1978 (Reaff 1992), IEEE Standard Terminology for Power and Distribution
Transformers.

IEEE Std C57.12.91-1995, IEEE Standard Test Code for Dry-Type Distribution and Power Transformers.

 

3. Definitions

 

For the purposes of this guide, standard transformer terminology is defined in IEEE Std C57.12.80-1978.
Other electrical terms are defined in IEC 60050-426 (1990-10) and the IEEE Standard Dictionary of Electri-
cal and Electronic Terms [B6].
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Definitions of terms associated with transformer thermal performance and other terms used in this guide are
listed as follows:

 

3.1 average winding temperature rise:

 

 The arithmetic difference between the average winding temperature
and the ambient temperature as determined from the change in the ohmic resistance measured across the ter-
minals of the winding in accordance with the test procedures specified in IEEE Std C57.12.91-1995.

 

3.2 hot-spot:

 

 A non-recommended abbreviated term frequently used as a synonym for the maximum or hot-
test-spot temperature rise of a winding.

 

3.3 maximum (hottest-spot) winding temperature: 

 

The maximum or hottest temperature of the current
carrying components of a transformer winding in contact with insulation or insulating fluid. The hottest-spot
temperature is a naturally occurring phenomena due to the generation of losses and the heat transfer phe-
nomena. It is the highest temperature inside the transformer winding and is greater than the measured aver-
age winding temperature of the coil conductors. All transformers have a maximum (hottest-spot) winding
temperature. 

 

NOTE—In this guide, the hottest-spot rise is not considered to be due to localized manufacturing defects.

 

3.4 maximum (hottest-spot) winding temperature rise:

 

 The arithmetic difference between maximum
(hottest-spot) winding temperature and the ambient temperature.

 

3.5 prototype transformer:

 

 A transformer manufactured primarily to obtain engineering data or evaluate
manufacturing or design feasibility. Prototypes may be pre-production units or units typical of current
designs manufactured for test purposes to obtain data to comply with changes in industry standards or for
other reasons.

 

3.6 temperature rise:

 

 The difference between the temperature of the part under consideration [commonly
the 

 

average winding rise

 

 or the 

 

maximum (hottest-spot) winding temperature rise

 

] and the ambient
temperature.

 

2

 

IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA (http://www.standards.ieee.org/).

 

3

 

The numbers in brackets correspond to those of the bibliography in Annex B.
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4. Temperature measurement

 

4.1 Temperature sensors

 

Applicable temperature measurement devices include

 

a) Optical temperature sensing device

b) Thermocouples

c) Resistance bridge

d) Infrared temperature detector

e) Temperature labels

 

4.2 Accuracy

 

Accuracy in winding hottest-spot temperature measurement is dependent upon placing temperature sensors
in the appropriate locations.

Care must be taken to isolate temperature sensors from high voltages and stray magnetic fields. Devices such
as thermocouples can give erroneous measurements due to heating and circulating currents caused by elec-
tromagnetic fields.

 

4.3 Attachment of temperature sensors

 

Thermocouples, fiber-optic temperature probes should be installed within the coil winding or firmly attached
to the surface on which the temperature is to be determined. Methodology of attachment (type of adhesive
material, amount of adhesive material, surface finish) plays a significant role in the overall accuracy of the
surface hottest-spot temperature measurement. Item a) of 5.4.2 details placement of temperature sensors in
the winding.

 

4.4 Temperature measurement methodology

 

A temperature measurement methodology should be developed and proven by sound experimental princi-
ples. Annex A provides background information on how to carry out a verification of a candidate hottest-spot
temperature measurement methodology.

 

4.5 Application

 

4.5.1 Direct temperature measurement

 

Direct reading measurement devices are capable of measuring temperature only at the position the devices
are located. A sufficient number of devices should be installed to ensure accurate temperature measurement
results at the position located.

 

4.5.2 Surface temperature measurement

 

Surface temperature can be measured by placing the sensors in intimate contact with the coil surface. Such
devices are attached with an appropriate adhesive to maintain firm contact.
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The differential temperature between winding hottest spot and coil surface may be determined by measure-
ment or by calculation with a thermal model and added to the surface temperature for determining winding
hottest-spot temperature.

 

4.5.3 Surface hottest-spot measurement and average winding temperature rise

 

If sufficient surface temperature measurements are made on a winding, coupled with an accurate tempera-
ture differential (proven by experiment on models or prototypes) relating surface (encapsulation) tempera-
ture to internal winding temperature, it is possible to determine the average winding temperature rise by
taking the average of all surface temperature rises (with external to internal correction factor). This is
another means of verifying the surface temperature measurement methodology.

 

5. Determination of winding hottest-spot temperature

 

5.1 Validation of winding hottest-spot temperature

 

To demonstrate compliance with winding hottest-spot temperature rise limits, the manufacturer should uti-
lize a proven thermal model for determination of the temperatures throughout each winding and all leads
under rated conditions.

Determination of winding hottest-spot temperature rise, using a model that meets the requirements listed
herein, should be based upon the detailed design knowledge available to the manufacturer. It is imperative
that the manufacturer have data readily available to demonstrate that calculated values are supported by
experimental testing. Additionally, the manufacturer should perform analyses to demonstrate that the data
supports application of experimental results and mathematical models to the particular design being pur-
chased.

 

5.2 Effects of winding hottest-spot temperature rise

 

In determining the winding hottest-spot temperature, the manufacturer should examine each region of the
windings and leads where one of the following factors is influencing the local temperatures.

The winding hottest-spot temperature rise is mainly affected by 

a) Amount and type of turn and layer insulation 
b) Vertical height of winding 
c) Radial build or thickness of winding 
d) Number of ventilating ducts in winding, size, thickness, and spacing 
e) Encapsulation thickness 
f) Coil configuration (round/rectangular) 
g) Core effects, losses/magnetic effects

 

5.3 Transformer model

 

The model should be based on fundamental loss calculations and heat transfer relationships. General allow-
ances for each element of the model are not adequate.

Experimental data should be available to verify model results. Experimental results may include direct read-
ing temperature sensor measurements on production transformers and laboratory models.
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5.3.1 Model components

 

The following elements should be considered in the model:

a) Losses in components subject to added losses, including

1) End turns in windings

2) Connections subject to leakage flux, such as some tap to winding connections

3) Leads

b) The total losses in the subject conductors should be determined using the eddy and circulating cur-
rent losses in addition to the resistance loss. This requires leakage field analysis to determine the
magnitude of the flux and the resulting losses.

c) Added blanketing of current carrying conductors, including

1) Added tape where conductors exit windings

2) Regions blanketed by pressboard insulation

3) Added tape and barriers on leads outside the windings, such as where they pass close to ground

4) Extra tape in end turns where losses may be higher

5) Large thickness of epoxy such as the tap area

 

5.3.1.1 Validity of data

 

Reliable data for the winding hottest-spot temperature rise can be measured during testing with a sufficient
number of direct reading sensors. Proper choice of installation locations is crucial to accurately determine
the winding hottest-spot temperature. The manufacturer should have performed calculations that indicate
probable winding hottest spots so that sensors can be properly located.

 

5.4 Prototype thermal tests to develop or validate mathematical models

 

5.4.1 General

 

This procedure describes a test methodology using prototype transformers or windings to qualify a design
family and the manufacturer’s mathematical model. For outer windings remote from the core, test coils
should be satisfactory. For inner windings near the core, tests should be performed on a prototype trans-
former. The loading back test method is the preferred test method to determine winding hottest-spot temper-
ature rise in prototype transformers. The loading back test method requires a greater amount of testing
facilities and becomes increasingly difficult to perform as the size of the transformer increases. The proce-
dure described in 5.4.2 permits estimation of the winding hottest-spot temperature rise using the short circuit
test method. It gives conservative results when compared with the loading back test method, but should per-
mit manufacturers without facilities for loading back tests to substantiate winding hottest-spot temperature
rises in their prototype designs.
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5.4.2 Procedure—Short circuit method

 

a) Install a sufficient number

 

4

 

 of thermocouples in the windings of a prototype transformer to insure
that the winding hottest-spot temperature is measured. Thermocouples should be of small size
to minimize conduction errors and the build of the winding. Thermocouple diameters of 0.13 to
0.25 mm are recommended. The coil geometry should be considered in selection of the location with
duplicate thermocouples at the anticipated winding hottest-spot location. Placement of thermocou-
ples should be circumferentially around the coil and should include the portion of the lead in contact
with insulation within the coil. To develop a mathematical model it is recommended that thermocou-
ples be installed from the bottom to the top of the winding to give a vertical temperature profile.

b) Short the low voltage winding and apply rated current until temperature rises are constant. Record
temperatures.

c) Remove the short and apply excitation voltage until temperature rises are constant. Record tempera-
tures.

d) Calculate winding hottest-spot temperature rise for rated conditions by iteration of Equation (1) and
Equation (2) until the value of the winding hottest-spot temperature rise converges. It is necessary to
perform the calculations for many points in the coil since the core loss affects the temperature distri-
bution non-uniformly. The winding hottest-spot location for the current-only test may be different
than for the excitation voltage test and thus different than for a loading back test.

 

(1)

 (2)

 

where

is winding hottest-spot temperature rise over ambient during current-only test,

is corrected winding hottest-spot temperature rise over ambient due to current only,

is winding hottest-spot temperature rise over ambient during excitation voltage-only test,

is winding hottest-spot temperature rise over ambient for rated conditions,

T

 

A

 

is rated ambient temperature, usually 30 ºC,
T

 

AT

 

is ambient temperature during current test,
T

 

k

 

is 234.5 ºC for copper, 225 ºC for aluminum,
N is 0.8 for self cooled (AA), 0.9 for forced air (FA).

 

5.4.3 Procedure—loading back method

 

a) Install temperature sensors in a prototype unit. 

 

NOTE—See 5.4.2, item a).

 

b) Impress rated excitation voltage at rated frequency per procedure referenced in 11.8.1 or 11.8.2 of
IEEE Std C57.12.91-1995 and circulate rated current until temperature rise is stable.

c) Shutdown and record temperatures.

 

4

 

Approximately 25–300 sensors for qualifying a prototype transformer, depending on transformer size.
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5.4.4 Application to production transformer designs

 

 is determined by tests on a prototype transformer. The value may be scaled for other size transformers
by the ratio of core heat flux exiting the core leg by the following equation:

 

(3)

 

where

A is core leg area [square centimeters based on metrification and consistency with 5.4.2, item a)],
D is diameter of core leg (centimeters based on metrification),
L is heated length of winding (centimeters based on metrification),

 is density of core (kilograms per cubic meter based on metrification),

is heat generated by core leg (watts per kilogram based on metrification),
1 subscript indicates tested unit,
2 subscript indicates different design,
N is 0.8 for self-cooled (AA); 0.9 for forced air (FA).
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Annex A

 

(informative) 

 

Temperature measurement methodology

 

A.1 Introduction

 

An approach to determine an accurate hottest-spot ratio for dry-type transformers (hottest-spot rise/average
rise) requires the accurate measurement of the average temperature rise and the adoption of a methodology
that allows the measurement of hottest-spot temperature in a repeatable and accurate fashion.

The average temperature rise can easily be measured using the well proven 

 

Rd.c. shutdown

 

 method.

The selection of a hottest-spot temperature measurement methodology may involve the testing of many
types of temperature reading devices. This will be covered later in this annex.

In order to accurately measure the hottest-spot temperature, knowledge of the location of the 

 

hottest spot

 

 is
required.

 

A.2 Hot-spot location

 

A.2.1 Embedded temperature sensors

 

Embedded temperature sensors wound into the winding is the preferred method of determining the hottest-
spot location. See 5.4.2, item a).

 

A.2.2 Surface temperature sensors

 

For some transformer designs where cooling ducts are accessible and extend completely around the winding,
the hottest-spot location may be determined by surface temperature measurements.

 

A.2.3 Temperature measurement methodology

 

The first step in determining hottest-spot location is to utilize a temperature measurement methodology
where sufficient measurement points can be obtained along the surface of a winding. One simple method is
to insert non-reversing temperature indicating labels into a number of cooling ducts for each winding, evenly
spaced from top to bottom. Thermocouples, fiber-optic probes, or other suitable temperature indicating
devices can be used in a similar fashion. This methodology can be repeated for transformers of various
geometries and electrical rating. Typical transformer ratings could yield several hundred measurement
points. A proof of the validity of this approach can be demonstrated by taking the average of all label read-
ings (after adding a known temperature differential value for the internal winding temperature and the mea-
sured surface temperature) for each particular test to ascertain if an average temperature rise value close to
the value derived from the 

 

Rd.c. shutdown

 

 method is yielded.

Plotting the label readings vertically from bottom to top for each monitored cooling duct of a winding should
yield consistent definition and location of the hottest spot. 
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By inserting an appropriate temperature measurement device down a cooling duct, an appropriate distance
from the top of each winding and within a winding sector, the hottest-spot temperature can be measured con-
sistently, easily, and accurately for each winding.

 

A.3 Brief assessment of selected temperature measuring devices

 

A.3.1 Temperature labels

 

a) Temperature labels are typically available at eight level temperature step strings. Five label ranges
will have to be used to cover 40 to 300 ºC.

b) They are permanent indicating, low cost, and robust.
c) Resolution at best is 4 ºC.
d) Attachment to the surface is critical for accuracy and a rough winding surface could make this diffi-

cult. Poor surface contact could create, for instance, a dead air space and possibly produce a low
reading.

e) Stickers are calibrated by the manufacturer on horizontal surfaces. Application to the measurement
of temperatures on a transformer winding is on a vertical surface.

f) Inconsistent or discontinuous registration of temperature may occur.
g) The measurement system cannot be automated for data collection.

 

A.3.2 Thermocouples

 

a) They can be connected to an automated test system. They are reliable, robust, and moderately low
cost.

b) Magnetic fields can affect the reading.
c) There are safety issues related to the voltage applied to the transformer winding under test and this

must be taken into consideration when using this method.
d) Good contact with the winding surface is a must for good accuracy.

 

A.3.3 Infrared periscopes

 

a) Their function is based on a non-contact method.
b) They can be automated and have a fast response time.
c) They are expensive.
d) They suffer from high-voltage isolation problems, as do thermocouples.
e) Device bodies can heat up in magnetic fields, thus affecting results.
f) They are bulky, temperature range limited and require emmissivity calibration (even for so-called

broad temperature range types) for maximum accuracy.

 

A.3.4 Resistor temperature indicating devices (RTDs)

 

a) The same comments as for thermocouples apply.
b) RTDs tend to have large surface areas that affect readings, small surface RTDs are required.

 

A.3.5 Fiber-optic temperature transducers

 

a) The principle of operation of fiber-optic transducers is based on a small crystal embedded in the tip
of a fiber-optic strand that emits a different wave length of light at different temperatures.

b) Proper attachment to the winding surface is critical.
c) Current technology can be expensive, but costs are improving.
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d) Probes and leads are fragile and use in an industrial lab environment is a consideration.
e) Measurement system can be automated.
f) High-voltage isolation is inherent.

 

A.4 Temperature measurement device comparison methodology

This clause will summarize some of the consideration in the comparison of various hottest-spot temperature
measurement devices for the purpose of selecting the most appropriate devices and method of attachment to
the winding surfaces.

A.4.1 Back-to-back comparison

The temperature devices should be checked using a back-to-back comparison methodology. One option is to
use a hotplate with a 25 mm thick aluminum plate to increase thermal mass and to provide buffering from
the heater elements. This test can be repeated with insulation and encapsulation layers to model a winding
more realistically.

The temperature measurement devices should be checked simultaneously to fully assess performance. See
Figure A.1 for an illustration of test set up.

A.4.2 Verification with boiling water

Another method of comparatively assessing temperature measurement devices and method of attachment is
to use a glass beaker filled with boiling water. Temperature measurement devices can be placed in the water
(method of attachment not evaluated) or attached to the surface of the beaker (method of attachment to be
evaluated). The use of boiling water to verify that a temperature measurement device is registering accu-
rately is a standard procedure. An added feature is the evaluation of the method of attachment to a surface.

Method of attachment to the surface should be trialed and assessed e.g., silicone rubber, epoxy glue, etc. The
amount of material used to attach the temperature measurement device to the surface is a critical factor and
can impact the result. Experience has shown that silicone rubber caulking compound is one of the easiest
materials to work with. Adhesion is excellent on all surfaces, temperature performance capability is high,
and it is easy to control the amount of material.

A.4.3 Flat-slab windings

Another method of evaluating temperature measurement devices is to fabricate flat-slab windings using the
same conductor, insulation system and encapsulation materials as those employed in the transformer wind-
ings on which hottest-spot temperature measurement are to be made. The winding is done in a zig-zag (back
and forth) fashion in a flat plane, which results in a slab resistor. The slab-resistor winding can be energized
at various current densities (surface watt loss) with the slab in a vertical orientation. Various temperature
measurement devices can be attached at the same horizontal location, allowing a back-to-back comparison
of performance accuracy to be made.

A.4.4 Evaluation of conductor to surface temperature differential

For both the hot plate and the flat slab methods, the simulated conductor can be measured and used as a basis
for evaluating the conductor temperature to surface temperature differential. Care should be taken to have
controlled and steady power input, i.e., use a microprocessor controlled temperature controller rather than a
mechanical thermostat.
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These precautions are not necessary with the water beaker because of its inherent calibration and stability.
However, this is true of only two temperatures: 0º and 100 ºC. Other temperatures would require the same
precautions for the hot plate and flat slab methods.

A.4.5 Sample test results

Some typical temperature results are provided in Table A.1.

Table A.1—Sample test results

Setup  Thermocouples Temperature labels  Infrared

Hotplate 83.6 ºC 82 ºC 93 ºC

Winding simulation 77.1 ºC 82 ºC 89 ºC

Figure A.1—Equipment setup

25 mm ALUM PLATE

HEATER ELEMENT CAST
IN 6 MM ALUMINUM

HOTPLATE

ENCAPSULATION

INSULATION

HEATER ELEMENT CAST
IN 6 MM ALUMINUM

HOTPLATE

25 mm ALUM PLATE
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Introduction

 

(This introduction is not part of IEEE Std C57.136-2000, IEEE Guide for Sound Level Abatement and Determination for
Liquid-Immersed Power Transformers and Shunt Reactors Rated Over 500 kVA.)

 

This introduction provides some background information to aid in the understanding and usage of this guide.

The proximity of residential areas to some substations and the increasing prevalence of local ordinances
specifying property line sound levels have made sound radiation from transformers a factor of increasing
significance.  Thus, it is of considerable importance that information be available regarding the choice and
design of effective methods of sound abatement, which provide a reasonable margin of safety and minimize
the probability of community complaints.

In some cases, even recently installed transformers may require the use of sound reduction methods due to
residential complaints or changes in the residential zoning codes.

The principal sources of sound radiated by transformers are 

a) The core, 

b) The windings (and tank), and

c) The cooling equipment. 

The core sound, primarily consisting of a double power frequency tone and its harmonics, is generally dom-
inant in overall level. However, on some transformers with forced air cooling, the cooling equipment sound
can dominate.

Once the sound levels have been determined at locations of concern, there are various sound level measure-
ments and data manipulation techniques for calculating the desired sound levels to accurately define the
problem areas.

 

Participants

 

At the time of completion, the Working Group for developing the IEEE Guide for Sound Level Abatement
and Determination for Liquid-Immersed Power Transformers and Shunt Reactors Rated Over 500 kVA had
the following membership:

 

Alan W. Darwin,

 

 

 

Chair

Gregory W. Anderson
Stephen Antosz
Peter M. Balma
Enrique Betancourt
Gene Blackburn
Bill W. Chiu
Donald Chu
John C. Crouse
Robert C. Degeneff
Pierre Feghali

Joseph Foldi 
Harry D. Gianakouros
Ramsis S. Girgis
Robert L. Grubb
Ernst Hanique
Lars-Erik Juhlin
Dave Keithly
Barin Kumar
John G. Lackey 

Klaus Papp
Dhiru Patel
Shashi Patel 
Paulette A Payne
Donald W. Platts
Jeewan Puri
George J. Reitter
Kenneth R. Skinger
Ronald W. Stoner
Subhash C. Tuli



 

iv

 

Copyright © 2001 IEEE. All rights reserved.

 

Karen Weissman

 

, 

 

Chair, 1997–1999

 

 

 

Jack W. McGill,

 

 

 

Chair, 1995–1997

 

Other individuals who contributed review and comments are:

The following members of the balloting committee voted on this standard:

When the IEEE-SA Standards Board approved this standard on 21 September 2000, it had the following
membership:

 

Donald N. Heirman,

 

 Chair

 

James T. Carlo,

 

 

 

Vice Chair

 

Judith Gorman,

 

 

 

Secretary

 

*Member Emeritus

 

Also included is the following nonvoting IEEE-SA Standards Board liaison:

 

Alan Cookson, 

 

NIST Representative

 

Donald R. Volzka, 

 

TAB Representative

 

Noelle D. Humenick

 

IEEE Standards Project Editor

Dan B. de la Cruz
Andrew P. Dicke

Richard F. Dudley Donald J. Fallon
A. C. (Sam) Hall

S. H. Aguirre
Paul Ahrens
Dennis J. Allan
Raymond Allustiarti
Glenn Andersen
Jim Antweiler
Peter M. Balma
Ron L. Barker
Martin Baur
B. L. Beaster
Edward A. Bertolini
Thomas E. Blackburn, III
Alain Bolliger
John D. Borst
Simon R. Chano
Bill W. Chiu
Jerry L. Corkran
John C. Crouse
F. David
Robert C. Degeneff
Dieter Dohnal
Richard F. Dudley
Fred E. Elliott
Donald J. Fallon
Harry D. Gianakouros
Richard D. Graham
Robert L. Grunert
E. G. Hager, Jr.
Ernst Hanique
N. Wayne Hansen

R. R. Hayes
Keith R. Highton
Philip J. Hopkinson
James D. Huddleston, III
Tim Huff
Rowland I. James
Anthony J. Jonnatti
Lars-Erik Juhlin
Lawrence A. Kirchner
Brian Klaponski
Neil J. Kranich
John G. Lackey
Stephen R. Lambert
J. P. Lazar
Thomas Lundquist
William A. Maguire
John W. Matthews
Nigel P. McQuin
Joe Melanson
Gary L. Michel
C. Kent Miller
Harold R. Moore
Daniel H. Mulkey
Paul E. Orehek
Gerald A. Paiva
Klaus Papp
B. K. Patel
Dhiru S. Patel
Sanjay Y. Patel
Wesley F. Patterson

Jesse M. Patton
Carlos O. Peixoto
Dan D. Perco
Mark D. Perkins
Linden W. Pierce
Paul Pillitteri
R. Leon Plaster
G. Preininger
E. Purra
Pierre Riffon
Peter G. Risse
John R. Rossetti
Subhas Sarkar
Rick Sawyer
Pat Scully
Dilipkumar Shah
Hyeong Jin Sim
Chuck Simmons
David C. Singleton
James E. Smith
Ronald J. Stahara
Peter G. Stewart
Ronald W. Stoner
Thomas P. Traub
Subhash C. Tuli
John Vandermaar
Joseph J. Vaschak
Robert A. Veitch
Barry H. Ward

Satish K. Aggarwal
Mark D. Bowman
Gary R. Engmann
Harold E. Epstein
H. Landis Floyd
Jay Forster*
Howard M. Frazier
Ruben D. Garzon

James H. Gurney
Richard J. Holleman
Lowell G. Johnson
Robert J. Kennelly
Joseph L. Koepfinger*
Peter H. Lips
L. Bruce McClung
Daleep C. Mohla

James W. Moore
Robert F. Munzner
Ronald C. Petersen
Gerald H. Peterson
John B. Posey
Gary S. Robinson
Akio Tojo
Donald W. Zipse



 

Copyright © 2001 IEEE. All rights reserved.

 

v

 

Contents

 

1. Scope.................................................................................................................................................... 1

2. References............................................................................................................................................ 1

3. Sources of sound .................................................................................................................................. 2

3.1 General characteristics ................................................................................................................. 2

3.2 Transformers ................................................................................................................................ 2

3.3 Shunt reactors............................................................................................................................... 3

3.4 Fans and pumps............................................................................................................................ 4

4. Factors affecting sound levels in field operation ................................................................................. 4

4.1 Load power factor ........................................................................................................................ 4

4.2 Loading beyond nameplate rating................................................................................................ 4

4.3 Harmonics .................................................................................................................................... 5

4.4 DC magnetization ........................................................................................................................ 5

4.5 Resonances................................................................................................................................... 5

5. Factory-installed sound abatement methods........................................................................................ 5

5.1 Typical design methods for sound abatement.............................................................................. 7

5.2 Other factory-installed sound abatement methods....................................................................... 8

6. Field-installed sound abatement methods............................................................................................ 9

6.1 Typical field-installed sound abatement methods...................................................................... 14

6.2 Other field-installed sound abatement methods......................................................................... 15

7. Active sound cancellation .................................................................................................................. 16

7.1 Sound cancellation on or near the tank ...................................................................................... 16

7.2 Other active sound cancellation techniques............................................................................... 16

8. Useful sound level information.......................................................................................................... 17

8.1 Sound pressure level .................................................................................................................. 17

8.2 Sound power level...................................................................................................................... 18

8.3 A-weighting sound scale............................................................................................................ 18

8.4 Sound level calculations ............................................................................................................ 18

Annex A (informative) Bibliography............................................................................................................. 21

Annex B (informative) Estimation of far-field transformer sound levels ..................................................... 22



 

vi

 

Copyright © 2001 IEEE. All rights reserved.



 

Copyright © 2001 IEEE. All rights reserved.

 

1

 

IEEE Guide for Sound Level
Abatement and Determination for
Liquid-Immersed Power Transformers and 
Shunt Reactors Rated Over 500 kVA

 

1. Scope

 

This document is intended to provide guidelines for selecting suitable methods for sound reduction in liquid-
immersed power transformers and shunt reactors rated over 500 kVA. 

Many sound abatement procedures are described that are presently available for achieving various levels of
sound reductions in transformer and shunt reactor installations. For background information, this guide will
also discuss the sound-producing sources within transformers and reactors.

 

2. References

 

This guide should be used in conjunction with the following publications:

IEEE Std C57.12.00-2000, IEEE Standard General Requirements for Liquid-Immersed Distribution, Power,
and Regulating Transformers.

 

1

 

IEEE Std C57.12.90-1999, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and Regu-
lating Transformers.

IEEE Std C57.21-1990 (Reaffirmed 1995), IEEE Standard Requirements, Terminology, and Test Code for
Shunt Reactors Rated Over 500 kVA.

NEMA TR1-1993, NEMA Standard Publication on Transformers, Regulators, and Reactors.

 

2

 

1

 

IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA (http://standards.ieee.org/).

 

2

 

NEMA publications are available from Global Engineering Documents, 15 Inverness Way East, Englewood, Colorado 80112, USA
(http://global.ihs.com/).
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3. Sources of sound

 

3.1 General characteristics

 

Sound coming from the transformer itself, as opposed to cooling fan or pump sound, is tonal in nature,
consisting of even harmonics of the power frequency. The predominant source of transformer sound is the
core. The low-frequency, tonal nature of this sound makes it harder to mitigate than the broad-band, higher
frequency sound that is produced by cooling fans, pumps, and other sources. Not only do low frequencies
propagate farther with less attenuation, but also tonal sound is more annoying to the public even in a high
sound level ambient. This combination of low attenuation and high perception makes tonal sound the
dominant problem in the neighboring community around the transformer. To address this problem, most
community sound ordinances impose penalties or stricter requirements for tonal sound. A site may be in
compliance with overall sound levels, but out of compliance with tonal levels. 

In siting a transformer it is, therefore, critical to consider the dominant tones in the sound spectra, and not just
the overall sound levels. These tones will not only dictate the severity of the problem, but also the type of sound
mitigation approach that is necessary. For example, if low-frequency tones such as the second and fourth
harmonics of the power frequency are present, these are difficult to attenuate with simple sound abatement
methods such as a single side wall. In this case an active control system or a full enclosure may be necessary.
If very high frequency tones, such as the tenth or twelfth harmonics of the power frequency, are present in the
near field, there is a chance that they will attenuate naturally, and no treatment may be necessary if the nearest
neighbor is far enough away. 

Tones are best measured on a narrow-band spectrum (1-2 Hz bandwidth). Although strong tones are notice-
able on one-third or octave band spectra, at higher frequencies two or more tones will always be added
together in the same band, making their relative contributions indistinguishable. 

 

3.2 Transformers

 

The principal sound sources in transformers are: 

a) Core sound caused by magnetostriction effects and inter-laminar magnetic forces,

b) Load sound caused by electromagnetic forces in the windings, tank walls, and magnetic shunts due
to leakage flux associated with the current, and

c) Cooling equipment sound caused by fans (aerodynamic and motor/bearing sound) and pumps (cavi-
tation and motor/bearing sound).

The frequency spectrum for the core and winding sound is markedly different from that of the cooling equip-
ment. The latter dominates at the lower and higher ends of the frequency spectrum (depending on whether
pumps or fans are involved), while the core and winding sound dominates the intermediate frequency range
(between 100 Hz and 600 Hz).

 

3.2.1 Transformer core sound

 

When a strip of iron is magnetized, it undergoes a very small change in its dimensions (usually only a few
parts in a million). This phenomenon is called magnetostriction. This change in dimension is independent of
the direction of the flux; therefore it occurs at twice the power frequency. Because the magnetostriction
curve is nonlinear, higher-order even harmonics also appear in the resulting vibration of the core at higher
induction flux densities.

In addition to magnetostriction effects, magnetic forces within the core will create vibration and thus sound.
These forces occur where the flux transfers from the plane of one lamination to the plane of an adjacent
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lamination, or at other air gaps. Laminations that are not flat or that have non-uniform thickness or
permeability will cause this effect, as will interleaved joints and bolt holes. These holes distort the flux
locally, modifying the flux density and flux direction.

Factors influencing the magnitude and frequency components of the transformer core sound include: flux
density, core material, core geometry, and wave form of excitation voltage. As in any other mechanical struc-
ture, the transformer mounting structure as well as the mechanical resonances of the core and tank walls can
have a significant influence on the magnitude of the transformer vibrations and consequently on the sound
generated.

 

3.2.2 Transformer load sound

 

Load sound is the sound emitted by a loaded transformer in addition to its no-load sound. It is caused by
electromagnetic forces resulting from the leakage fields. These forces are proportional to the square of the
load current and thus the load sound is proportional to the fourth power of the current (a doubling of the cur-
rent increases the load sound level by 12 dB). The sources of this sound are the vibrations of tank walls,
magnetic shields, and the windings themselves.

The load sound is predominantly produced by the axial and radial vibration of transformer windings. The
frequency of this sound is usually twice the power frequency. The compressive electromagnetic forces
produce axial vibrations and thus can be a major source of sound. In some cases, the natural mechanical
frequency of winding systems may tend to resonate with electromagnetic forces, thereby severely
intensifying the load sound.

If an appropriate mechanical design is used for laminated magnetic flux shields and their anchoring to the
tank walls (avoiding resonance at the exciting frequency or its harmonics), the sound due to vibrations of
these shields is usually of low intensity as compared to the winding sound. However, it is important to take
into account the effects of loading beyond nameplate rating in order to avoid saturation of the magnetic
shields during operation, which would cause additional sound.

Through several decades the contribution of the load sound to the total transformer sound has remained
moderate. Nonetheless, in transformers designed with low induction levels and improved core designs for
complying with low sound level specifications, the load sound can become a significant contributor to the
overall sound level of the transformer. However, in the majority of these cases, the overall sound level will
be determined by the cooling equipment sound level, which generally exceeds the load sound level (except
in the case of natural cooling).

The transformer testing standards IEEE Std C57.12.90-1999 and IEEE Std C57.12.91-1999 specify that the
sound level measurements on a transformer should be made under no load conditions. As users demand
transformers with lower and lower sound levels, there will be a point at which the load sound will become
comparable to the core sound. Therefore, when buying a very low sound level transformer, the users may
choose to negotiate load sound test procedures with the manufacturers prior to placing their order.

 

3.3 Shunt reactors

 

Shunt reactors are usually a significant sound source. The sound is primarily caused by the magnetic “pull”
effects of the leakage flux field. The magnetostriction effects of the core steel are not generally significant.

Leakage flux impinges on structural components of the reactor and produces forces acting on them. These
forces create vibration and hence sound. The frequency of this sound is normally twice the power frequency.

For “air-core” iron-shielded reactors, forces act upon the parts of the shield that cover the ends of the reac-
tor coil. These forces will act mainly to bend the laminations on edge and can be quite high. The resulting
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vibrations depend on the geometry of these “beams” and their support as well as the general clamping
structure.

Similar forces and subsequent vibrations are created in the tank walls and on magnetic shielding mounted on
the tank.

For gapped-core designs, forces are also created between the core leg packet gaps as well as at the interfaces
with the end yokes.

The appropriate mechanical design of the structural components of a reactor to avoid resonance at the excit-
ing frequency is critical in minimizing shunt reactor sound levels.

 

3.4 Fans and pumps

 

Sound produced by the cooling fans is usually broad band in nature. Cooling fans usually contribute more to
the total sound for transformers of smaller rating and for low-induction transformers. Factors that affect the
total fan sound output include tip speed, blade design, number of fans, and the arrangement of the radiators.

Pump sound is normally not significant if the fans are running, although low-frequency sound may be
present.

 

4. Factors affecting sound levels in field operation

 

The basic principle for a standardized factory test is that the conditions are controlled. A test in accordance
with a standard should, in principle, be possible to repeat in any laboratory with the same results. However,
in the field, in practical operation, the conditions may be somewhat different. Furthermore, in some cases,
even if the operating conditions are known, they may not be feasible to realize in a factory test at a reason-
able cost. Therefore, the transformer sound level experienced in practical operation may deviate slightly
from the sound level measured during the factory test, even if the principal conditions are the same. In some
cases, as for large converter transformers, the difference can be large.

Stated below are some factors that should be considered when defining the sound requirement for a trans-
former and/or evaluating the need for additional audible sound abatement in order to reach the desired sound
level in operation.

 

4.1 Load power factor

 

The sound caused by the power-frequency load current normally has only one tone: twice the power
frequency. Because of the complicated phase relationship between the core vibrations and the winding
vibrations it is considered sufficiently accurate to add the load and no-load sound powers, i.e., assuming an
arbitrary phase angle between the two sound sources. Depending on the phase angle of the load current, the
total sound level may be higher or lower than the no-load sound level.

The load current also causes a voltage drop inside the transformer that, depending on the load phase angle,
may increase or reduce the core flux for the same voltage on the reference winding. 

 

4.2 Loading beyond nameplate rating

 

When a transformer has had separate no-load sound level and load sound level measurements carried out in
the factory (at rated voltage and rated current respectively), the individual sound powers so obtained can be
summed logarithmically to obtain an indication of the combined effect of energization and load current. The
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differential increase in sound level is usually insignificant. However, if the transformer is loaded with a
higher current than was used for the factory test, a higher sound level can be expected.

 

4.3 Harmonics 

 

4.3.1 Harmonics in the load current

 

Harmonic content is superimposed upon the load current and hence has a larger impact on the sound level
than might be expected from the amplitude of the harmonic current. As the magnetic force is proportional to
the square of the current, there will be a cross product between the power-frequency current and the har-
monic current, as well as the square of the load current and the square of the harmonic current. Thus, the
highest contribution to the sound level due to the harmonic current occurs when the product of the load cur-
rent and the harmonic current reaches the maximum. The resulting audible tones are at the frequency of the
harmonic current plus or minus the power frequency.

It may be mentioned that for large high-voltage direct current (HVDC) converter transformers operating at
high load, the sound due to the harmonics can be the most significant sound source. Also, for other trans-
formers feeding rectifiers or other non-linear loads, the impact from the load harmonics can be significant
and should be considered.

 

4.3.2 Harmonics in the excitation voltage

 

Low order harmonics in the excitation voltage may increase or decrease the transformer core sound, depend-
ing on the phase angle, magnitude, and frequency of these harmonics.

 

4.4 DC magnetization

 

DC magnetization of a transformer core will increase the transformer audible sound, even at moderate levels
of dc magnetization. The reason is that dc magnetization will add a tone at the power frequency and
harmonics at the odd multiples of the power frequency to the sound. In addition, the sound at the normal
even-order harmonics of the power frequency will all be increased by the dc magnetization.

With the increased use of power electronic equipment both in power transmission systems and in industry,
the number of possible sources for dc magnetization, due to rectification, is increasing. This is in addition to
the traditional cause due to distributed ground current in dc power systems, including dc feeders to transpor-
tation systems. It also may be mentioned that geomagnetic storms may cause severe dc magnetization in
transformers connected to long transmission lines. Other known sources include cathodic protection
schemes on gas pipelines feeding combustion turbine power plants.

 

4.5 Resonances

 

Mechanical or acoustical resonances in practical operation in the actual field installation may increase the
sound as compared to factory test results.

 

5. Factory-installed sound abatement methods

 

Table 1 is a listing of factory-installed sound control techniques, their principles of operation, their advan-
tages, disadvantages, and their range of achievable sound reduction. This table has been taken in part from
the ESEERCO Report, dated Oct., 1981 [B2].

 

3

 

 

 

3

 

The numbers in brackets correspond to those of the bibliography in Annex A.
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There are ways to affect sound level to some extent after the unit is built, e.g., if the tank is in resonance or if
a significant portion of the sound is produced by core-to-tank structural vibrations (refer to 5.2.1).
Installation of low-sound fans or installation of external sound panels are examples of practical techniques
that could be used with existing units. If the user specifies a sound level that is below the value in the NEMA
TR1-1993 sound level table, the manufacturer may have to select one or more of the options given in
Table 1. The manufacturer’s choice will depend on loss evaluations, size and weight limitations, and
standard technology. However, factors such as core-joint technology, lamination flatness, steel silicon
content, lamination coatings, and clamping are all intrinsically part of the manufacturer’s and steel supplier’s
technology. Much of this information is proprietary with the individual manufacturers and is protected by
patents.

Some of these techniques are standard practice, while others are not. Some are experimental in nature and
hold varying degrees of promise. Some often discussed methods are mentioned although they may not be as
feasible or practical.

 

Table 1—Factory-installed transformer sound abatement techniques

 

a

 

 

 

Sound control 
technique

Principle of 
operation Advantages Disadvantages

Range of 
achievable 

sound 
reduction 
in dB(A)

 

Reduced induction Reduced 
magnetostriction

—Wide range of sound 
reduction available, cost 
may be offset by 
evaluated no-load 
losses

—Increased size 
and weight
—Cost may be 
increased by 
evaluated load 
losses

1–15

Resilient absorbers Inefficient 
transmitter of sound

—Effective —Materials 
compatibility

8–15

Core and/or tank 
resonance

Design features 
could result in core 
and/or tank 
resonance

—Sound reduction if 
resonant correction is 
effective

—Extremely 
difficult to reduce 
sound overall levels 
—Slight cost 
increase

2–10

Double-walled tanks 
with sound panels

Contains sound 
radiation from tank 
sides and top

—Effective —Transformer 
maintenance 
difficult, especially 
oil leaks

6–10

Double-walled tanks
no sound panels

Contains sound 
radiation from tank 
sides and top

—Moderately effective —Transformer 
maintenance 
difficult, especially 
oil leaks

5–8

High permeability 
grain-oriented core 
steel

Reduced 
magnetostriction

—Reduction in core 
losses, cost may be 
offset by evaluated no-
load losses

—Slight increase in 
costs when 
comparing highest 
vs lowest grain-
oriented steel

2–7

Filling hollow 
stiffeners with sand

Reduces vibration 
of tank wall by 
providing added 
mass and damping

—Simple to implement —Adds weight to 
transformer
—Ineffective on 
sound emanating 
from sub-panel 
vibration between 
stiffeners

1–3
(Higher if 
initial tank 
resonance 
is high)
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5.1 Typical design methods for sound abatement 

 

Several methods exist that could be termed common sound abatement techniques. These methods and
practices should be part of good transformer design and manufacture. If not observed, a higher sound level
transformer will result. These methods and practices include the following:

 

Core joint 
technology

Reduced core 
vibration amplitude

—Reduction in sound 
and core losses at no 
additional costs

—May require 
automatic core 
processing 
equipment

1–5

Low-sound fans Fan blades moving 
at lower speed 
produce less sound

—Could be easily 
retrofitted

—Fan sound 
usually not 
objectionable
—Requires more 
fans and controls

2–3

Core vibration 
isolators

Interrupt path of 
sound through solid 
structural members

—Limited sound 
reduction if used 
with liquid-
immersed 
transformers

1–3

Flat core laminations Reduced 
mechanical stress, 
(reducing 
magnetostriction)
Reduced inter-
laminar forces

—Reduction in sound 
and core losses at no 
additional costs

1–2

Low sound tank 
stiffeners

Reduction in tank 
vibration

—Sound reduction with 
very little added costs

—Slight increase in 
weight and costs
—Very limited 
sound reduction

0–2

Core lamination 
cementing

Reduced core 
vibration amplitude

—Very limited 
sound reduction

0–1

Core clamping Reduced core 
vibration amplitude

—Very limited 
sound reduction 
Sometimes a sound 
increase

0–1

Thicker tank wall Reduced lower 
frequency 
transmission

—Relatively 
expensive, no 
overall sound 
reduction

0

Sound panels Attenuates sound 
radiation from tank 
sides

—Effective, simple —Cost increase 6–10

 

a

 

This table has been taken in part from the ESEERCO Report, dated Oct. 1981 [B2].
It should be noted that sound reductions of less than 3 dB fall within the accuracy and repeatability of
measurement and may thus be too small to warrant practical application.

 

Table 1—Factory-installed transformer sound abatement techniques

 

a

 

  

 

(continued)

 

Sound control 
technique

Principle of 
operation Advantages Disadvantages

Range of 
achievable 

sound 
reduction 
in dB(A)
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a) Lowering the induction level at rated voltage and frequency

b) Utilizing lower sound core technology

c) Avoiding resonant frequencies in the core and tank by design

d) Assuring the use of flat laminations in the assembly of the core

e) Selecting the proper grain-oriented core steel grade

 

5.2 Other factory-installed sound abatement methods

 

There are several other methods of controlling the transformer sound level by factory-installed means. 

 

5.2.1 Vibration isolation of the core from the tank

 

In oil-cooled transformers, the sound radiated by the transformer tank is caused by both the oil coupling to
the tank and the structure-borne excitation of the tank by the rigidly attached core. Accordingly, the vibration
isolation mounting of the core could yield a sound reduction of the order of 3 dB. This modest return usually
does not justify the complications that are connected with the design and use of a core restraining mecha-
nism needed for shipping. Consequently, most transformer manufacturers mount the core rigidly to the tank
bottom.

However, if one utilizes a resilient tank lining as described in 5.2.2 or gas insulation as described in
Annex A, then vibration isolation of the core from the tank becomes essential. Without effective vibration
isolation of the core, the structure-borne path would control the sound radiation. In this case, the sound
reduction would be limited to about 3 dB, unless additional treatments are applied to control the structure-
borne vibration after it reaches the tank (e.g., see Clause 6).

To be effective, the vibration isolation mount must be “soft” compared to the tank bottom and at the same
time support the weight of the core-and-coil assembly, requirements that are often hard to fulfill
simultaneously.

 

5.2.2 Resilient internal tank lining

 

A resilient lining applied to the interior surfaces of the transformer tank could be used to reduce the trans-
mission of core sound to the tank walls. As long as the resilient layer is “soft,” i.e., has a low impedance,
compared with the tank wall so that the “onrushing” oil (driven by the magnetostriction of the core) com-
presses the resilient layer rather than moving the tank wall, reductions in the radiated sound can be achieved.

This potential insertion loss could only be realized if (a) all interior tank surfaces were covered with the
resilient layer, which is not practical on large power transformers having tank walls shielded, and (b) the
core was sufficiently isolated from the tank so that structure-borne excitation would be negligible.

 

5.2.3 Resonant plates attached to the tank wall

 

Years ago, it was suggested to have an arrangement of thin, rectangular plates oriented parallel to the plane
of the transformer tank and supported from the tank on rigid rods. If the thin plates were designed to have
their first bending resonant frequency just a few hertz below the transformer tone to be attenuated, they
would move approximately 180º out of phase with the transformer tank and, supposedly, would reduce the
sound radiated.

Because the vibrating thin plate represents a dipole with its axis perpendicular to the transformer tank wall,
and the vibrating transformer wall represents either a monopole or a collection of dipoles with axes in the
plane of the wall, it is not clear how a successful compensation could be achieved. However, even if this
could be done, the simultaneous maintenance of the proper tuning and, even more importantly, the proper
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resonant amplification could not be practically maintained during service. This system has seldom been
used.

 

5.2.4 Double-walled tanks

 

Surrounding the normal oil-filled tank with a second one separated from the primary tank by air is an
effective sound control method, but it is not too practical. The method works for essentially the same
reason, as do close-fitting enclosures—the sound radiated from the primary tank is contained. Sound
reductions of 5–8d B(A) are obtainable. If sound panels are attached to the outer tank walls, sound
reductions of 6–10 dB(A) are possible. While a number of double-wall tank transformers have been built,
their disadvantages make their use today uncommon. Most of the disadvantages occur because the
secondary tank is an integral part of the transformer. The secondary tank substantially increases the
transformer weight and size. This creates shipping and handling problems. Maintenance of double-wall
units is more difficult because access to the primary tank is very limited. Oil leaks, in particular, are
difficult to detect and fix. In general, double-walled tanks are effective but expensive with serious practical
disadvantages.

 

5.2.5 Thicker tank wall

 

The increasing of the tank wall thickness has very little or no effect on the overall sound level reduction and
the material costs do not justify the results.

 

5.2.6 Exterior sound panels

 

Sound panels attached to the outer tank walls, typically in between tank reinforcing ribs, can be practical,
and sound reductions on the order of 6–10 dB(A) might be possible. Many such transformers have been
manufactured and are common. The panels can be readily removed (in the event that an oil leak occurs
behind a panel). There is only a small increase in weight and no increase in size, as the panels are installed in
between the tank reinforcing ribs.

 

6. Field-installed sound abatement methods

 

Table 2 is a listing of field-installed sound control techniques, their principles of operation, their advantages,
disadvantages, and their range of achievable sound reduction. This table has been taken in part from the
ESEERCO Report [B2].

Transformer sound control measures applied outside the transformer and the materials necessary to
implement them have been examined to determine which ones are feasible and practical and have sufficient
life expectancy to warrant development of prediction methods for their expected acoustic performance.
Feasibility is considered to be the capability for being used or dealt with successfully. Practicality refers to
established or proven usefulness (as opposed to theoretical, speculative, or ideal considerations), which
inherently includes cost as a factor. Life expectancy is considered to be the length of time a transformer can
remain in service, maintaining its function, without undue risk, at acceptable (normal) levels of
maintenance. All three of these factors are qualitative in nature and, therefore, subject to different
interpretations.

One measure of the practicality of these sound control methods is shown in Table 2, which has been com-
piled from existing transformer installations. This table testifies to the practicality (proven usefulness) of
barriers, walk-in and barrier enclosures, close-fitting enclosures, and tank-supported panels. 

Some of the techniques shown in Table 2 are in common usage, while others are not. There are cases refer-
enced in the ESEERCO Report in the literature [B2] for which attached masses, tuned vibration dampers,
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resonators, and/or resonant plates have been attached to the tank wall. In most of these cases, these items
were used to “fix” a bad tank design.

 

Table 2—Field-installed sound abatement techniques

 

a

 

 

 

Sound 
abatement 
technique

Sketch Principle of 
operation Advantages Disadvantages

Range of 
achievable 

sound 
reduction 

dB(A)

 

Single barrier  Blocks direct 
path between 
source and 
receiver

—Standard
construction
—Well suited for 
retrofit
—Can serve as 
fire barrier
—Standard 
transformer 
construction is 
retained

—Possible bus 
work interference
—Effective in one 
direction only
—Low frequency 
diffraction near 
top and sides, 
causing sound 
leakage

7–10

Two-sided 
barrier

Blocks direct 
path between 
source and 
receiver

—Standard 
construction
—Well suited for 
retrofit
—Can serve as 
fire barrier
—Standard 
transformer
construction is 
retained

—Effective for 
two directions 
only
—Possible bus 
work interference
—Increase in 
sound in 
uncovered areas; 
low frequency 
diffraction 
causing sound 
leakage.

7–10

Three-sided
barrier

Blocks direct 
path between 
source and 
receiver

—Standard
construction
—Well suited for 
retrofit
—Can serve as 
fire barrier
—Standard 
transformer 
construction is 
retained

—Increase of 
sound in 
unblocked 
directions; low 
frequency 
diffraction 
causing sound 
leakage
—May lose 
cooling efficiency
—Possible bus 
work interference

7–10

 

NOTE—Lining 
the interior 
surfaces of the 
barrier wall in the 
shadow zones can 
increase 
performance and 
prevent build-up 
in the unblocked 
directions.

 

Four-sided 
barrier

Blocks direct 
path between 
source and 
receiver

—Standard 
construction
—Well suited for 
retrofit
—Can serve as 
fire barrier
—Standard 
transformer 
construction is 
retained

—Limited 
effectiveness if 
not lined
—Possible bus 
work interference
—Loss of cooling 
efficiency
—Maintenance 
and removal 
difficult
—Low-frequency 
sound leakage

Unlined
5–9

Lined
7–12
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Four-sided 
barrier
enclosure

Tank cover 
not covered

Contains 
sound radiated 
from tank 
sides and 
blocks direct 
path between 
tank cover and 
receiver

—Standard 
construction
—Well suited for 
retrofit
—Can serve as 
fire barrier
—Standard 
transformer 
construction is 
retained
—More effective 
than four-sided 
barrier (previous)
—Moderate cost 

—Possible bus 
work interference
—Heat 
exchangers must 
be rearranged
—Fan sound is 
not contained
—Radiator 
connections may 
need vibration 
isolation

13–18

 

NOTES
—Performance 
can be increased 
considerably by 
lining the interior 
surfaces of the 
barrier wall 
above the tank 
cover level.
—May need 
flexible 
connections in 
heat exchange 
pipes.

 

Four-sided 
barrier
enclosure; 

Extended
turrets and 
integral tank 
cover
enclosure

Contains 
sound radiated 
from tank 
sides and tank 
cover

—Very cost 
effective as an 
original option: 
i.e., transformer 
with extended 
turrets and 
integral tank cover
—Little deviation 
from standard 
transformer 
design
—No 
transportation 
problem

—As a retrofit, 
not as cost 
effective as an 
original option
—Heat 
exchangers must 
be rearranged
—Radiators may 
need vibration 
isolation
—Fan sound is 
not contained

16–25

 

NOTES
—For high 
performance 
flexible 
connectors in 
cooling 
equipment pipes 
are needed.
—Vibration 
isolation of the 
transformer is 
required.

 

Walk-in 
enclosure;

Prefabricated 
lined sheet 
metal

Contains 
sound radiated 
from tank and 
cooling 
equipment
Ducted 
silenced 
cooling air 
intake and 
exhaust
Transformer is 
vibration-
isolated from 
its foundation

—Highly effective
—Fast assembly 
and disassembly
—Can be 
designed to fit 
many sizes
—Fan sound is 
also attenuated
—Good 
appearance

—Expensive
—Effective use 
requires highly 
standardized 
transformer 
designs
—Maintenance

16–25

 

NOTES
—Enclosure has 
effective interior 
sound absorbing 
treatment.
—Mufflers and 
flexible 
connections in 
cooling-air intake 
and exhaust ducts 
are required.
—Enclosure 
ventilation 
openings are 
acoustically 
treated.

 

Table 2—Field-installed sound abatement techniques

 

a

 

  

 

(continued)

 

Sound 
abatement 
technique

Sketch Principle of 
operation Advantages Disadvantages

Range of 
achievable 

sound 
reduction 

dB(A)
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Walk-in 
enclosure;

Building–
like

Building of 
heavy 
construction 
completely 
surrounds 
transformer
Connections 
to transformer 
via cables

—Very high 
sound reduction
—Personnel 
access
—Appearance can 
be adjusted to 
resemble 
neighboring 
buildings
—Attractive 
option in 
connection with 
urban switching 
stations

—Expensive
—Requires 
underground 
cable connections 
or modifications 
of bushings
—Not attractive 
for retrofit

25–40

 

NOTES
—Performance is 
usually 
controlled by 
openings and 
gaps.
—Vibration 
isolation 
mounting of the 
transformer is 
required.
—Highest 
performance may 
require interior 
sound-absorbing 
treatment.

 

Close-
fitting
enclosure;

Free standing

Closely 
surrounds the 
vibrating tank 
surface and 
contains the 
radiated sound

—Attractive for 
retrofit
—No major 
modifications of 
the transformer 
are required, 
especially if the 
tank cover is not 
covered
—May improve 
visual appearance

—Labor-intensive 
field fitting
—Maintenance
—Reduces 
accessibility of 
transformer
—May reduce 
self-cooled 
capability and 
highest power 
rating
—Not 
transportable as a 
unit

10–15

 

NOTE—
Performance 
strongly depends 
on airspace 
depth, mass per 
unit area of the 
enclosure panels, 
and sound 
absorption in the 
airspace. Fan 
sound remains 
unaffected.

 

Close-
fitting
enclosure;

Resiliently 
tank-
mounted

Same as free 
standing 
(previous), but 
the enclosure 
may be excited 
to vibration 
via the 
resilient 
mounts.

—Same as free 
standing 
(previous)
—Can be 
transported with 
the transformer as 
a unit

—Same as free 
standing 
(previous), except 
transportability
—Difficulties 
with even loading 
of the resilient 
mounts
—Acoustical 
performance not 
as good as free 
standing

8–13

 

NOTE—
Performance 
strongly depends 
on effectiveness 
of the resilient 
mounts, airspace 
depth, mass per 
unit area of the 
enclosure panels 
and sound 
absorption in the 
airspace.

 

Table 2—Field-installed sound abatement techniques

 

a
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Close-fitting 
enclosure;

Rigidly tank-
mounted

Same as 
resiliently 
tank-mounted 
(previous), but 
structure 
flanking is 
stronger.

—Same as 
resiliently tank-
mounted 
(previous)
—Easier and less 
expensive 
construction than 
free-standing or 
resiliently tank-
mounted
—No problem 
with uneven 
loading of 
isolators and heat 
expansion

—Same as 
resiliently tank-
mounted 
(previous), except 
no resilient 
mounts
—Acoustical 
performance not 
as good as free 
standing or 
resiliently tank-
mounted.

5–9

 

NOTE—
Performance 
strongly depends 
on viscous 
damping of the 
enclosure panels, 
panel thickness, 
and the number 
of rigid 
connections.

 

Tank-
supported 
wall panels

Essentially the 
same as 
resiliently and 
rigidly tank-
mounted 
(previous).
Usually 
offered as an 
option by the 
transformer 
manufacturer 
and covers 
only the sides 
of the tank.

—Same as free 
standing and 
resiliently tank-
mounted
—Attractive 
original purchase 
option either 
alone or in 
combination with 
low flux density
—If transformer 
is ordered to 
accommodate 
panels, retrofit 
application is fast 
and easy.

—Fan sound is 
unaffected
—Tank cover 
radiation controls 
maximum 
achievable sound 
reduction
—May reduce 
self-cooled rating 
of transformer

4–10

 

NOTE—
Performance 
depends on the 
same parameters 
as listed in 
resiliently tank-
mounted and 
rigidly tank-
mounted 
(previous).

 

Attached 
masses

Added mass 
detunes the 
tank wall 
resonance 
frequency 
from tonal 
core excitation 
frequency and 
also increases 
effective mass 
of wall.

Easy, effective 
retrofit to fix bad 
tank design

Little, if any, 
reduction of non-
resonant response.

1–4

 

NOTE—Applies 
only at a single 
frequency only if 
excitation 
frequency 
coincided with a 
resonant 
frequency of the 
untreated tank 
wall panel; 
Seldom used.

 

Tuned
vibration 
damper

Increases the 
effective 
impedance of 
the wall at the 
attachment 
point at

 

f 

 

= 

 

f

 

0

 

 ± 

 

f

 

. It 
also detunes 
the panel 
resonance.

—Tuning is 
sensitive to 
temperature
—Works only at a 
single frequency.

1–4

Applies only at 
tuned 
frequency;
Seldom used

 

Table 2—Field-installed sound abatement techniques

 

a
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6.1 Typical field-installed sound abatement methods

 

Several methods of field-installed sound abatement are in common use. These methods and practices
(detailed in Table 2) include the following:

a) Barriers,

b) Enclosures, and

c) Tank-supported wall panels.

Since transformers are typically considered to have a lifetime of 25 to 40 years, it is desirable for any sound
control measures to have the same expected lifetime. Barriers, enclosures, and tank-attached panels can be
fabricated from several materials. In addition, there are several choices for absorption materials, vibration
isolation, etc. A listing of such materials, with known advantages, disadvantages, and estimated lifetimes,
can be found in the ESEERCO Report [B2].

 

6.1.1 Absorption materials

 

When four-sided barriers, barrier enclosures, and walk-in enclosures are used, sound absorption material
(typically placed on the inner side of the walls) is required to prevent the reverberant build-up of sound
levels within the enclosed space around the transformer. Three materials that have been widely used for
transformer sound control are fiberglass, mineral wool, and resonator blocks. The fiberglass and mineral
wool have been used predominantly in either standard acoustical panels or built-up metal panel walls where
their modest cost, relative ease of handling, and broadband sound absorption are very desirable. The
resonator masonry blocks have been widely used in masonry barriers and enclosures where the sound
absorption is accomplished at a small, incremental price over that of standard structural block.

 

Active sound 
cancellation

Acoustic and 
vibration 
actuators, 
placed on or 
near the tank 
wall, produce 
an “anti-
sound” signal 
that cancels 
tonal sound 
from the 
transformer 
before it 
radiates. 
Actuators are 
driven by DSP 
controllers 
that use error 
sensing 
microphones 
as input.

—Well suited for 
retrofits
—Global or 
directional 
quieting
—Full access to 
transformer
—Does not cause 
heat build-up
—Maintains 
standard 
transformer 
design
—Very effective 
at low frequencies
—Adapts to 
transformer sound 
changes

—Cost can be 
high
—Impractical for 
sound problems 
with tones above 
500 Hz
—Requires some 
maintenance
—Must be 
professionally 
designed and 
installed

Reduction:
5–25 at 120 Hz
4–15 at 240 Hz
3–12 at 360 Hz
3–12 at 480 Hz

 

NOTE—Fan 
sound remains 
unaffected.

 

a

 

This table taken in part from the ESEERCO Report, dated Oct., 1981 [B2].

 

Table 2—Field-installed sound abatement techniques

 

a
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6.1.2 Vibration isolation materials

 

For either the barrier enclosures or walk-in enclosures, it is important to evaluate the use of vibration isola-
tion materials to prevent vibration transmission from the transformer to the enclosure wall. If not used,
energy transmitted to the wall can be radiated as sound and, consequently, reduce the effectiveness of the
enclosure. Vibration isolation can be achieved either by placing isolation material under the transformer or
under the enclosure and ensuring that no parts of the transformer or its appendages are in contact with the
enclosure. The most commonly used method, at least for new installations, is to place the isolation under the
transformer. For a retrofit application using a metal panel barrier enclosure, the most practical method is to
place the isolation under the enclosure wall. Wide-spread experience indicates that steel springs and neo-
prene mounts or pads are the materials that are most commonly used. Where maximum isolation is required,
a combination of springs and neoprene pads is used in series. This capitalizes on the superior low-frequency
isolation of the springs and the superior higher-frequency isolation of the neoprene.

 

6.1.3 Barrier spacing

 

When installing or designing barriers or enclosures near tank walls, care should be taken to avoid spacing
between the tank wall and the barrier at even multiples of the power frequency half wave length (approxi-
mately 1.5 m, 3 m, 4.5 m, etc.). These spacings will result in standing waves that may amplify sound levels
at some locations between the transformer and the barrier, but are not expected to have an effect outside the
barrier.

 

6.2 Other field-installed sound abatement methods

 

6.2.1 Attached masses

 

Added tank wall mass is a useful method for reducing the resonant response of a tank that is poorly
designed. For a well-designed tank, added mass produces no discernible sound level reductions. Therefore,
while the measure is well understood, it is not practical as a general method because the majority of trans-
formers are designed with tanks exhibiting minimal resonant responses.

 

6.2.2 Tuned vibration dampers

 

Experience with tuned vibration dampers has shown that while one area of a tank can be damped, another
area will generally vibrate at a higher amplitude. Because multiple tones are generally involved, it has
proved to be very difficult to achieve any overall sound reduction via this measure. Tuned thin plates
attached to the tank are one form the dampers could take. Such a design is susceptible to physical damage
and could be detuned by accumulations of ice or snow in cold climates. Additionally, the tuning is tempera-
ture-sensitive. Hence, the use of tuned vibration dampers has to be considered not feasible or practical as a
general method of transformer sound reduction.

 

6.2.3 Tuned resonators

 

The use of an exterior array of resonators, attached to the outside of the transformer tank, has been proposed
as a means of reducing the radiation efficiency of the outside tank surface. Sound reductions up to 14 dB
have been reported. However, the performance of this and similar systems depends on a very accurate tuning
of a very lightly damped array of resonators. Very small changes in the tuning or in the resonant amplifica-
tion factor of the resonators substantially affects their performance. Consequently, snow, rain, frost, and even
temperature changes due to the transformer loading could cause severe detuning and cause the resonators to
be ineffective. For this reason and because the resonator elements are susceptible to physical damage, this
technique is not feasible.
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7. Active sound cancellation

 

Active sound cancellation may take four distinctly different forms, as follows:

a) Sound cancellation on or near the tank

b) Sound cancellation outside the tank, in the acoustic far field

c) Sound cancellation inside the tank

d) Harmonic suppression by flux cancellation

The first method, cancellation on or near the tank, is the most commercially developed to date, and is dis-
cussed in detail in 7.1. The latter three methods have been tried with varying degrees of success, but have not
been used in long term practical applications. These methods are summarized in 7.2.

Active sound cancellation is most effective at lower frequencies, namely two, four, and six times the power
frequency (see Table 2 for typical reductions). In some cases, a resonance may occur at higher frequencies,
which cannot be readily controlled using active sound control.

 

7.1 Sound cancellation on or near the tank

 

In principal, acoustic near-field cancellation is achieved by placing an array of baffled loudspeakers as near
to the transformer tank as is practically feasible, and driving them 180

 

°

 

 out-of-phase with the motion of the
nearest portion of the tank alone.

Another realization of the same principle is by use of displacement actuators, placed directly on the tank
wall, which alter the deflection shape of the tank wall at specific frequencies so that the wall is no longer an
efficient sound radiator.

These systems are newly commercialized and must be customized for each application. The performance of
these systems, as with tuned resonators mentioned in 6.2.3, will also depend on various factors such as local
terrain, weather conditions, and to an extent, the ambient temperature fluctuations. Sophisticated computer
hardware and software are also required to monitor and control these systems. However, active sound control
is emerging as a practical, effective solution to transformer sound.

 

7.2 Other active sound cancellation techniques

 

7.2.1 Sound cancellation outside the tank in the acoustic far-field

 

For far-field cancellation, an array of acoustic actuators (e.g., loudspeakers) is located typically 1.3–2 m
away from the transformer.

By moving away from the transformer tank, a larger surface area must be covered by the array of acoustic
actuators. In addition, the need to control wind-induced phase shifts between original sound and anti-sound
may arise. These factors make far-field cancellation more technically challenging and more expensive.

It is difficult in practice to create a uniform “quiet zone” by canceling in the far-field. In fact, the sound lev-
els may even increase in certain locations due to the presence of the anti-sound source. Because of these
drawbacks, limited work has been done to date to implement this method.

 

7.2.2 Sound cancellation inside the tank

 

It seems logical to attempt to cancel the sound as near to the source as possible. An early British patent
(patent #897-859) suggests inserting a “suitable transducer” in the oil between the core and tank wall, and



 
IEEE

FOR LIQUID-IMMERSED POWER TRANSFORMERS AND SHUNT REACTORS Std C57.136-2000

Copyright © 2001 IEEE. All rights reserved.

 

17

operating it with a current that produces displacements of the oil equal in amplitude but opposite in phase to
that produced by the transformer core in order to reduce the radiated sound.

The idea of achieving cancellation with a single or with very few transducers is based on the assumption that
the tank wall vibrations are caused solely by the compression of the oil volume in the tank. However, trans-
former oil is basically an incompressible fluid. The tank walls are excited by the inertial motion of the oil as
it tries to “slosh” back-and-forth between the opposite faces of the transformer yoke and legs, rather than by
any net periodic volume change. Thus, cancellation of the tank wall excitation with a few interior transduc-
ers does not seem feasible.

Techniques involving placing structural displacement actuators directly on the internal vibrating structure of
the transformer are currently being investigated. These techniques hold promise, but are not yet commercialized.

 

7.2.3 Harmonic suppression by flux cancellation

 

Successful attempts were made to reduce the amplitude of the transformer sound by injecting a relatively
small voltage at twice the power frequency of the supply. The injected voltage was derived from a motor-
alternator set and its phase and amplitude adjusted until the intensity of the fourth harmonic tone became a
minimum. A steady reduction of 15 dB–20 dB has been achieved for the fourth harmonic tone and for all the
other higher order harmonics. The amplitude of the second harmonic tone remained unaltered by this flux
cancellation. While the results are significant, the technique has not been examined in enough detail to deter-
mine if it could be implemented in a practical, cost-effective manner.

It may be mentioned that power quality considerations could limit the amplitude of harmonic voltage that
can be injected into a power system.

 

8. Useful sound level information

 

The test procedure for determining the sound level of a transformer or reactor is fully described in Clause 13
of IEEE Std C57.12.90-1999.

There are two values that are commonly used to express the amount of sound emitted by a source; these val-
ues are the sound pressure level and the sound power level.

 

8.1 Sound pressure level

 

The sound pressure level is a measure of the pressure fluctuations in the air that are caused by a source. It is
these pressure fluctuations that our ear hears and which are measured by the microphone of a sound pressure
level meter. The sound pressure level will vary with the distance from a source and with the environment in
which the sound is located. The closer to a sound source, the higher the sound pressure level.

The sound pressure level, 

 

L

 

p

 

 in decibels (dB), is twenty times the logarithm to the base ten of the ratio of a
given sound pressure (p) to a reference pressure (

 

p

 

o

 

) of 20 micropascals (µPa), or 

(1)

The reference pressure is the rms value of a sine wave.

Lp 20 log10× p
po
----- 

 =
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8.2 Sound power level

The sound power level is the amount of sound energy radiated by a particular source. The larger the sound
power radiated by a sound source, the higher the sound pressure level at a given position relative to the
source.

The sound power level, Lw, in decibels (dB), is equal to ten times the logarithm to the base ten of the ratio of
a given sound power (w) to the reference power (wo) of 10–12 watt, or

(2)

The sound power level of a sound source cannot be measured directly. The sound power level is calculated
by measuring the sound pressure level at a known distance from the sound source, averaging the measured
sound pressure level (see 8.4.1) and then summing this average sound level over the measurement surface.
This calculation can be performed using Equation (4) in 8.4.2.

8.3 A-weighting sound scale

The sound pressure level can be measured using octave band, one-third octave band, discrete frequency, or
A-weighted filters. 

The A-weighting scale is commonly used to measure equipment and community sound levels as it simulates
the frequency response of the human ear to sounds of different frequencies. The human ear is very respon-
sive to middle-frequency and high-frequency sounds, but is much less responsive to low-frequency sounds.
To simulate the human ear, the A-weighting scale adjusts the sound level of low frequencies downward
while providing relatively little adjustment to the high- and midrange-frequencies. 

A-weighted frequency corrections are given in Table 9 and Table 10 of IEEE C57.12.90-1999 for one-third
octave band and discrete frequency sound levels respectively.

8.4 Sound level calculations

8.4.1 Average sound pressure level (Lp)

The average transformer sound pressure level, Lp, shall be computed by averaging the ambient-corrected
sound pressure levels measured at each microphone location and for each frequency band (either A-weighted,
one-third octave band, or discrete frequency) using the following equation:

(3)

where

Lp is the average sound pressure level in dB,

Li is the sound pressure level measured at the ith location for the A-weighted sound level, for a one-third
octave frequency band, or for a discrete frequency, 

N is the total number of sound measurements.

Lw 10 log10
w
wo
------ 

 ×=

Lp 10 log10× 1
N
---- 10

Li 10⁄( )

i 1=

N

∑=
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The arithmetic mean of the measured sound pressure levels may be used to determine the average
transformer sound pressure level when the variation of the measured levels is 3 dB or less, or when an
approximate value of the average transformer sound level is desired.

8.4.2 Sound power level calculation (Lw)

The sound power level (Lw) shall be computed for each frequency band (either A-weighted, octave band,
one-third octave band, or discrete frequency) using the following equation:

(4)

The measurement surface area (S) is the vertical area (in square meters) enveloping the transformer (mea-
surement surface) on which the sound measurement points are located, plus the horizontal area bound by the
vertical measurement surface. Alternatively, for large transformers, the measurement surface area is approx-
imately equal to 125 percent of the vertical area enveloping the transformer (measurement surface).

8.4.3 Computation of A-weighted sound power level

The transformer A-weighted sound power level can be computed using the following procedures when the
A-weighted sound level has not been measured.

8.4.3.1 Octave or one-third octave band measurements

When a transformer sound power level has been computed on an octave band or one-third octave band basis,
the A-weighted sound power level can be computed using the following equation:

(5)

where

Lw (A) is the estimated A-weighted sound power level, dB re: 10–12 watt,

Lw (fj) is the sound power level in the fj third octave frequency band [computed, e.g., from Equation (4)],

Kj is the A-weighted correction for the jth frequency band,

fj are the one-third octave band frequencies for measuring transformer sound.

where j = 1 refers to the one-third octave band with a 62.5 Hz center frequency and, subsequently, j = 19
refers to the one-third octave band with a 4000 Hz center frequency. If full-octave band data is used, j = 1
refers to the 62.5 Hz center-frequency octave band through j = 7, where j = 7 refers to the 4000 Hz center-
frequency octave band.

8.4.3.2 Narrow-band frequency measurements at discrete frequencies

When a transformer sound power level has been computed using narrow-band measurements at discrete
frequencies, the core/tank A-weighted sound power level shall be computed using the following equation:

(6)

Lw Lp 10 log10 S( )×+=

Lw A( ) 10 log× 10 10
Lw f j( ) K j+[ ] 10⁄

j 1=

19

∑=

Lw A( ) 10 log10 10
Lw f k( ) Kk+[ ] 10⁄

k 1=

7

∑×=
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where

Lw (A) is the estimated A-weighted sound power level, dB re: 10–12 watt,

fk are the seven discrete frequencies for measuring transformer sound (Table 10 of IEEE C57.12.90-
1999),

Lw(fk) is the sound power level in the kth frequency, dB re: 10–12 watt,

Kk is the discrete frequency correction for the kth frequency (Table 10 of IEEE C57.12.90-1999).

where k = 1 refers to the discrete measurement at 60 Hz and, subsequently, k = 7 refers to the discrete mea-
surement at 720 Hz.

The use of 10 discrete frequencies may be desirable for a more detailed analysis, particularly in the presence
of dc effects, and the A-weighted sound power level could be computed using the following equation:

(7)

where

Lw (A) is the estimated A-weighted sound power level, dB re: 10–12 watt,

fk are the ten discrete frequencies for measuring transformer sound (see below),

Lw(fk) is the sound power level in the kth frequency, dB re: 10–12 watt,

Kk is the A-weighted correction for the kth frequency (obtain by interpolation from Table 9 and
Table 10 of IEEE C57.12.90-1999). 

where k = 1 refers to the discrete measurement at 120 Hz and, subsequently, k = 10 refers to the discrete
measurement at 1200 Hz.

Discrete frequency measurements should only be used for estimating transformer core/tank sound ratings
because the sound is not measured over the entire audible frequency spectra. This measurement technique is
therefore not applicable when cooling fans or pumps are operating.

If a full narrow-band spectrum were measured, the sum would be over all frequencies in the spectra as
opposed to the seven or ten discrete frequencies listed above.

LW A( ) 10 log10 10
Lw f k( ) Kk+[ ] 10⁄

k 1=

10

∑×=
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Annex B

(informative) 

Estimation of far-field transformer sound levels 

These equations are provided as a basic method to estimate transformer sound pressure levels at a specific
receiver location in the far field. For simple installations, these equations will provide an accurate estimation
of transformer sound emissions at distances greater than twice the largest dimension of the transformer.
Sound propagation is affected by various factors such as atmospheric absorption over distances greater than
100 m, complex terrain, interceding barriers, and reflective surfaces. An explanation of these factors is
beyond the scope of this text, however, they are mentioned to make the user aware of their potential
influence. If site conditions exist which will influence the sound propagation, the user of this guide should
reference acoustic propagation texts or consult an individual experienced in conducting sound propagation
calculations. In the following text and examples, the term IEEE locations refer to the standard measurement
positions as per standard IEEE C57.12.90-1999, Figure 29.

Step 1. Determine transformer sound power level (Lw)

(B1)

where

Lw is transformer sound power level [dB(A)],

is transformer sound pressure level at IEEE locations [dB(A)],

surface area is IEEE measurement surface area in m2,

= 1.25 transformer height x measurement perimeter. (B2)

Step 2. Calculate sound pressure level at a specific location

Assuming hemispherical sound wave radiation

(B3)

where

is sound pressure level at the specified distance, R [dB(A)],

Lw is transformer sound power level [dB(A)], 

R is distance from transformer to location in m.

This resulting Lp calculated from Step 2. will provide an estimate for a single transformer installation. If
there are multiple transformers proceed to Step 3.

Step 3. Multiple transformer installations

If there are multiple transformers then repeat Step 1 and Step 2 for each transformer. Combine the resulting
sound pressure level for each transformer using the following equation:

(B4)

Lw LpIEEE
10 log10 (surface area)+=

LpIEEE

LpR
Lw 10 log10 2πR2( )–=

LpR

LPtotal
10 log10 10 Lp1/10( ) 10 Lp2/10( ) …10 Lpn/10( )+ +[ ]=
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where

 is total sound pressure level of all transformers [dB(A)],

is sound pressure level of the nth transformer [dB(A)].

Example 1.

The maximum allowed sound level at a property line is 53 dB(A). The property line is 122 m from the
transformer. The height of the transformer is 6.1 m and the perimeter is 18.3 m. What should the maximum
allowable sound pressure level of the transformer be at the IEEE locations?

 = 53 dB(A), R = 122 m, h = 6.1 m, p = 18.3 m

Using Equation (B2) 

Surface area = 1.25 h × p = 1.25 × (6.1 m) × (18.3 m) = 139.5 m2

Rewriting Equation (B3)Lw = + 10 log10 (2πR2)

⇒ Lw = 53 dB(A) + 10 log10 [2π(1222)] = 102.7 dB(A)

Using Equation (B1) Lw = + 10 log10 (surface area)

⇒  = 102.7 dB(A) – 10 log10 (139.5) = 81.3 dB(A)

The maximum allowable sound pressure level of the transformer at the IEEE locations is 81 dB(A).

Example 2.

The measured sound pressure level of a medium power transformer is 62 dB(A). The property line is 30 m
away from the transformer. The height of the transformer is 5 m, and the measurement perimeter is 16 m.
What is the sound pressure level of the transformer at the property line?

= 62 dB(A), R = 30 m, h = 5 m, p = 16 m

Using (B2) 

Surface area = 1.25 h × p = 1.25 (5 m) × (16 m) = 100 m2

Using Equation (B1)

Using Equation (B3)

The sound pressure level at the property line is 44.5 dB(A).

Lptotal

Lpn

LpR

LpR

LpIEEE

LpIEEE

LpIEEE

Lw LpIEEE
10 log10 (surface area) 62 dB(A) + 10 log10 100( ) 82 dB(A)==+=

LpR
Lw 10 log10 2πR2( )– 82 dB(A) 10 log10 2π 302( )[ ]– 44.5 dB(A)= = =
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Example 3.

A substation consists of two transformers, each with an IEEE measurement surface area of 84 m2. Each
transformer radiates an average sound pressure level of 81 dB(A) at the IEEE measurement surface. The
nearest property boundary is 40 m from the first transformer and 50 m from the second transformer. What is
the expected sound pressure level at the nearest property boundary?

Using Equation (B1)

Then using Equation (B3)

For Transformer 1:

For Transformer 2:

Finally, using Equation (B4)

The sound pressure level at the nearest property boundary is 62 dB(A).

LpIEEE
81 dB(A), R1 40 m, R2 50 m, surface area 84 m2== = =

Lw LpIEEE
10 log10 (surface area) = 81 dB(A) + 10 log10 84( )+ 100 dB(A)= =

Lp1
Lw 10 log10 2πR1

2( )– 100 dB(A) 10 log10 2π 40( )2[ ]– 60 dB(A)= = =

Lp2
Lw 10 log10 2πR2

2( )– 100 dB(A) 10 log10 2π 502( )[ ]– 58 dB(A)= = =

Lptotal
10log10 10 60 dBA 10⁄( ) 10 58 dBA 10⁄( )+[ ] 62 dB(A)= =
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