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IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinat-
ing Committees 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 inter-
est 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 sub-
jected 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 reasonable 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 interpretattons is brought to the attention of
IEEE, the Institute will initiale action to prepare appropriate responses. Since IEEE Standards rep-
resent 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

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.

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, Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA;
(978) 750-8400. Permission to photocopy portions of any individual standard for educational class-
room use can also be obtained through the Copyright Clearance Center.
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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 Sid C57.12.90-1993, IEEE Guide for Short-Circuit Testing of Distribution and Power Transformers.

Part IT 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
€ITOTS 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 cormrected 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 ¢) 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! 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 shal! indicates mandatory requirements; and the
words should or may refer to matters that are recommended or permitted, but not mandatory.

Unformation on references can be found in Clause 2.

Copyright ® 1999 |EEE. All rights reserved. ’ 1
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2. References
This standard shall be used in conjunction with the following publications.

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.?

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.”

ANS] 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).*

ANSI S1.4-1983 (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.

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.icee.org/), and the Sales Department, American National Standards Institute, 11 West
42nd Street, 13th Floor, New York, NY 10036, USA (http://www.ansi.org/).

3This 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 (hutp://www.global ihs.com/).

“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/).
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IEEE
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TEEE Std 4-1995, IEEE Standard Techniques for High Voltage Testing.5
IEEE Std 100-1996, The IEEE Standard Dictionary of Electrical and Electronics Terms, Sixth Edition.

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

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 Grd Y/
19 920V and Below; 2500 kVA and Smaller).

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

IEEE Std C57.19.00-1991 (Reaff 1997), IEEE Standard General Requirements and Test Procedures for
Outdoor Power Apparatus Bushings.

IEEE Std C57.19.01-1991 (Reaff 1997), IEEE Standard Performance Characteristics and Dimensions for
Outdoor Apparatus Bushings.

IEEE Std C57.98-1993 (Reaff 1999), IEEE Guide for Transformer Impulse Tests.

IEEE Std C57.106-1991 (Reaff 1998), IEEE Guide for Acceptance and Maintenance of Insulating Oil in
Equipment.

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

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.

SIEER publications are available from the Instituie of Electrical and Electronics Engineers, 445 Hoes Lare, P.O. Box 1331 , Piscataway,
NJ 08855-1331, USA (http://standards.ieee.org/).
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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
malerials on the walls and ceiling.

3.8 sound pressure level L, 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,) of 20 pPa, or

L, =20xlo [—’1)
P g10 e

3.9 sound power level L,, in decibels: Ten times the logarithm to the base ten of the emitted sound power
(w) to a reference power of 1072w (w,), or

L, = 10x10g10(£—)
o

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.
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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 IR component of conductor losses
b)  Calculation of winding temperatures at the end of a temperature test
¢)  As abase 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).

R R T +T, a
s T T+ Ty
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where

R,  isresistance at desired temperature T,

Ry  is measured resistance,

T is desired reference temperature (°C),

T, isthe temperature at which resistance was measured (°C),

T is 234.5 °C (copper) or 225 °C (aluminum).

NOTE—The value of T}, 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
conveniernce, since it may be employed for the measurement of resistances up to 10 000 £2. 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 €2 or more, a Wheatstone Bridge (or equivalent) is commonly used; for values less
than 1 Q, 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.

=— TRANSFORMER
TBATTERY @:JL 3 i UNDER TEST

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.

6 Copyright © 1998 |EEE. All rights reserved.
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<)

d)

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 1V, a potentiometer or millivoltmeter shall be used.
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.

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.

Xy m— o

Hy —aHj

Figure 2—Windings: subtractive polarity
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X3 et Xy

H| —’HZ

N
c\
\\

v—{ v

L™

Figure 3—Windings: additive polarity

Leads and polarity marks arranged for subtractive polarity and additive polarity are shown in Figure 4 and
Figure 5.

Hl__;'HZ

Xy =— X3

Figure 4—Leads and polarity marks: subtractive polarity

Hy m=—— H;

¢ ]
9 p
®

Xz

X,

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 Hy will be transferred to X, as the adjacent lead,
and that connected to H; to X.

¢)  Break direct-current excitation, thereby inducing a voliage 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 H; lead shall be connected to the
adjacent low-voltage lead (X, in Figure 6).

pt————— SOURCE ————

6H| Hz

-

Q% Xa

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.

Copyright ©@ 1999 IEEE. All rights reserved. 9
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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, X5, of both transformers together, leaving the X 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 H; and X 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

10 Copyright © 1999 IEEE. All rights reserved.
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Figure 7—Transformer lead markings and voltage-phasor diagrams

for three-phase transformer connections
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Figure 8—Transformer lead markings and voltage-phasor
for six-phase transformer connections

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 (A) 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.

12
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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 Jow-voltage side of the transformer by connecting the lead that was

connected to H; to X, connecting the lead that was connected to H, to X, and connecting the lead that was
connected to Hj to X5.

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 H to X;, from H, to X3, from Hj to Xs, respectively; and the direction of rotation should be noted.
The test should then be repeated by transferring the leads from H; to X,, from H; to X4, and from Hj to X,
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.

7.11Taps

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 operaling 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 phasc is independent and accessible, single-phase power
should be used; although, when convenient, three-phase power may be used.

Copyright © 1999 IEEE. All rights reserved. 13
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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.

14 Copyright © 1999 IEEE. All rights reserved.
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Figure 9—Voltmeter arranged to read the difference between
the two secondary voltages

TRANSFORMER
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NOTE-Readings arc repeated after interchanging voltmeters.

Figure 10—Voltmeters arranged to read the two secondary voltages

7.3.3 Ratio bridge

A bridge using the basic circuit of Figure 11 may be used to measure ratio.

Pt
_— [}

r |

. J

souncs@

Figure 11—Basic circuit of ratio bridge
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When detector DET is in balance, the transformer ratio is equal to R/R;.

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.
SOURCE ?E’L ¢
l ) ,
_/ '

Figure 12—Connections for no-load loss test of a single-phase transformer
without instrument transformers
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Figure 13—Connections for no-load loss test of a single-phase transformer
with instrument transformers

(2 T
W AS
cT
é) Xy
Wi Va \/ T \O
A
. N — Xy Hy @]
—= /I, B8
B pu—
o Y O Xy H O
cr (<
POWER
SOURCE Wo |y, @h [ 2 vr /3 X3 H O
A
N —
NOTE: SOURGE c —é—_‘ /;c [ /
NEUTRAL SHOULD BE ~s NOTE: VOLYMETERS
pLBLE ror e L 5§ oo
TARNSFORERS ( VT Y.CONNEGTED WINDING
TRANSFORMERS W, |y v 3
WHEN NO DELTA " = S OR LINE-TO-LINE FOR
WINDING IS PRESENT N ), == A-CONNECTED WINDING
TO PROVIDE RETURN \ =
PATH FROM = ry
TRANSFORMER
NEUTRAL

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):

Pm
@

Pellw) = 5 5kp,

where

Tm s the average oil temperature at the time of test (°C),

P(T,) is the no-load losses, corrected for waveform, at temperature 7', ,
P, is measured no-load losses at temperature T},

Py is per unit hysteresis loss,

P, is per unit eddy-current loss,

k is (EeY'
18 (E—,a) s

E is the test voltage measured by rms voltmeter,
E, is the test voltage measured by average-voltage voltmeter.
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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 T, for transformer no-load losses is specified in 5.9 of
IEEE S§td 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 7, .
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:

P(T,) = P(T){1+(T,-T)K1} 3)
where

P.(T;) is the no-load losses, corrected to the standard reference temperature T,
P (Tyy) is the no-load losses, corrected for waveform, at temperature Tn

T, is the standard reference temperature (°C),

Ky is an empirically derived per-unit change in no-load loss per °C.

If the actual value of K 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
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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 1mpedance 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
9.24.

9.2.1 Design

The design-related factors include conductor material, conductor dimensions, winding design, winding
arrangement, shielding design, and selection of structural materials.

20 Copyright © 1999 IEEE. All rights reserved.
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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 2R 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.

¢)  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 losscs. 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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NOTE-Instrument transformers to be added when necessary.

Figure 15—Single-phase transformer connections for load loss and impedance voltage
tests without instrument transformers
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Figure 16—Single-phase transformer connections for load loss and impedance voltage
tests with instrument transformers

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
(Zy, Z,, and Z5) until the voltage across Z, and Z 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 Z;, Z,, and Z.
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Figure 17—Three-phase transformer connections for load loss and impedance voltage
tests using three-wattmeter method
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Figure 18—General impedance bridge network

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.
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Figure 19—RC-type impedance bridge
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Figure 20—Transformer-ratio-arm bridge

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 mms value shouid correspond to the desired
value. Simultaneous readings of wattmeters, voltmeters, and ammeter should be recorded.
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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.

ft—e= SOURC E 4

+ A

Figure 21—Connections for impedance loss and impedance voltage tests
of an autotransformer

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 Z,,, Zy3, and Z; 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):

Zys—Zyy+Z
zZ, = 12 223 31 (4)
Zy~Zy+2
Z, = _2323_112 =Z,-Z (5)
Za—-Z,+2
Zy= 2 2]2 2 =2y-2, 6
where

Zy2, 233, and Z3y  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.
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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.

—AAA

Z

. AN
Z3

Figure 22—Equivalent three-winding impedance network

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.

v,
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Figure 23—Test of three-phase transformer with single-phase voltage

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, H; and H;, H; and H3, H; and
H;. Then,
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P,+Py+P
Measured load losses (W)= 1.5 [—12—%) (N
. Ep,+Eyp+Ey,

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 R; be the resistance measured between two high-voltage terminals and R, the resistance

between two low-voltage terminals; let I} and I, be the respective rated line currents. Then, the total I 2R loss
of all three phases will be

Total /°R (watts) = 1.5(I°R, + I2R,) ©)
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).

P.=P -V A (-W;-V,+CY a0
where

P, is the wattmeter reading, corrected for phase-angle error (W),

P, is the actual wattmeter reading (W),

Vi is the voltmeter reading across wattmeter voltage element (V),

A, is the ammeter reading in wattmeter current element (A),

W4  is the phase-angle error of wattmeter where applicable (tad),

V4  is the phase-angle error of voltage transformer (rad),

C4  1s 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
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Table 1—Requirements for phase-angle error correction
Apparent Joad loss
power factor Comments
(PF = Pp,,/VA)
PF <0.03 Apply phase-angle error correction
0.03 <PF<0.10 Apply phase-angle error correction if |- W, - V4 + Cy| >290 prad (1 min)
PF>0.10 Apply phase-angle error correction if |- W, - Vy+ Cy| > 870 prad (3 min)

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:

_ -1 Pm
¢, = cos (VmAm) (1)
P, =V A cos(o,-Wy-V;+Cy) (12)

For three-phase measurements, the corrections are applied to the reading of each wattmeter employed. The
transformer load loss at temperature 7, is then calculated as follows:

3
T, = 2 R.R,P; 13

i=1

where

P(T,) is transformer load losses, corrected for phase-angle error at temperature 7y,

P isthe corrected wattmeter reading of the i wattmeter,
R is the true voltage ratio of voltage measuring circuit,
R is the true current ratio of current measuring circuit.

v

a
9.4.2 Temperature correction of load losses

Both I 2R losses and stray losses of a transformer vary with temperature. The / 2R losses, P(T,), of a trans-
former are calculated from the chmic resistance measurements (corrected to the temperature Ty, at which the
measurement of load losses and impedance voltage was done) and the current that were used in the imped-
ance measurement. These / 2R losses subtracted from the measured load loss watts, P(T,), give the stray
losses, P(T ), of the transformer at the temperature at which the load loss test was made.

P(T,) = P(T,)-PL(T,) 4
where

P, (T,) is the calculated stray losses (W) at temperature T},
P (T} 1s the transformer load losses (W), corrected in accordance with 9.4.1, for phase-angle error at
temperature T,
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P.(T,) is the calculated I 2R Joss (W) at temperature T,

The 12R 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 Tr, to another temperature 7, the two components of the load losses are corrected separately.

Thus,
T, +T
PAT) = P 72077 15)
Ty+T,
P(T) = PS(T,,,)( Tkk++ T) (16)
then
P(T) = P(T)+P(T) an

where

P(T) is PR loss (W) at temperature 7 (°C),
P(T) is stray losses (W) at temperature T (°C),

P(T) is transformer load losses (W) corrected to temperature T (°C),
/N is 234.5 °C (copper) or 225 °C (aluminum) (see note below).

NOTE—The temperature 225 °C applies for pure EC aluminum. 7y may be as high as 230 °C for alloyed aluminum.

Where copper and aluminum windings are employed in the same transformer, a value for T} of 229 °C shonld 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).

El’( Tm) =

P(T,)
7 (18)

E, = JE(T) —E(T,) (19)

E(m) = XD 20)

E(T) = JE(T) +E @D

where

E(Ty,) is the resistance voltage drop (v) of in-phase component at temperature T,

E(T) isthe resistance voltage drop (v) of in-phase component corrected to temperature 7,
E, is the reactance voltage drop (v) of quadrature component,

Ey(T,y) is the impedance voltage (v) at temperature T}y,

E,(T) isthe impedance voltage (v) at temperature 7,

P(T)  is the transformer load losses (W) comrected to temperature 7,
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P(T,,) is transformer load losses (W) measured at temperature Ty,
I is the current (A) in excited winding.

Per-unit values of the resistance, reactance, and impedance voltage are obtained by dividing E(7), E,, and
E,(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:

Zo(%) = 300[5 x L‘) 22)
0 E"I
where
E is measured excitation voltage,
E, is rated phase-to-neutral voltage of excited winding,
I is measured total input current flowing in the three parallel-connected phases,
I, 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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Figure 24—Equivalent zero-phase-sequence network for transformers
with one externally available neutral

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.

r— o-maog"
: 3
k-0 o—--9p
! Z, i Zp
]

o_fYW'\ Y YY O\ %2

Zy

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

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 Z;N,.

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 Z; N,
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c) 7Test 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 Z,N,,.

d)  Test4. 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 Z,N,.

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:

Zy = +A/ZZN‘,(Z]NO_ZINS) = +»\/21N°(ZZN‘,—ZZNS) 23)
Zy = Zyy, 25
Z, = Z]NO_Z3

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 Z, N, and Z, ~, approach infinity, then Z; approaches infinity, and the equivalent circuit is that shown in Figure 26.

Zjng OR Zong
O YT o)

NEUTRAL
-O-

Figure 26—Equivalent zero-phase-sequence network for transformers with two
externally available neutrals and 0° phase shift if Zyy, and 2,y approach infinity

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.
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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.

¢)  The rectified capacitor-current method shall be considered a standard method for transformer tests.

d)  Inconducting 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 I 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.

Table 2—Maximum test duration

Test voltage as a percentage of Allowable duration
maximum system operating voltages (min)
150 5
- 140 12
130 36
120 120

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 swilching 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.
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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 Ks. The actual

time to crest shall be greater than 100 ps, and the time to the first voltage zero on the tail of the wave shall be
at least 1000 ps.

Occasionally, core saturation will cause the time to the first voltage zero to be less than 1000 ps. 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 Us 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
1o 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 is and decays to half of crest value in 50 Us 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 s 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 pF

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 s
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 s to S s for front-of-wave tests, 5 Hs to 10 ms for

chopped-wave tests, 50 us to 100 ps for full-wave tests, and 100 ps to 600 ps 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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Table 3—Grounding resistor values

Nominal system voltage Resistance
&V) «
345 and below 450
500 350
765 300
NOTE—These values are representative of typical transmission-
line surge impedances.

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.
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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 s and a tail of 50 ps 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)  Voliage 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 cof a failure either within the transformer or in the test circuit.

¢)  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 liguid-immersed distribu-
tion transformers with requirements specified in IEEE Std €57.12.20-1996, IEEE Std C€57.12.22-1995,
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IEEE Std €57.12.23-1992, 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 x 50 s 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 cither 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)  Fora single-phase three-wire connection, where X, would be grounded in service, terminal X, shall be

solidly grounded and terminais X; and X3 shall be open except as provided in the paragraph that fol-
lows this list.

b)  For asingle-phase two-wire connection, where either X; or X, may be grounded in service, then either
terminal X or X; 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 X, would be grounded in service, terminal X shall be
grounded and terminals X, X5, and X 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 X;, X,, or X,

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 | 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 = X rated frequency 24)

Et
1.1 xE,
where

E is the induced voltage across winding,
E.  isthe 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 of 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.
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10.8 Induced voltage test for Class Il 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 ANST 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 S 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 uV.
b)  The increase in PD levels during the 1 h does not exceed 30 uV.

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 lien 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 RTV
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 shiclding 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 1o 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 uV at the measuring frequency.
b)  Measure the voltage at the terminal with the radio-noise meter connected directly to the terminal,

¢)  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.

¢)  Establish that this calibration ratio remains valid over the RIV range of interest.

NOTE—See IEEE Std 454-1973 [B5] for further background information.

$The 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 000V, whichever
1s 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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Table 4—Measurements to be made in insulation power-factor tests

Method I Method IT
Test without guard circuit® Test with guard circuit®
Two-winding transformers® Two-winding transformers °
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 transformers? Three-winding transformers?
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 and low to tertiary and ground
High, low, and tertiary to 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.

¢) The various liquids and insulating materials used in transformers result in large variations in insulation power-
factor values.

®In 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.
Permanently connected windings, such as in autotransformers and regulators, shall be considered as one winding.
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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).

F

Fomp = 2 25)
where

Fop is the power factor corrected to 20 °C,

Fpt is the power factor measured at 7,

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 temg) erature T Correction factor K
0
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,
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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 valucs 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 cxceeding 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.

¢)  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.

¢)  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-
lance measurement. The average temperature of a winding shall be determined by Equation (26).

T = £(Tk +Ty)-Ty (26)
Ry
where
T is the temperature (°C) corresponding to hot resistance R,

Ty is the temperature (°C) at which cold resistance Ry was measured,
Ro  1sthe cold resistance, measured according to Clause 5, (),

R is the hot resistance (€2),

Ty is 234.5 °C for copper and 225.0 °C for aluminum.

NOTE—The value of T} may be as high as 230 °C for alloyed aluminum.
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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 2R 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/Ib) for cop-
per or 132 W/kg (60 W/ib) for aluminum.

One rcading 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/Ib)]. 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/1b) for

aluminum, a correction of 1 °C/min may be used.

Table 6—Winding temperature correction factors

Winding temperature correction factor
Time after shutdown Copper Aluminum Copper Aluminum
(min) (Wikg) (Wib)
1 0.09 0.032 0.19 0.07
15 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

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 perioed of 1 h, after which
further readings may be taken. This shall be repeated until all necessary readings have been taken.
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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 mm? (1 in?). 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.

Copyright © 1999 IEEE. All rights reserved. 53

Copyright by the Institute Of Electrical & Electronics Engineers Inc
Tue May 30 15:56:28 2000



STD.IEEE €57.12.90-ENGL 1999 WM u4a05702 05742483 040 W

|IEEE
Std C57.12.90-1999 IEEE STANDARD TEST CODE FOR LIQUID-IMMERSED

¢) Immediately reduce the current in the windings to the rated value for the connection and the loading
used, hold constant for 1h, 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).

Rated Cu £y2m
T, = o( "e“) QD

Test Current

where

T, is the corrected difference between average winding temperature, corrected to shutdown, and the
average liquid temperature at shutdown

T, 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 7.
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.
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Figure 27—Example of loading back method: Single-phase
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Figure 28—Example of loading back method: Three-phase

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 shail be corrected by using one of the methods in 11.5.2.2.1 0r 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.

o= 1f(%) -1} @8

where
Ty is the liquid rise correction (°C),
Ty 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 hiquid rise + Ty,

Corrected winding rise  is observed winding rise + T .
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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).

To=T. (A/A, — DF _ (29)
where

Tp  isthe increase in temperature rise at altitude 4 m (°C),

T, is the observed temperature rise (°C),

A is altitude (m),

A, 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 Sin%ll{e‘-l Xl)lase 'I‘hr(;:(e‘-lgl)lase
? 5 t0 500 15 to 500
I 501 to 1667 501 to 5000
I 1668 to 10 000 5001 to 30 000
v Above 10 000 Above 30 000
NOTE—AII kilovoltampere ratings are minimum nameplate kilovoltampere for the
principal windings.

4Category I shall include distribution transformers manufactured in accordance with
ANSI €57.12.20-1998 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 1 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 Fauit 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
¢)  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 TEEE Std C57.12.00-1993.

NOTE—For Categories I and II, calculate /. 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
IMI and IV, calculate I, using transformer plus system impedance.

See Clause 7 of IEEE Std C57.12.00-1993 for additional clarifying information on determining Z,.
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

arange 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 windin g 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 Cn
having suitable current ratios inside the deita of the source winding and measure first cycle peak
asymmetrical current from oscillograms obtained from these current transformers.

¢)  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 diclectric 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 Z as follows:

Zp (per unit) Percentage variation
0.0299 or less 22.5-500 Zy
0.0300 or more 7.5

— Categories Il 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%.
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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.

¢)  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 ncise 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
S51.4-1983 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 $1.4-1983 for Type 1 meters together with ANSI $1.11-1986 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 natrow-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.

Table 8—Ambient sound corrections

Difference, in decibels, between the combined Correction, in decibels, to be added to the sound
transformer and ambient sound pressure level pressure level of the combined transformer and
and the ambient sound pressure level 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 -04

over 10 0.0

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.
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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
shoulid 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 SF 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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Figure 26—Microphone location for measuring audible sound from transformers

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.
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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 (L)

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).

N

1 (L,/10)

L, =10x logw{ﬁ Y. 10 } 30)
i=1

where

L; s the sound pressure level measured at the i 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 (L,,)

The sound power level shall be computed for each frequency band (A-weighted, one-third octave band, or
discrete frequency) using Equation (31).

L, = L, + 10 xlog(S) 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 (sce Table 10), the A-weighted sound power level can be computed using Equation (32).

19
L,(A) = 10x10g10{ 3 104 "”K")”o’} (32)

i=1

where

Ly(fj) 1s the sound power level in the f; third octave frequency band,
Kj is the A-weighted correction for the ]*h frequency band (see Table 9).
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Table 9—A-weighted frequency corrections
for one-third octave band sound levels

A-weighted frequency correction for one-third Corrections (Kj)
octave band sound levels (dB)
63 -26.2
80 -225
100 -19.1
125 -16.1
160 -134
200 -10.9
250 -8.6
315 6.6
400 —4.3
500 -3.2
630 -1.9
800 -0.8
1000 0.0
1250 0.6
1600 ~-1.0
2000 -1.2
2500 -13
3150 -1.2
4000 -1.0

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 nsing Equation (33).

7
L,(A) = (10x]og10){ E 10((Lw(fk)+Kk)/10)}
’ k=1

where

L,,(A) is the estimated A-weighted sound power level,
Jr 1s the seven discrete frequencies for measuring transformer sound,
K;  is the discrete frequency correction from Table 10.

(33)

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.
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Table 10—A-weighted frequency corrections
for discrete frequency sound levels

Discrete frequency (fz) C .

(Hz) orrection (Kz)
60 -26.9

120 -16.6

240 -9.1

360 -5.6

480 -3.5

600 =22

720 -1.1

13.6 Presentation of resuits

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.

¢) 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.

1)  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.
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1)  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.

n=2=-"—2=1-FL=- (34)
P, P, P, P +P,
where
n is efficiency,
P, isoutput,
P is input,
Py islosses.
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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.

Test No.
1. Transformer description
a) Manufacturer:
b) Type: Serial #:
¢} Dimensions (m): X X Measurement area {(square km):
d) Tapping range:
e} Test date: ___/_ / = Time: _________ _ Engineer:

2. Transformer operating characteristics

a} Rating MVA:

b) Measured voltage: Primary: Secondary: Ratio:
¢} Connection: Tap position:

d)} Transformer description:

e) Transformer condition (check one}:
Fully operational with all auxiliaries in service.
Fully operational without auxiliaries in service.

Cooling equipment in service and transformer unenergized.
. Other (describe);

3. Sound measuring instruments

Instrument Manufacturer Iype Bumber

Sound level meter:
Microphone:
Calibrator:
Filter or Analyzer:
Others:

4. Deviation from standard (describe):

5. Test envirorment

Use back of sheet for sketch of test environment and transformer and microphone
locations.

6. Sound rating

a) A-weighted sound pressure level: dB(a)
b} A-weighted sound power level:

dB(aA), re: 10712 watt

Date: Approved

Figure 30—Data sheet for audible sound test
Test No.
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A-weighted transformer sound pressure level, dB(A)

A-weighted ambient level

Microphone

#

Height (m)

Ambient
transformer
sound pressure
level (dBA)

Ambient
sound
level*
(dBA)

Corrected A-
weighted
sound pressure
level (dBA)

Microphone Measured

*

ambient

Height (m) | el

S| Qlm|mo| o] Qlw| >

wl e At |l | | W] W

26

_ *Usc average ambient sound level to compute ambient corrected transformer sound level.

Average A-weighted sound p
A-weighted sound power level:

72

e level:

dBA

dBA, re 1072w
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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: reg = A/(R + Fp)2 +(X+ q)2 -1
(35)

b) When the load is leading: reg = A/(R + Fp)2 +(X —-q)2 -1
where
Fp is power factor of load,
is + Jr—_li'a ,

. . load loss in ki
R is resistance factor of transformer = oad loss in kilowatts

rated kilovoltamperes

is reactance factor of transformer = + «/Z2 -R* ,

impedance kilovoltamperes
rated kilovoltamperes

zZ is impedance factor of transformer =

The quantities F,,, g, 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).

cal b ST 2l 33
reg = a-sa +5a —ga +gd —jea’+ca (36)
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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).
72

a = Zcos(¢0+0) + = 37
where

R is resistance factor of transformer = load lo's s in kilowatts )

rated kilovoltamperes
- _ impedance kilovoltamperes

Z 1s impedance factor of transformer = rated Kilovoltampores

X is reactance factor of transformer = + «/Z2 -R ,

¢ is the impedance angle of transformer impedance,

cos¢ isR/Z,

F,  is the power factor of load cos¢,

6 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
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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, wyc, 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} Qil 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 spol 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—ltems identified with ** are not required for distribution transformers 2500 kVA and smaller, unless specified
by the user.
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Annex A

(informative)
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