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INTERNATIONAL ELECTROTECHNICAL COMMISSION

POWER TRANSFORMERS -

Part 21: Standard requirements, terminology,
and test code for step-voltage regulators

FOREVWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization-for standardigzation
comprising all national electrotechnical committees (IEC National Commlttees) he object of IEQ is to
promote international co-operation on all questions concerning standardizatign in the\glectricgl and
elgctronic fields. To this end and in addition to other actlvmes IEC publi Res ntérngtiona Hards,
Technical Specmcatlons Technical Reports, i uides
(h¢reafter referred to as “IEC Publication(s)”). Their preparation is entrustd to tehnlc co eep; any
IEC National Committee interested in the subject dealt with may partci 3 work.
Infernational, governmental and non-governmental organizations lid ipate in
this preparation. IEC collaborates closely with the International @Qrga |zat|on BO) in
acfordance with conditions determined by agreement between

2) THe formal decisions or agreements of IEC on technica e, an
infernational consensus of opinion on the relevant b has
representation from all interested IEC National Commit

3) IE Publications have the form of recommendatio y IEC
Ngtional Committees in that sense hnical
coptent of IEC Publications is accura by are
uskd or for any misinterpretation by an

4) InJorder to promote international uniform icptions
trgnsparently to the maximum extent OSSIb e gence
befween any IEC Publication and th learly
indicated in the latter.

5) IEf itself does not p rovide
copformity assess s not
regponsible for any|se

6) Atjention isAdrav ubject
of jpatent righ

Interpational IEC

technical co

The s based on the following documents:

N

t )
POEE
\\ \\PEEE%td FDIS Report on voting

C}§7.15-2009 14/688/FDIS 14/697/RVD

Full information on the voting for the approval of this standard can be found in the report
on voting indicated in the above table.

Published by the IEC under licence from IEEE. © 2009 IEEE. All rights reserved.
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A list of all the parts in the IEC 60076 series, published under the general title Power
transformers can be found on the IEC website.

The committee has decided that the contents of this publication will remain unchanged
until the stability date indicated on the IEC web site under "http://webstore.iec.ch” in the
data related to the specific publication. At this date, the publication will be

* reconfirmed,

* withdrawn,

* replaced by a revised edition, or

¢ amended.

@%

£
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IEC/IEEE Dual Logo International Standards

This Dual Logo International Standard is the result of an agreement between the IEC and the Institute of
Electrical and Electronics Engineers, Inc. (IEEE). The original IEEE Standard was submitted to the IEC for
consideration under the agreement, and the resulting IEC/IEEE Dual Logo International Standard has been
published in accordance with the ISO/IEC Directives.

IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating
Committees of the IEEE Standards Association (IEEE-SA) Standards Board. The IEEE develops its standards
through a consensus development process, approved by the American National Standards Institute, which
brings together volunteers representing varied viewpoints and interests to achieve the final product.
Volunteers are not necessarily members of the Institute and serve without compensation. While the |IEEE
administers the process and establishes rules to promote fairness in the consensus development process, the
IEEE does not independently evaluate, test, or verify the accuracy of any of the information contained in its
stand4rds.

Use of an IEC/IEEE Dual Logo International Standard is wholly voluntary. The IEC and IEEE disclaim ljability
for arly personal injury, property or other damage, of any nature whatsoever, whether special, inflirect,
consefjuential, or compensatory, directly or indirectly resulting from the publication, fuse of\or reliancq upon
this, dr any other IEC or IEEE Standard document.

The IEC and IEEE do not warrant or represent the accuracy or content of the i i erein, and
expres$sly disclaim any express or implied warranty, including any implied\warka ¢ 3bijity or
fitnesg for a specific purpose, or that the use of the material conjajned I batent
infrindement. IEC/IEEE Dual Logo International Standards documents arg i

The ekistence of an IEC/IEEE Dual Logo International Standard dogs i 3 ways
to produce, test, measure, purchase, market, or provide other gos anthg§ 16e8 of the
IEC/ IEEE Dual Logo International Standard. Furthermore, the wvie s $ < ard is

approyed and issued is subject to change brought about thfough d \ rt and
commients received from users of the standard.

hen a
at its
ioned

Every|I[EEE Standard is subjected to review at least €
docunfent is more than five years old and\has no
contents, although still of some value, de
to chelck to determine that they have the la

In publishing and making this document a
profegsional or other services for, or o
underfaking to perform any duty owed by gny o
any other IEC/IEEE Dual iong

advicg of a competent
circunpstances.

Hering
EE is

, and
Standards document, should rely up n the
exercise of reasonable care in any [given

Interpfetations — Occapi garding the meaning of portions of standards ag they

relate|to specificrappl i . S interpretations is brought to the attention of IEEE, the
Institute will ini acti opri ésponses. Since IEEE Standards represent a consenpus of
concefned interests] ilis\ ensurg that any interpretation has also received the concurrenck of a
balange of interestg/ and the members of its societies and Standards Coordipating

Comni
where]

V|de an\nstant response to mterpretatlon requests except in those [cases

Comny Dual Logo International Standards are welcome from any interested|party,
regarg with the IEC or IEEE. Suggestions for changes in documents shopld be
in the| nge of text, together with appropriate supporting comments. Comments on
stand4 sts for\nterpretations should be addressed to:

ds Board, 445 Hoes Lane, Piscataway, NJ 08854, USA and/or General Sectetary,
, PO Box 131, 1211 Geneva 20, Switzerland.

Authorization to pheiocopy 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; +1 978 750 8400. Permission to
photocopy portions of any individual standard for educational classroom use can also be obtained through the
Copyright Clearance Center.

Secrejary,NEE
IEC, 3, qué Varem

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.

Published by the IEC under licence from IEEE. © 2009 IEEE. All rights reserved.
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Abstract: Description of design types, tables of 50 Hz and 60 Hz ratings, supplementary ratings,
construction, and available accessories are provided. Methods for performing routine and design
tests applicable to liquid-immersed single and three-phase step-voltage regulators are described.
Winding resistance measurements, polarity tests, insulation power factor and resistance tests,
ratio tests, no load loss and excitation current measurements, impedance and load loss
measurements, dielectric tests, temperature tests, routine and design impulse tests, short-circuit
tests, control tests, calculated data, and certified test data are covered.

Keywords: control, design tests, position indicator, routine tests, series transformer, tap changer,
Type A, Type B, voltage regulator

@C@

£

National Electrical Safety Code and NESC are both registered trademarks and service marks of the Institute of Electrical
and Electronics Engineers, Inc.
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IEEE Introduction

This introduction is not part of IEEE Std C57.15-2009, IEEE Standard Requirements, Terminology, and Test Code for
Step-Voltage Regulators.

The Working Group has undertaken the task to update this standard to:

a) Reflect the latest revisions of referenced documents IEEE Std C57.12.00™ [B13] and
IEEE Std C57.12.90™ [B16], and eliminate references to these standards in this standard

I Qued o7 18 3NN0 PR | 1s 4 1s lala it 4
I Ot UJ 7. T2 UU 7 dlidduplivdlv dppliivdUlv tbAL.

b) | Adapt the new IEEE approved format to ensure compatibility with the latest ISO~and IEC
standards.

¢) | Include references to applicable IEC standards and keep IEEE standard’refereaces to, a minjmum.
This assists in setting up document as a possible candidate for a dual JOgd\(IECGUEEE).

d) [ Update tables of preferred ratings; include 50 Hz ratings. Ratings 2\ i 6 kV
(250 BIL), and 69 kV (350 BIL) have been removed from the Sl g ulator
rating Table 5 (Table 4 in 1999 edition) due to historical inactivity of requests.A rs for
ratings.

f) | Clarify Type A and Type B designs and their resulting\vgltage regulatienvper extreme tap positions.

g) | Review short-circuit requireme where

applicable.

Notice to users

Laws and regulati

Users| of thes
provigions of thys

applicable laws and regulations. Compliance with the
ply compliance to any applicable regulatory requi;ejilents.

Imple] atory
requif hot in
comp

N
Cop

This document is edpyrighted by the IEEE. It is made available for a wide variety of both public and
private uses. These include both use, by reference, in laws and regulations, and use in private self-
regulation, standardization, and the promotion of engineering practices and methods. By making this
document available for use and adoption by public authorities and private users, the IEEE does not waive
any rights in copyright to this document.

! The numbers in brackets correspond to those of the bibliography in Annex C.

Published by the IEC under licence from IEEE. © 2009 IEEE. All rights reserved.
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Updating of IEEE documents

Users of IEEE standards should be aware that these documents may be superseded at any time by the
issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect. In order to determine whether
a given document is the current edition and whether it has been amended through the issuance of
amendments, corrigenda, or errata, visit the IEEE Standards Association web site at
http://ieeexplore.ieee.org/xpl/standards.jsp, or contact the IEEE at the address listed previously.

For njore information about the IEEE Standards Association or the IEEE standards development'prpcess,
visit the IEEE-SA web site at http://standards.ieee.org.

Errata

URL:
URL

Erratq, if any, for this and all other standards can be
http://standards.ieee.org/reading/ieee/updates/errata/index.html. Use
for erfata periodically.

Interpretations

Currept interpretations can be accessed a dards.ieee.org/reading/icee/interp/

index|html.

Patents

Attention is called to the pessibili at 1t Q matter
covergd by pa ighty a i stence
or validity of patent rights, in oqnnestion therewith. The IEEE is not responsible for identifying
Essential Patent Claims for whi JOoC lidity
or scppe of Pafents\Claigs O ed in
connegction with Subriissi Ctte nable

or nofp-disgriminaty sers of this standard are expressly advised that determination of the validity ¢f any
patenq rights, and<the rigk oNjrfringement of such rights, is entirely their own responsibility. Further
inforgpation ay-Re obtaingd from the IEEE Standards Association.

IMPQORTANL _NOHNCE: This standard is not intended to ensure safety, security, health, or
environmental pragection i a ircnmstances.  ITmplementers—of the —standurd —are—responsible for
determining appropriate safety, security, environmental, and health practices or regulatory
requirements.

This IEEE document is made available for use subject to important notices and legal disclaimers.
These notices and disclaimers appear in all publications containing this document and may
be found under the heading “Important Notice” or “Important Notices and Disclaimers
Concerning IEEE Documents.” They can also be obtained on request from IEEE or viewed at
http://standards.ieee.org/IPR/disclaimers. html.

Published by the IEC under licence from IEEE. © 2009 IEEE. All rights reserved.
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ERS —

Part 21: Standard require
terminology, and test co -
voltage regulators

1. Overview

1.1 Scope

This tandard three-

phase| step-voltageq kVA
(for single-phas i
1.2

<
This § 1s intended+as a basis for the establishment of performance, limited electrical and mechpnical
interc} general requirements of equipment described. It also assists in the proper selpction

of such equipment.

1.3 Word usage

When this standard is used on a mandatory basis, the word shall indicates mandatory requirements. The
words should or may refer to matters that are recommended or permitted but not mandatory.

Published by the IEC under licence from IEEE. © 2009 IEEE. All rights reserved.
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2. Normative references

The following referenced documents are indispensable for the application of this standard (i.e., they must
be understood and used; therefore, each referenced document is cited in text and its relationship to this
standard is explained). For dated references, only the edition cited applies. For undated references, the

latest edition of the referenced document (including any amendments or corrigenda) applies.

Where references to both IEC and IEEE standards are made, users shall specify the standard they require,

and equipment shall be manufactured to meet that standard.

IEC 60068-2-1, Environmental testing—Part 2-1: Tests—Test A: Cold."
IEC 60068-2-2, Environmental testing—Part 2-2: Tests—Test B: Dry heat.

IEC ¢0068-2-30, Environmental testing—Part 2-30: Tests—Test Db: Damf
cycle).

IEC 60214-1, Tap-changers—Part 1: Performance requirements and tes{ method

\

IEC ¢0255-5, Electrical Relays—Part 5: Insulation coordination - TR ays and prof]

equipment—Requirements and tests.

IEC §0255-21-1, Electrical Relays—Part 21: Vibratig
and pfotection equipment—Section one: Yibrati

1IEC ¢ 5 art 22-1: Electrical disturbance t

1 MHE burst immunity tests.

IEC ¢0255-22-2, Measurip@\relays-a ert—Part 22-2: Electrical disturbance t

Electrostatic discharge tes

IEC 40255-22-3, Measuring
Radiated electr netig field

IEC 4
Electni

IEC 4
measuri

N
IEC
proted

tion equipment—Immunity to conducted disturbances induced by radio frequency fields.

12 h

ection

relays

PSts—

PSts—

PSts—

PSts—

ts for

5 and

IEEE Std 4™, IEEE Standard Techniques for High-Voltage Testing.” *

' IEC publications are available from the Central Office of the International Electrotechnical Commission, 3, rue de Varembé, P.O.
Box 131, CH-1211, Geneva 20, Switzerland (http://www.iec.ch/). IEC publications are also available in the United States from the
Sales Department, American National Standards Institute, 25 West 43rd Street, 4th Floor, New York, NY 10036, USA

(http://www.ansi.org/).

’[EEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, Piscataway, NJ 08854,

USA (http://standards.ieee.org/).

* The IEEE standards or products referred to in Clause 2 are trademarks owned by the Institute of Electrical and Electronics Engineers,

Incorporated.
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IEEE Std C37.90.1™, IEEE Standard Surge Withstand Capability (SWC) Tests for Relays and Relay
Systems Associated with Electric Power Apparatus.

IEEE Std C37.90.2™, [EEE Standard for Withstand Capability of Relay Systems to Radiated
Electromagnetic Interference from Transceivers.

IEEE Std C37.90.3™, IEEE Standard Electrostatic Discharge Tests for Protective Relays.
IEEE Std C57.12.31™ [EEE Standard for Pole-Mounted Equipment—Enclosure Integrity.

IEEE Std C57.91™, IEEE Guide for Loading Mineral-Oil-Immersed Transformers.

IEEE[Std C57.98™, IEEE Guide for Transformer Impulse Tests.

IEEE(Std C57.131™ IEEE Standard Requirements for Load Tap Changers.

3. Definitions

For t dards
Dictid 4
ambi eat of
the equi

NOTH
immedi

in the

NOTH
air.

in-going

angular displaceme 2 age reg pltage
regul : e i rence
sourcg ) The
conngl three
single ) The
conng three
single en the
voltag other

than nexy : th the

voltage regulators nnect d in delta will be less than £5° for a +10% range of regulation.

autotransformer: A'transformer in which at least two windings have a common section.

average winding temperature rise of a voltage regulator: The arithmetic difference between the average
winding temperature of the hottest winding and the ambient temperature.

common winding: That part of the autotransformer winding that is common to both the primary and
secondary circuits. Syn. shunt winding.

* The IEEE Standards Dictionary: Glossary of Terms & Definitions is available at http://shop.ieee.org/.
* Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to implement
this standard.
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current transformer: An instrument transformer intended to have its primary winding connected in series
with the conductor carrying the current to be measured or controlled.

dielectric withstand voltage tests: Tests made to determine the ability of insulating materials and spacings
to withstand specified overvoltages for a specified time without flashover or puncture.

NOTE—The purpose of the tests is to determine the adequacy against breakdown of insulating materials and spacings
under normal or transient conditions.

excitation current: The current that flows in any winding used to excite the voltage regulator when all
other windings are open-circuited. It is usually expressed in percent of the rated current of the voltage

regulator:

impedance drop: The phasor sum of the resistance voltage drop and the reactance voltage drop.

NOTH ly, the
sum ¢ hd-loss
measu| e they
differ d i pfactice,
to be ifimum
amour]

impedance voltage of a voltage regulator: The Voltage Ig d Current through one
windi indings
conng

NOTH nit, or
percenft,

line-drop compensator: A device that cf g i i dge by
an any h br and
a pred

liquid:

NOTE

liquid-i d in a
liquid

liquid-i d in a
liquig

liquid-imimersed selfscooled/forced-air-cooled (Classes KNAN/KNAF and KNAN/KNAF/KNAF): A

voltage regulator having its core and coils immersed in liquid with fire point > 300 °C and having a self-
cooled rating with cooling obtained by the natural circulation of air over the cooling surface and a forced-
air-cooled rating with cooling obtained by the forced circulation of air over this same cooling surface.

liquid-immersed self-cooled/forced-air-cooled (Classes ONAN/ONAF and ONAN/ONAF/ONAF): A
voltage regulator having its core and coils immersed in liquid with fire point <300 °C and having a self-
cooled rating with cooling obtained by the natural circulation of air over the cooling surface and a forced-
air-cooled rating with cooling obtained by the forced circulation of air over this same cooling surface.
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liquid-immersed self-cooled/forced-air-cooled/forced-liquid-cooled (Class KNAN/KNAF/KFAF): A
voltage regulator having its core and coils immersed in liquid with fire point > 300 °C and having a self-
cooled rating with cooling obtained by the natural circulation of air over the cooling surface; a forced-air-
cooled rating with cooling obtained by the forced circulation of air over this same air cooling surface; and a
forced-liquid-cooled rating with cooling obtained by the forced circulation of liquid over the core and coils
and adjacent to this same cooling surface over which the cooling air is being forced-circulated.

liquid-immersed self-cooled/forced-air-cooled/forced-liquid-cooled (Class ONAN/ONAF/OFAF): A
voltage regulator having its core and coils immersed in liquid with fire point < 300 °C and having a self-
cooled rating with cooling obtained by the natural circulation of air over the cooling surface; a forced-air-
cooled rating with cooling obtained by the forced circulation of air over this same air cooling surface; and a
forced-Tiquid-cooled rating with cooling obtained by the forced circulation of liquid over the core and coils
and adljacent to this same cooling surface over which the cooling air is being forced-circulated.

liquid i in an
insulaj

liquid i ilS\imprersed in
a liqu] i er the ooled
surfade.

liquid egtla 1Y i S sed in
a liqu| al ci } ‘ ooled
surfade.

liquid 5 core
and ¢ C | oling
obtair] S 3 r with
coolir

liquid ed/self-coe ] 5 core
and ¢ id wi i oling
obtair] al circulati ‘ i r with
coolir - ion of ai

Ssedtha e R loss
in thel i 3 windin 2 eddy
currer] ( i Q i y loss
inducg 8 e 9

ked to

load (excitation) Tos§es include core loss, dielectric loss, conductor loss in the winding due to exciting
current, and conductor loss due to circulating current in parallel windings. These losses change with the
excitation voltage.
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nominal system voltage: A nominal value assigned to a system or circuit of a given voltage for the
purpose of convenient designation. The term nominal voltage designates the line-to-line voltage, as
distinguished from the line-to-neutral voltage. It applies to all parts of the system or circuit. The system
voltage by which the system is designated and to which certain operating characteristics of the system are
related. (The nominal voltage of a system is near the voltage level at which the system normally operates
and provides a per-unit base voltage for system study purposes. To allow for operating contingencies,
systems generally operate at voltage levels about 5% to 10% below the maximum system voltage for which
system components are designed.)

platform mounted voltage regulator: A line voltage regulator that is designed for mounting on a platform
and has a maximum weight limitation. This step-voltage regulator controls the voltage on the main feeder

out o ¥ L‘llC bu‘UbldliUIl oI OIT 1dLCI dib Uff Uf I.ilC Illdill fCC(.‘lCI . II. ib LUI[L[[IUIliy leCllCd 0 dS d (/l'l.btrl. utlon

voltage regulator.

polarjty of a voltage regulator: (A) The polarity of a voltage regulator is intrinsic(in its dgsign. Polarity is

correq g the bwer”

range r will

differ| i lative

instan ng(s),

as ap n the

namej

NOTEH

pole-t has a

maxi] of the

substdti bltage

reguld

prims;

rated i : 0 : The amount that the voltage regulator will raise or

lower]|i S , Or it

may b

rated ipment

are re

rated ations

ofav

rated red.

rated pf the
a-annliad to o Hoga ragalat ~han tha Haoga a

1 i ath £otrad Hogo olat th
seriesbwindings with fated—voltage apphed—to—the—veltageregulator,—whenthe—voltageregulatoris-in the

position that results in maximum voltage change and is dehvermg rated output at 80% lagging power
factor.

rating in KVA of a voltage regulator: (A) The rating that is the product of the rated load amperes and the
rated “raise” or “lower” range of regulation in kilovolts (kV). If the rated raise and lower range of
regulation are unequal, the larger shall be used in determining the rating in kVA. (B) The rating in kVA of
a three-phase voltage regulator is the product of the rated load amperes and the rated range of regulation in
kilovolts multiplied by square root of 3.

reactance drop: The component of the impedance voltage drop in quadrature with the current.
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reactor: An electromagnetic device, the primary purpose of which is to introduce inductive reactance into
a circuit.

regulated circuit of a voltage regulator: The circuit on the output side of the voltage regulator, and in
which it is desired to control the voltage.

NOTE—The voltage may be held constant at any selected point on the regulated circuit.
resistance drop: The component of the impedance voltage drop in phase with the current.

resistance method of temperature determination: The determination of the temperature by comparison

of th¢Tesistance of @ Windingat the temperature (o e detelTed, Wit the Tesistance at @ jnown
tempgrature.

series transformer A transformer w1th a serles Wmdmg and an exc1t1ng wind mg, imwhich theseries
windi it 2 input
receiy

serie§ winding: That portion of the autotransformer winding that is ne 3 ' y and
secon| i

shunf

station- tions.
This as a
substdti

step-y uit is
contrd

tap: 4 ing the
voltage,

thermometer method of te b e ¢ re by
thermpcouple itat 9 ith_ei bf the
equipment.

total losses of : p - . i i¢s.
Type rectly
to the a8 ustry.
The <gries e indi , 1 , Vi , ircuif. In a
Type itati i inding i ss the
unregplatéd primary sjrcuit. The maximum range of regulation on the raise side equals the maximum|range
Of e uldtiUll Uf th,{’UWGI’ bidc WiLh 10“0 bciug l.hC llUlllilldl dITTOUILIU Uf lcguiaiiuu fUI iilC plUfUIIU kVA

ratings.

NOTE—See Figure 1.
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Figure 1—Schematic diagram of single-phase, Type A, step-voltage regulator

Type|B step-voltage regulator: A step-voltage regulator in which the prib i eCted, via
taps, fo the series winding of the voltage regulator. It is sometimes referredtofas-an in» in the
ich i } nlated
ing is
an the
of the

circuif. In a Type B step-voltage regulator, the core excitation
connected across the regulated circuit. The maximum range ofTe
maxirhum range of regulation of the lower side with 10%
raise §ide for the preferred kV A ratings.

NOTH—See Figure 2.
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[

Kigur\-— ematic diagram of single-phase, Type B, step-voltage regulator

utility winding: That part of a voltage regulator coil that provides a voltage supply for the tap changer
motor and/or the control, for a cooling fan or for a user’s specified requirement.

voltage regulating device: A voltage sensitive device that is used on an automatically operated voltage
regulator to control the voltage of the regulated circuit.

voltage supply ratio: The ratio of the regulated line voltage to the control supply voltage.
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4. Service conditions

4.1 Usual service conditions

4.1.1 General

Voltage regulators conforming to this standard shall be suitable for operation at rated kilovoltamperes
under the usual service conditions given in 4.1.2 through 4.1.7.

4.1.2|Temperature

4.1.2{1 Cooling air temperature limit

When|
avera,

hd the

4.1.2

The t
tempe

Liquid

41.2

When| ", and
the ay water
tempgrature shall not 20 °C
operation.

<

4.1.3)Altitude

The alti 000 m(3300 ft).

4.1.4]

The supply-voltage wave shape shall be approximately sinusoidal, and the phase voltages supplying a
three-phase voltagewegulator shall be approximately equal in magnitude and time displacement.

4.1.5 Load current

The load current shall be approximately sinusoidal. The harmonic factor shall not exceed 0.05 per unit.

4.1.6 Outdoor operation

Unless otherwise specified, voltage regulators shall be suitable for outdoor operation.
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Tank or enclosure finish

Temperature limits and tests shall be based on the use of a nonmetallic pigment surface paint finish. It
should be noted that metallic-flake paints, such as aluminum and zinc, have properties that increase the
temperature rise of voltage regulators, except in direct sunlight. Unless otherwise specified, the tank finish
shall conform to Light Gray Number 70, Munsell Notation SBG 7.0/0.4. Finishing of voltage regulators
shall meet requirements specified in IEEE Std C57.12.31.°

4.2 Loading at other than rated conditions

IEEE|Std C57.91 provides guidance for loading at other than rated conditions including the following
a) | Ambient temperatures higher or lower than the basis of rating
b) | Short-time loading in excess of nameplate kVA with normal life expe
c) | Loading that results in reduced life expectancy
NOTH—IEEE Std C57.91 is a guide rather than a standard. It provides the est
loadinp of voltage regulators under various conditions based on typical
the best engineering information available at the time of preparatlon
compdnents other than wmdmgs that may limit the capablhty 0
compq
suppli¢
43 L
Condfti
shoul
reguld
4.3.1|Unusual :m
Voltage regulat :
specified in 4.1.%
IEEE|Std C57.
4.3.2
4
The di
decre

for the
il upon
cillary
cillary
nall be

alent,
bltage

than
\ and

lation

pltage

regulators shall bevdesigned with larger air spacing using the correction factors of Table 1 to obtain

adequ

4.3.2.

ate air dielectric strength at altitudes above 1000 m (3300 ft).

1 Insulation level

The minimum insulation necessary at the required altitude can be obtained by dividing the standard

insula

tion level at 1000 m (3300 ft) by the appropriate correction factor from Table 1.

¢ Information on references can be found in Clause 2.
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Table 1—Dielectric strength correction factors for altitudes
greater than 1000 m (3300 ft)

NOTH—An altitude of 4500 m (15 000 ft) is considered a maximum for volta

4.3.2

Bushi
1000

4.3.3

Other|
a)

b)
c)
d)
€)
f)
g)<
h)

Altitude Altitude correction
factor for dielectric
(m) () strength
1000 3300 1.00
1200 4000 0.98
1500 5000 0.95
1800 6000 0.92
2100 7000 0.89
2400 8000 0.86
2700 9000 0.83
3000 10 000 0.80
3600 12 000 0.75 /)
4200 14 000 0.70
4500 15 000 067 \

2 Bushings
ngs with additional length or creep distance shall be ful

h (3300 ft).

Other unusual service condition

Abnor
Ambient¥ém

)

i)
k)
D

substamtraiiy Smusordat- waveforn

:2011(E)
.15-2009

ing'tQ this standard.

ceSsary for operation pbove

team,

Iternating currents (ac), voltages, or departure of ac system voltages ﬁlom a

Loads involving abnormal harmonic currents such as those that may result where appreciable load

currents are controlled by solid-state or similar devices. Such harmonic currents may
excessive losses, excessive tap changer contact wear, and abnormal heating.

Excitation exceeding either 110% rated voltage or 110% rated volts per Hertz.
Planned short circuits as a part of regular operating or relaying practice.

Unusual short-circuit application conditions differing from those described as usual in 5.9.1.

cause

m) Unusual voltage conditions (transient overvoltages, resonance, switching surges, etc.), which may

require special consideration in insulation design.
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n) Unusually strong magnetic fields. It should be noted that solar magnetic disturbances might result
in the flow of telluric currents in voltage regulator neutrals.

o) Parallel operation. It should be noted that while parallel operation is not unusual, it is desirable that
users advise the manufacturer if paralleling with other voltage regulators is planned, and the
characteristics of the transformers or reactors so involved.

4.3.3.1 Control

The control, depending on its construction, may be sensitive to altitude considerations. The manufacturer
should be consulted where applications exceed 2000 m (6600 ft). The control shall withstand an altitude of

t 2000 13- (10000 ) uathont loceof cantral
up to 000-m1H0-000-f)-witheutless-efeontrotk

4.4 Arequency

Step-yoltage regulators shall be designed for operation at a frequency of 60 N

5. Rating data

5.1C

Volta, nersed
voltag 1.4.
51.1

Internjal cooling medium innconta

a) | Liquid-i
b) Liquid£§

5.1.2

Intern

a) \Liguigkim
b) }quid{nme ed self-cooled/forced-air-cooled (Class KNAN/KNAF).

5.1.3 Liquid-immersed (fire point < 300 °C) water-cooled

Internal cooling medium in contact with the windings is insulating liquid with fire point < 300 °C:

a) Liquid-immersed water-cooled (Class ONWF).
b) Liquid-immersed water-cooled/self-cooled (Class ONWF/ONAN).
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5.1.4 Liquid-immersed (fire point > 300 °C) water-cooled

Internal cooling medium in contact with the windings is insulating liquid with fire point > 300 °C:

a) Liquid-immersed water-cooled (Class KNWF).
b) Liquid-immersed water-cooled/self-cooled (Class KNWF/KNAN).

5.2 Ratings

Rt : A : 2 e-limits
cover d in Table 3. Other wmdmg rises may be recognrzed for unusual ambient condltlons spec1ﬁed

N4

Ratings covered by this standard shall be expressed in the terms given in 5.2.1 and 35 specified|in 5.2.

Table 2—Limits of temperature rise

Item Type of apparatus * Winding temperatur: \ﬂwgf:\ﬁo}ﬁmdmg

rise by resistance, ° ((\ te re rise,| °C
(1 55 °C rise liquid immersed 55
65 °C rise liquid immersed

2 Metallic parts in contact with current-carrying con /wzlf)r ins }ﬂ@no\l\iﬁh{ a temperature rlsI

excess of the winding hottest-spot temperature rise
@3 Metallic parts other than those described in 1teﬁ.&w bbattainexcessivé temperature rises at mlaximum
rated load. 7\

4 The temperature rise of the insufatin u1 \11 t €Xe M C rise unit) or 65 °C (65 °C [rise unit)
when measured near the surface of the

system that has been proven by experience, general acceptgnce, or

in

[¢]

* Apparfatus with specified temperature rise shall have-an insulaty
an accgpted test.

5.2.1|Terms in whi

The rating of a ¢ expressed in the following terms:

Veoltage rangedin percent (raise and lower)

Voltage regulators shall be approximately compensated for their internal regulation to provide the specified
voltage range at rating in kVA with an 80% lagging power factor load.
5.2.2 Preferred ratings

Preferred ratings of step-voltage regulators shall be based on operation at a frequency of 60 Hz or 50 Hz
and nominal system voltages as given in Table 3, Table 4, Table 5, and Table 6.
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Table 3—Preferred ratings for liquid-immersed 60 Hz step-voltage regulators (single phase)

Nominal system voltage BIL (kV) kVA Line amperes
2400/4160Y 60 50 200
75 300
100 400
125 500
167 668
250 1000
333 1332
416 1665
4800/8320Y 75 50 100
75 150
100 200

7620/13 200Y 95

13 800 5

<

14 406024 94QY: NSO

<\
T0 920734 500 T30
34 500 200
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Table 4—Preferred ratings for liquid-immersed 50 Hz step-voltage regulators (single phase)

Nominal system BIL (kV) kVA Line amperes
voltage

6600/11430Y 95 33 50
66 100
99 150
132 200
198 300
264 400
330 500
396 600
462 700
528 800

11000 95
15000/25980Y 150

%

22000 15

N
A

B

(P %

VAN
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Table 5—Preferred ratings for liquid-immersed 60 Hz step-voltage regulators (three phase)

Nominal system BIL (kV) Self-cooled Self-cooled/forced-cooled
voltage kVA Line amperes kVA Line amperes
2400/4160Y 60 500 667 625 833
750 1000 937 1250
1000 1334 1250 1667
4800 60 500 577 625 721
750 866 937 1082
1000 1155 1250 1443
7620/13 200Y 95 500 219 625 274
750 328 937 410
1000 437 1250 54b
1500 656 2000 87
2000 874 2667 11496
2500 1093 %\ 1438
3000 1312 1750
7970(13 800Y 95 500 209 5 26|
750 313 I
1000 418 1250 528
1500 628 00 > 831
2000 837 7 1116
2500 1046Q \z{gz\ 1394
3000 1255 0 1673
14 400/24 940Y 150 500 125.5 ) S 1568
750 18%: 93 2354
1000 50 31
500 37 6 2000 50p
S 2667 66p
62 3333 83y
694 4000 92p
19 920/34 500Y 150 625 10p
25 937 1568
67 1250 20p
251 2000 33p
335 2667 44p
M 418 3333 55f
502 4000 66p
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Table 6—Preferred ratings for liquid-immersed 50 Hz step-voltage regulators (three phase)

Nominal system BIL (kV) Self-cooled Self-cooled/forced-cooled
voltage kVA Line amperes kVA Line amperes

6600/11430Y 95 500 253 625 316

750 379 937 474

1000 505 1250 631

1500 758 2000 1010

11000 95 500 262 625 328

750 394 937 492

1000 525 1250 656

1500 787 2000 1050

150000/25980Y 150 500 111 625 13p

750 167 937 208

1000 222 125 278

1500 333 2000 444

2000 444 7 59B

2500 556 28333 L0V 74)

22000 150 500 131 \>64

750 197 v 24p

1000 262 12 328

1500 394 0 52p

33000 170 500 8 625 18p

750 164

1000 175 50 21p

\/
5.2.3|Supplementary voltage rating 6

In ad
witho

lition to their rated voltage, as defined in 5.2\

Volta
voltag
witho

es other than the

it exceeding the[tempéra i
Tablei emen

age ratings for 60 Hz voltage regulators

¢ regulators shall deliver rated kVA

utput
y

ted at
peres

A\
N u&ube}\o}khas}s\ / Rated voltage Operating voltage
Sihgleghase, 7620 7200
\ N\ 4330 4160
\.. (Threcphase 5000 4800
q N\ \ 8660 8320
N\ 13200 12 470
N 13 800 13 200

5.3 Supplementary continuous-current ratings

Single-phase step-voltage regulators rated up to 34.5 kV, inclusive, and rated 668 A and below shall have
supplementary continuous-current ratings on intermediate ranges of steps as shown in Table 8. Maximum

continuous current shall be 668 A.
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Table 8—Supplementary continuous-current ratings for single-phase voltage regulators

supplg
contir

5.4 Taps

Load

the upregulated supply on the source side

0.625

Range of voltage regulation (%) Continuous-current rating (%)
10.00 100
8.75 110
7.50 120
6.25 135
5.00 160

Range of voltage regulation (%)

10.00

8.75

7.50

6.25

5.00

tap changing equipment shall be fy

percent steps, with sixteen steps aboyes

5.5 Qperating voltage

Volta,

a)
b)

be regulators, i
voltage provid

A minimun

times the ratio

of voltage transformer, whichever is less.

ent of
hately

pltage

ulator

7.5V

The output voltage obtainable with a given input voltage is limited also by the voltage regulator

voltage range.

Typical examples of the application of these rules to some common ratings of voltage regulators are given
in Table 10.
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5.6 Voltage supply ratios
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Values of voltage supply ratios are given in Table 11. When a voltage supply ratio is specified that is not a
preferred value shown in Table 11, an ancillary transformer may be furnished in the unit or control to

modify the preferred ratio.

Table 11 —Values of voltage supply ratios

Single p\:‘(:l:fge regulator ratmgT(:i)M phase Values of voltage supply ratios
2500 20, 20.8
4330 34.6,36.1
5000 5000 40,/41.7
6600 55
7620 <60, 635\,
7970 VAN
8660 693N\2.2 /
11 000 ’ L7
13 200 N\~ X0N04
13 800 13 800 ) O XI5, 140
14 400 X\ N20 )
15 000 RN
19 920 (N 166
22 000 AN\ DA 183.3
24940\ 7 [\ > 208
33 000 S L NN 275
34500 32300, \ / 287.5

5.7 Insulation levels

Volta
insula
ofas

NOTH
conne
when 1{

Table

s with BIL ratings of 200 kV and below

entity

hall be
iended

n

\wglied-voltage

Impulse levels

mv\\ insulation level Full wave Chopped wave —
tkV-rms) (kvTresty (kvTresty Min timg to
flashover (us)
60 19 60 66 1.5
75 26 75 83 1.5
95 34 95 105 1.8
110 34 110 120 2.0
150 50 150 165 3.0
170 70 170 187 3.0
200 70 200 220 3.0
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5.8 Losses

The losses specified by the manufacturer shall be the no-load (excitation) losses and total losses of a
regulator, as defined in Clause 3.

5.8.1 Total losses

The total losses of a voltage regulator shall be the sum of the no-load (excitation) and load losses.

5.8.2|Tolerance for losses

Unlesg otherwise specified, the losses represented by a test of a voltage regulator, ject fto the
following tolerances: the no-load losses of a voltage regulator shall not exceed the ified losses
by mdre than 10%, and the total losses of a voltage regulator shall not exceed <he sp ses by
more [than 6%. Failure to meet the loss tolerances shall not warrant im 3t Igad to
consutation between purchaser and manufacturer about further investi nd the
consefjuences of the higher losses.

NOTH—Since losses will differ at different operating positions of the voltage, r® ised in the
consideration of tap position with losses. Some styles of step-voltag ille it appreci n load
loss when boosting versus bucking, or will exhibit appreciable Change i N itiofs. See
5.8.3.

5.8.3|Determination of losses and e

No-lo cy on
a sinef

Load [losses shall be dete o l to a
reference temperature [oqual tQ § i indi i i from

Table|2 plus 20 °C.

Since|losses m
shall |

Operating positions and with various design options, [losses
o-load and load losses where:

rated
series

a)

4
NOTH sition,
that the ised to
assure egulator

from the load termln

b) No-load loss is reported for neutral position, maximum boost position, and position adjacent-to-
maximum boost position for voltage regulators that include a series transformer.

¢) Load loss is the average load loss in both the maximum and adjacent-to-maximum buck positions,
and the maximum and adjacent-to-maximum boost positions (that is, four positions) with rated
current in the windings.
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5.9 Short-circuit requirements

5.9.1 General

Step-voltage regulators shall be designed and constructed to withstand the mechanical and thermal stresses
produced by external short circuits of a maximum value of 25 times the base rms symmetrical rated load

current to a maximum requirement of 16 kA rms symmetrical.

a)

determined as shown in Equation (1) and Table 13.

The first-cycle asymmetrical peak current that the voltage regulator is required to withstand shall be

ISC(pk asym) = KISC(rms sym)

Table 13 —Values of K

ANA AN

(1

Base rated kVA

60 Hz <

K\_\ 7
O\ e

< 165 (single phase)

2.26% N\_ '\

R \2.197

> 165 (single phase)
> 500 (three phase)

N

\ N.ss b

Value of the first-cycle asymmetrical peak current is based onf an
which are common for distribution circuits.

Value of the first-cycle asymmetrical peak eDyrent is base
which are common for substation circuits.

b)

It is 1
repeaed mechanical and/the
nameplate rating. Since means a
degra

e regulator:’n se

voltag

Volta
contir

tap pq

I<lzar

atio oR6 wd 50 Hz, respectively,

kVAjzes for the same voltage rating should be considered if the available fault current exce

BSCS.

cts of
e the
te the
hg the

urrent
hange

it the
ver 1s

bds the

25 times base ratcd SULrent.

NOTE 2—User may specify a larger short-circuit withstand value due to unique system parameters. An example as
such is a short-circuit withstand of 40 times the base rated load current or 20 000 A whichever is less. Application,
limitations, design, and resulting cost are to be agreed upon by the user and the manufacturer.

5.9.2 Mechanical capability demonstration

It is not the intent of this subclause that every voltage regulator design is short-circuit tested to demonstrate
adequate construction. When specified, tests of short-circuit mechanical capability shall be performed as

described in 8.8.

Published by the IEC under licence from IEEE. © 2009 IEEE. All rights reserved.



https://iecnorm.com/api/?name=6baa025042d90e2309e9673382ffad35

- 23 - IEC 60076-21:2011(E)
IEEE Std C57.15-2009

5.9.3 Thermal capability of voltage regulators for short-circuit conditions

The temperature of the conductor material in the windings of voltage regulators under the short-circuit
conditions specified in 5.9.1, as calculated by methods described in 8.9.4, shall not exceed 250 °C for a
copper conductor or 200 °C for an electrical conductor (EC) aluminum. A maximum temperature of 250 °C
shall be allowed for aluminum alloys that have resistance to annealing properties at 250 °C, equivalent to
EC aluminum at 200 °C, or for application of EC aluminum where the characteristics of the fully annealed
material satisfy the mechanical requirements. In setting these temperature limits, the following factors were
considered:

a)  Gas generation from fluid or solid insulation

b) [ Conductor annealing

c) | Insulation aging

5.10(Tests

Tests jare divided into two categories: routine and design. Routine testg is by the
manufacturer to verify during production that the product meets the i S} i ési ts are
made|to determine the adequacy of the design of a partlcular &pe, v or its
comppnent parts. Design adequacy includes but is not limited tos 2t} igne rating
satisfjctorily under normal service condition or under speg 6 i fied, ianc¢ with

appropriate standards of the industry.

5.10.f1 Routine tests

Routi

a)
b)
©)
d)

igators,

N
j)  Applied-voltage test (see 8.6.5)
k) Induced-voltage test (see 8.6.6)
1)  Insulation power factor test (see 8.6.7)

m) Insulation resistance test (see 8.6.8)
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5.10.2 Design tests

The design tests described in 5.10.2.1 through 5.10.2.3 shall be made on representative voltage regulators
to substantiate the ratings assigned to all other voltage regulators of basically the same design. Design tests
are not intended to be used as a part of normal production. The applicable portion of these design tests may
also be used to evaluate modifications of a previous design and to assure that performance has not been
adversely affected. Test data from previous similar designs may be used for current designs, where
appropriate. Once made, the tests need not be repeated unless the design is changed to modify performance.

5.10.2.1 Thermal tests

Tempgrature-rise design tests shall be made on one unit of a given rating produced by a manufacturg
record that this design meets the temperature-rise requirement for a 55 °C or 65 °C winding-tise 1
Tempgrature tests shall be made at the tap position that produces the highest total 1¢ss at
for the highest operating voltage per nameplate, supplementary voltage rating (ses

atéd load ¢
.2.3), ahd the 16

rasa
ating.
urrent
D% or

668 A rating (see 5.3). When a voltage regulator is supplied with ancillary . ovide
highef kV A ratings, temperature tests shall be made at those ratings also. Te bednadeiin acgordance
with §.7.

When| specifications state that a thermal test may be omitted if th for a
thermpl duplicate voltage regulator, then calculated data based upe mitted

as thprmal duplicate test data. A thermal duplicate is-a

chara
withit
shall

5.10.2.

Desig|

condifi

applid

5.10.2.

Short:
demo

requg
teste

lesign
cs are
ulator

er for
ormal
y the

bse of
same
re not
e unit

6. Construction

6.1 Bushings

Voltage regulators shall be equipped with bushings with an insulation level not less than that of the winding
terminal to which they are connected, unless otherwise specified.
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Bushings for use in voltage regulators shall have impulse and applied-voltage insulation levels as listed in
Table 14. Unless otherwise specified, the color of the bushings shall match Light Gray Number 70, Munsell
Notation 5BG7.0/0.4, as described in IEEE Std C57.12.31.

Table 14 —Electrical characteristics of voltage regulator bushings (kV)

. Impulse full-
Creep distance Applied-voltage w?ave dry
Regulator BIL .. withstand .
(kV) (mmlm.um) withstand
mm (in) 1 min dry 10 s wet ® KV crest
(kV rms) (kV rms) (1.2 % 50 ps)
60 90 (3.5) 21 20 60
75 150 (6) 27 24 75
95 255 (10) 35 30 /95
110 280 (11) 50 45 [ 110
150 435 (17) 60 50 N\
170 660 (26) 70 65 130
200 660 (26) 80 75 N\ 200

* Wet withstand values are based on water resistivity of
precipitation rate of 0.085 mm/s (0.2 in/min).

o\m%) b«@d

6.2 Terminal markings

6.2.1|Terminal markings for step-vg

e-deSignated by an L, and those that are
ample, in the case of a single-phase vpltage
e case of a three-phase voltage regylator,

Voltage regulator terminals that are connected to\the oad
connected to the source shall be designa

reguldtor, the terminals shall be identifieq by

the tefminals shall be identitie

s the/top, shall have the S terminal on the left, followed
terminal and the common terminal SZ, as shown in Figufe 3.

Singl¢-phase voltage 1eg

in sequence in a flock

—_—d

~ JcONTROL]

Figure 3—Single-phase voltage regulators

For three-phase voltage regulators, when facing the voltage regulator on the source side, the S; terminal
shall be in front on the right, and the L, terminal shall be directly behind the S; terminal, as shown in Figure
4(a), or the S; terminal shall be in front on the right, and the L; terminal shall be directly to the left of the S;
terminal, as shown in Figure 4(b). The other terminals shall be located as shown in Figure 4.
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3 O SolLo

NOTH
equipr]

6.3 [
The 1
intern

varioy

Volta
locati

Any 11
be ind

hanufacturer shall furnish, with eac

nl connections and their markings, ing polaxi arkings, and the voltages obtainable with the

be transformers and & exindicated on the nameplate. Polarity and ele
bn shall be identified.

onlinear dévices,
icated on

br load

s and

Ctrical

- shall

to the
bsion-
o data

a)
b)
¢)
d)
e)
f)

Manufacturer’s name

Type and form designation or the equivalent
Cooling class

Serial number

Month and year of manufacturing (not coded)

Number of phases
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g) Rated kVA
h) Rated current
i)  Supplementary continuous-current ratings
j)  Rated voltage
k)  Voltage transformer ratio
1)  Rated range of regulation
m) Rated frequency

n) _Impulse level, full wave in kilovolts (kV)

0) | Untanking weight

p) | Total weight

q) | Insulating fluid type

r) | Volume of insulating fluid

s) | Conductor material

t) | Average winding rise in degrees Celsius (°C)

u) | Diagrams as specified in 6.3

v) | Installation and operating instructions reference

6.5 Tlank constructior

Voltage regulators sha KE eale | : is a
constijuction in which|theNufegis ank 1 phere
into tt tank. i elieve
exces$ pressure ). The
voltag C for
contirj ed  in
IEEE hlator.
Exces ternal
secon| hould

resuld]i

6.5.1

The replaceable pressure-relief valve shall be located on the tank above the 110 °C top fluid level, as
determined by the manufacturer's calculation. The valve shall be located so that it does not interfere with
the use of support lugs and lifting lugs. It shall not be located in the quadrant of the tank that contains the
control device.

Exposed parts shall be of weather- and corrosion-resistant materials. Gaskets and O-rings shall withstand
fluid vapor at 110 °C continuously and under operating conditions as described in IEEE Std C57.91,
without seizing or deteriorating, for the life of the voltage regulator.
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The valve shall have a pull ring for manually reducing pressure to atmospheric level using a standard hook
stick, and shall be capable of withstanding a static pull force of 112 N (25 1bf) for 1 min without permanent
deformation. The valve shall withstand for 1 min a static force of 445 N (100 1bf) applied normal to its
longitudinal axis at the outermost extremity of the body. When specified, the venting port on the outward
side of the valve-head seat shall be protected to prevent entry of dust, moisture, and insects before and after
the valve has operated

Venting and sealing characteristics shall be as follows:

a)  Venting pressure = 34.5 kPa (5 psig) + 13 kPa (gage) (2 psig).

b) —Resealingpressure——6-0kPa{(gage)-psig)-minimum:

¢)

d) ifimum
6.5.2
The 1 ift in a
vertic safety
factor hterial
used. ad of
the cq
6.5.3
Supp ent of
328 A prtical
plane 6.5.2.
Interc omplished by use of Type-B and Type-C s@ipport
lugs d Figure/6, respectively. An upper and a lower suppqrt lug
shall pe provided for ¢ and spacing of support lugs used are dependent ¢n the
total Weight a .@
NOTH (4 ascpiptions comes from IEEE Std C57.12.20™ [B14].* Due to pweight
restricti to voltage regulators
NOTE i acturer, weights can be significantly different for the same rating. The pser is
advise i able for the weight specified on the regulator’s nameplate.

4

NOTH So s a standard, depending on manufacturer, will have a substation base along with the Jupport
lugs fdr poJesmountingy, ThexSubstation base must not interfere with the mounting of the voltage regulator to the %le.

* The numbers in brackets correspond to those of the bibliography in Annex C.
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HORIZONTAL
REFERENCE
PLANE
LI
ab 08+19/ -0
- (4.25 +0.75/
-0.00})

HORIZONTAL REFERENCE

JUMP PROOF LIPS ¢

CONCAVITY “G”

NEC =
e

d SURPORT tuyg B
nmzu}ﬁ mﬁ%ﬁ)\

6.4 {0.25)

NOTH ave a tolerance of £2 mm (0.063 in). All dimensions are gjven in
millim inches.

el df . mm 35.25 in) depending on the tank height.

® Slots jon } Q.75 in) less than pole bolt spacing.

¢ Jump-

4 The i must by maintained to obtain a standard mounting and are not intended to show construction detailq except

for sloffdi
e “B?’ 11,

Figure 5—Support lugs B
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HORIZONTAL
—— 146 £ 32 (58 £ 1) REFERENCE
PLANE
\ i
\ ‘ _| . DEPTH SPACING
VER[TICAL {NOTE 6)
SPIACING
l {NUTE 4]

NOTH 1—Support lugs attached to voltage regulator with provisions for boKing ot
pole njounting.

NOTH 2—Slots can be vertical as well as horizontal and shall be suitabte
spacing is given in millimeters. Dimension in parentheses is given if i

NOTH 3—Support lug faces shall be in one plane.
NOTH 4—Vertical spacing shall be 914 mm (34
NOTH 5—Type-C adapter plates for direct g

direct

ion of

from cfertain pole-line hardware manufacturers. ] ontact
the manufacturer for safe loading capacities.
NOTH 6 g ust be
offset.[Some manufacturers i [ } ype-C adapter plate within their Type-C support
Iug design for ease of installa
les to
igher.

6.5.5.1 Maximum continuous rating less than 300 A

Tank grounding provisions shall consist, at a minimum, of one steel pad with a 0.5 in-13 NC tapped hole,

11 mm (0.44 in) deep and located near the bottom of the tank.
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6.5.5.2 Maximum continuous rating 300 A or greater

Tank grounding provision shall consist, at a minimum, of one unpainted copper-faced steel or stainless-
steel pad, 50 mm x 90 mm (2.0 in x 3.5 in), with two holes horizontally spaced on 44.5 mm (1.75 in)
centers, tapped for 0.5 inch 13 NC thread and located near the bottom of the tank. Minimum thread depth
of each hole shall be 13 mm (0.5 in). Minimum thickness of the copper facing, when used, shall be 0.4 mm
(0.015 in).

6.6 Components and accessories

6.6.1|Components for full automatic control and operation

a) | Control system.
b) | Current and voltage transformers or the equivalent for supplying th

c) | Load tap changer equipment shall consist of a liquid-immersed ascing ‘téy ector,
and an arcing switch, or a tap selector with vacuum switch et in Rtin y, and
motor mechanism. Equipment shall meet the requiremg RItI® r [EC
60214-1 as specified.

d) | Internal power supply for tap changer motor.
e) | Provision for disconnecting control power sup

s and
lower
ectric
ns.

6.6.2
a)
b)
¢)
d) e line
Huctor
inals
4 alNha ith a'minimum dimension of 101.6 mm X 101.6 mm (4.0 in x 4.0 in), with four

14, m (028625 Yn) holes horizontally and vertically spaced on 44.5 mm (1.75 in) cg¢nters.
W of thepad is shown in Table 15. The user has the responsibility of selecting the proper
conductar size for use with the clamp-type or spade terminals. When selecting the conductof size,
the user shéuld consider factors such as additional current carrying capability with reduced

regulation (see 5.3), supplementary voltage ratings (see 5.2.3) and loading at other than rated
conditions (see 4.2).
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Table 15 —Bushing terminal applications

Nameplate line current rating Conductor size range or
(A) 4-hole spade
150 or less #8-4/0
151 to 300 #2-477 kCM
301 to 668 #2-800 kCM

1-1/8-12 UNF-2A with 4-hole spade—

669 to 1200 9.5 mm (0.375 in) minimum thickness

1-1/2—12 UNF-2A with 4-hole spade—

1201 t0 2000 12.7 mm (0.5 in) minimum thickness

6.6.3|Accessories for three-phase step-voltage regulators

a) | Combination drain and lower filter valve with sampling device.
b) | Fill plug located at the top of the tank.
¢) | Liquid level indicator.

d) | Clamp-type terminals in accordance with single-phase criteria [see itetd

e) | Provision for thermometer.

7. Other requirements

Certain specific applications have voltage \tegulatot
Clausg 6. Clause 7 comprises descriptions of the

reguldtors. They shall be provided only when/specified 1 i i i
through Clause 6. Information_in the follo inuses ay’be specified for some applications.

7.1 Qther s@ ~ surrent ratings
When| specified, othe 3 a ous-current ratings, 668 A maximum, for three-phase v
reguldtors rated 8669 1allbe provided as shown in Table 16 (see 5.3).

upplementary continuous-current ratings for
three-phase voltage regulators

5, or
bltage
use 4

bltage

AN
<\\ Wvoltage regulation Continuous-current ratings
(%) (%)
N 10.0 100
8.75 110
7.5 120
6.25 135
5.0 160

7.2 Other components and accessories

When specified, the other components and accessories listed in 7.2.1 and 7.2.2 may be provided.
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7.2.1 For all voltage regulators

a)  Control cabinet removable for remote control operation [to 15 m (50 ft) from the voltage regulator].
b) Voltage transformer for source side sensing for reverse power flow mode of control.

c¢) Control cabinet heater.

d) Remote communication interface.

e) 5 A secondary rating for current transformer.

f)  Surge arresters.

g) | Thermometer with or without alarm contacts.

h) | Tank and control enclosure ground connectors.
7.2.2|For three-phase voltage regulators

a) | Control cabinet heater.

b) | Remote communication interface.

c) | 5 A secondary rating for current transformer.
d) | Surge arresters.

e) | Thermometer with or without alarm contacts.

f) | Tank and control enclosure ground sonnectd
g) | Hand operation crank for tap changer.

h) | Load tap changer in compartment/Separate g ore and coil.

8. Test code

This ¢lause p
follows:

ests specified in 5.10. The test methods covered pre as

a)

b)

%

d) excitation current (see 8.4)
e) d impedance voltage (see 8.5).

f)  Dielectric tests (see 8.6)
g) Temperature rise (see 8.7)
h)  Short-circuit tests (see 8.8)
i)  Calculated data (see 8.9)

® For Selsyn-type systems, care shall be exercised to assure that the conductor size is commensurate with the distance
used.
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8.1 Resistance measurements

Resistance measurements are of fundamental importance for the following purposes:

a)
b)
¢)
d)

Calculation of the I’R component of conductor losses
Calculation of winding temperatures at the end of a temperature test
As a quality control test of the manufacturing process

As a base for assessing possible damage in the field

8.1.1
The ¢
resistd
8.1.1
Cold

tempd
than 2

8.1.1

The t
insulal

a)

b)

8.1.1

The td

inserte

actuall
tempg
N

Determination of cold temperature

bld temperature of the winding shall be determined as accurately as possible w
nce. The following precautions in 8.1.1.1 through 8.1.1.3 shall be observed

1 General

emperature of the windings shall bg
ting liquid, provided:

e cold

nding
more

bf the

n the

ottom

uples
ble in
same

8.1.2

Conversion of resistance measurements

Cold winding resistance measurements are normally converted to a standard reference temperature (7)
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

conve

Rs = Rm

rsions are accomplished by the following Equation (2):

Ts+Tk
Tm+Tk
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where
Ry is the resistance at desired temperature 7 (€2)
R, isthe measured resistance (Q2)
T, is the desired reference temperature (°C)
T, is the temperature at which resistance was measured (°C)

T is 234.5 °C (copper) or 225 °C (aluminum; see NOTE)

NOTE—The temperature 225 °C applies for pure or EC aluminum. 7; may be as high as 230 °C for alloyed aluminum.
Where copper and aluminum windings are employed in the same voltage regulator, a value for 7; of 229 °C should be
applied for the correction of losses.

8.1.3|Resistance measurement methods

8.1.3{1 Voltmeter-ammeter method

The vpltmeter- ammeter method i 1s the most common method used for ve 8 3 ding résistance

measy urrent

measyring shunts, and/or digital ammeters of appropriate accuracy~are iftance
measyrements and in connection with temperature-rise determinati

To usg

a) oe are

ihgs in

urces;

18Q be wsed, especially in those instances whete less

led so

an be

documented.

9,

- REGULATOR
== ROV ®: UNDER TEST

Figure 7—Connections for voltmeter-ammeter method of resistance measurement

b) 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.

¢)  When making manual resistance measurements:

1)  The measuring instruments shall have ranges that are close to full scale, to minimize errors of
observation.
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2)  The voltmeter may be disconnected from the circuit before switching the current on or off, to
protect the voltmeter from injury by off-scale deflections. To protect test personnel from
inductive kick, the current may be switched off by a suitably insulated switch with a
protective circuit to discharge the energy.

3) Due to inaccuracy of deflecting ammeters and voltmeters, current shunts and digital
voltmeters or high-accuracy digital ammeters or other high-accuracy instrumentation should
be used.

d) Resistance is recommended to be measured at intervals of 5 s to 10 s, and the readings used shall be
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. The residual flux in
the cores should be made the same for both the cold and hot resistance meagurements by’saturating
the core with dc current prior to the measurement.

In general, the winding will exhibit a long time constant. To redude“the, tinie xequired fpr the

current to reach its steady-state value, a non-inductive external resistor . vieg with
the dc source. It may then be necessary to increase the source v S e vpltage
drop in the series resistor. The time will also be reduced by NP rough| other
windings in the same polarity as the winding being tested

e) | It is recommended that ten or more readings, but amini 3 Sur t¢adings should be uspd for
each cold resistance measurement and the avg ] i calculated from |[these

measurements shall be considered to be the resistange/of ‘the ci ~The current used shgll not
exceed 15% of the rated current of the wing i is_to be measured. Larger yalues
may cause inaccuracy by heating’the'winding ang ther ging’its temperature and resistgnce.

8.1.3|2 Bridge method
Bridgp methods may be us

d

NOTH—For resistance va heatstone pridge (or equivalent) is commonly used; for values less
than 1]Q, a Kelvin bridgg i -

8.2 H
Polari 1s to assure correct polarity of the instrument transformers uped in
conju apensation circuit of the control panel. Polarity tests on voltage regylators
sha11<lo one of the following methods:

a)

b) —Ratiobrridge”
NOTE—Testing for additive or subtractive polarity of a main winding, as commonly required for transformers, is not

required for voltage regulators. See Clause 3, polarity of a voltage regulator.

8.2.1 Polarity by inductive kick

Various acceptable variations of the inductive kick technique are in common use. The test is structured to
ensure that instrument transformers display polarity correctly as per the voltage regulator nameplate. The
following procedure may be used to check polarity by means of inductive kick with direct current:
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a) The example shown in Figure 8 is set up for a voltage regulator with a voltage transformer, a
current transformer, and a utility winding within the main core and coil assembly. Connect the
voltage regulator as shown.

b) Impress a direct voltage of known polarity S to SL, with positive polarity at S. Wait several seconds
while the current stabilizes.

c) Connect a zero-center-reading dc voltmeter to the voltage transformer secondary winding, point 1
to point 0 on Figure 8.

d) Open the switch. A negative kick response on the voltmeter indicates the polarity is correct as
marked.

e) [Repeattie testforthe current transtormer ( point 2)and the utitity winding (point 3)-

NOTH—It may be necessary to place a shunt from L to SL when testing the current transformer polarity.

CURRENT
SWITCH TRANSFORMER
UTILITY SHUNT
EDC WINDING WINDING

8.2.2 Polarityi
The ratio bridge d¢

8.3 R

8.3.1

The turns ratio of a¥oltage regulator, depending on the design type, can involve one to two core and coil
assemblies with two to five individual sections of winding and separate voltage transformer(s) used for
control and tap changer motor supplies. Ratios are made between the number of turns in one winding to the
other individual windings in the same core and coil assemblies. The turn ratios of separate voltage
transformers (if supplied) are made between the turns of the high- and low-voltage windings.

8.3.1.1 Taps

The turn ratio shall be determined for all taps as well as for the full winding.
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2 Voltage and frequency

The ratio test shall be made at rated or lower voltage and rated or higher frequency.

8.3.1.

3 Three-phase voltage regulators

In the case of three-phase voltage regulators, when each phase is independent and accessible, single-phase
power should be used; although, when convenient, three-phase power may be used.

8.3.2

The t
voltag
conneg

NOTE
voltag
regula
steps.

For th

8.3.3

8.3.3

Two Y
shunt

The ty

A sec
of rea

Volta
Comp
it wil]l
4
Tests
be takl

Tolerances tor ratio

Qad and with

irns ratios between windings shall be such that, with the voltage regulator at

Ratio test methods

1 Voltmeter method

pbnd set o'

dings shall b

fenas the true\value. These several values should check within 1%. Otherwise, the tests sh

rated
1l tap

Iso the
hge of
vidual

of the

0 sets

y, and

shall
all be

repea

+ 4
TOTTCTCTST

= stlo ot
CUWIUT uLu\x\yU

When appropriate corrections are applied to the voltmeter readings, tests may be made at only one voltage.

When several voltage regulators of duplicate rating are to be tested, work may be expedited by applying the
foregoing tests to only one unit, and then comparing the other units with this one as a standard, in
accordance with the comparison voltage regulator method discussed in 8.3.3.2.
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8.3.3.2 Comparison method

A convenient method of measuring the ratio of a voltage regulator is by comparison with a voltage
regulator of known ratio.

The voltage regulator to be tested is excited in parallel with a voltage regulator of the same nominal ratio,
and the two output sides connected in parallel but with a voltmeter or detector in the connection between
two terminals of similar polarity (see Figure 9). The voltmeter or detector indicates the difference in
voltage. This method is more accurate than the following alternative method.

E |— DECHEATAD
NCUULATURN

S UNDER TEST

SOURCE -

For an alternate method the~yoltage regulgtor. § . tor of
known ratio, and the voltfheters ar e 10).
The voltmeters shall Q

voltages.

orrect

L
REGULATOR
UNDER TEST

URCE (M

L

N REGULATOR
WITH KNOWN RATIO

1l

SL

Figure 10 —Voltmeters arranged to read the two series winding voltages

NOTE—Readings are repeated after interchanging voltmeters.
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8.3.3.3 Ratio bridge

A bridge using the basic circuit of Figure 11 may be used to measure ratio. When detector DET is in
balance, the voltage regulator ratio is equal to R/R1.

REGULATOR
/ UNDER TEST

(J\

SOLRCE(T

NOTE
potent

NOTE
NOTE

stance

8.4 N

8.4.1

No-lo|
load 1
and ¢
voltage.

s/that are incident to the excitation of the voltage regulatof. No-
bss, and conductor loss in the windings due to excitation cyrrent,
urrent in parallel windings. These losses change with the excjtation

The
voltag
windi
load current.

load current) includes current that flows in any winding used to excite the
21l other windings are open-circuited, and the circulating current in pgrallel
fion current referred to the shunt winding is generally expressed in percent of thg rated

The no-load loss of a voltage regulator consists primarily of the iron loss in the voltage regulator cores and
the circulating current in parallel windings, both of which are a function of the magnitude, frequency, and
waveform of the impressed voltage.

The no-load loss and current are particularly sensitive to differences in wave shape; therefore, no-load loss
measurements will vary markedly with the waveform of the test voltage.

The exciting kVA is the product of the rated voltage across the energized winding in kV multiplied by the
exciting current in amperes. The ratio of the no-load losses (in kW) to the exciting kVA is the no-load loss
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power factor of the voltage regulator during the test, and is used in correction for phase-angle error as
specified in 8.4.7.

In addition, several other factors affect the no-load losses and excitation current of a voltage regulator. 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 voltage regulators of the same design include
variability in characteristics of the core steel, mechanical stresses induced in manufacturing, variation in
gap structure, core joints, and variability of reactor (preventive autotransformer) core gaps.

8.4.2(No-load loss test

The purpose of the no-load loss test is to measure no-load losses at a specified excitati uency
and tgp position. The no-load loss determination shall be based on a sine-wavg voltage ifferent
waveform is inherent in the operation of the voltage regulator. The average-yOltap 3 thod|is the

most ficcurate method for correcting the measured no-load losses to a sine-wayve bast s 1 nded.
This nethod employs two parallel-connected voltmeters: one is an i mean
squar¢d (rms) calibrated] voltmeter and the other is a true rms-re pge is
adjusted to the specified value as read by the average-respg both
voltmgters are employed to correct the no-load losses tg -2 3) in
accordlance with 8.4.3.

8.4.2]1 Connection diagrams

Tests |for the no-load loss determination 0 gl age-fegulator are carried out using the

schen ws the necessary equipment and connegtions

when ent transformers are required, which |is the
gener 13 apply. If necessary, correction for Josses
in coff i K b rdiSconnecting the voltage regulator under teft and
noting SCl circyit voltage. These losses represent the losses pf the
conngl used). They may be subtracted from the ¢arlier

wattn] i 5 ¢’voltage regulator under test.

> REGULATOR
@ UNDER
TEST

VAN
(2]
Q
m
Q
®
i

©)

Figure 12 —Connection for no-load loss test of single-phase voltage regulator without
instrument transformers
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tation

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 voltage regulator corrected to a sine-wave basis shall

be determined from the measured value using Equation (3) and Equation (4):
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P
p=—"" 3)
(P1+ kP2)

where

P is the no-load losses corrected for waveform

P, is measured no-load losses

P, is the per unit hysteresis loss, referred to P,

P, is the per unit eddy-current loss, referred to P,

E )\
k=|1+- 4
Ea

wherd

E, is the test voltage measured by rms voltage meter

E, is the test voltage measured by average-voltage voltmeter
The actual per-unit values of hysteresis and eddy-current loss | < on of
the np load losses of a voltage regulator, depending I eactor
circulpting current induced by a portion of the series it is
sugge unit.
Equat i form djstortion. If waveform distortjon in
the te 1 cform
shall {
8.4.4|Test methods fort
Tests [for the no-Joad 1 hg the
three |wattmet z ctions
necesgary for condugt iment
transfprmers are ngt
8.4.5
The Sxci rrent of a voltage regulator consists of the current that maintains the| rated
magngti the cores of the voltage regulator and the circulating current between parallel
windipgs: xcitatjon current is usually expressed in per unit or in percent of the rated load curtent of

the voltage regulator” (Where the cooling class of the voltage regulator involves more than one kVA rating,
the lowest kVA rating is used to determine the base current.) Measurement of excitation current is usually
carried out in conjunction with the tests for no-load losses. Rms current is recorded simultaneously during
the test for no-load losses using the average-voltage voltmeter method. This value is used in calculating the
per unit or percent excitation current. For a three-phase voltage regulator, the excitation current is
calculated by taking the average of the magnitudes of the three line currents.
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Figure 14 —Three-phase voltage regulato
excitation currepttest usi

8.4.6|Measurements

At low power factors, such as those encpuntdrediwhils measyring losses of voltage regulators, judicious
select &t e & coymponents is essential for accurate and repeatable test
result i gt tramsfolmers, measuring instruments, bridge networkis, and

acces . Procedures for correcting the losses for mgtering
phasef

8.4.7 i g eranent’due to metering phase-angle errors

No-lo| agnitude related, such as instrument transformer ratio errofs and
meter pss measurements due to phase-angle errors in the wattmeter, vqltage-
measyyi ircui measuring circuit shall be applied in accordance with Table 17 usipg the
correqti i i

Pc:Pm_VmAmNWd_q)Vd_"(pCd] (5)
where

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

V,,  1isthe voltmeter reading across wattmeter voltage element (V)
A,  is the ammeter reading in wattmeter current element (A)

@W, s the phase-angle error of wattmeter where applicable (rad)
@V, is the phase-angle error of voltage transformer (rad)

@Cy  is the phase-angle error of current transformer (rad)

3
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Table 17 —Requirements for phase-angle error correction

Apparent loss power factor
(PF=P_/VA) Comments
PF <0.03 Apply phase-angle error correction
0.03<PF<0.10 Apply phase-angle error correction if |—oW,— @V, + @C,| > 290 prad (1 min)
PF>0.10 Apply phase-angle error correction if |-oW,— @V, + ¢C/ > 870 prad (3 min)

In general, instrument transformer phase-angle errors are a function of burden and excitation. Likewise,
wattnfeter phase-angle errors are a function of the scale being used and the circuit power factor. Thys, the
instrumentation phase-angle errors used in the correction formula shall be specific for the test konditions
involyed. Only instrument transformers meeting 0.3 metering accuracy class, or bettersare acceptable for
measyrements.

Use of Equation (5) is limited to conditions of apparent power factor less . 1 slystem
phasetangle less than 20 min. If corrections are required with apparent powe 1 phésg error
outside this range, the following exact formulas in Equation (6) and Eqdatios

4| P
= ¢oS L 6
?. {Vm g (6)
Pc = /mAmCOS[¢a - (DWd - gon + ¢Cd] (7)
For three-phase measurements, the corredtions are\applied he reading of each wattmeter employed. The
voltage regulator loss is then calculated to qu8) as follgws:
N
P=D R (®)
=1
wherd
P, osses, corrected for phase-angle error (W)
N ases fwattmeters) (W)
PCZ is the (cetrected wattméter reading of the ith wattmeter
R,
R

IS}

isthetru tageyratio of voltage measuring circuit
15\the frue surrert ratio of current measuring circuit

8.5 Load losses and impedance voltage

8.5.1 General

The load losses of a voltage regulator are losses incident to a specified load carried by the voltage regulator.
Load losses include I?R 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 the series winding and applying sufficient voltage across
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the shunt winding to cause a specified current to flow in the windings. The power loss within the voltage
regulator under these conditions equals the load losses of the voltage regulator at the temperature of the test
for the specified load current and tap position.

The impedance voltage of a voltage regulator is the voltage required to circulate rated current through one
of two specified windings when the other winding is short circuited while in a specified tap position.
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 resistance drop, is in
phase with the current and corresponds to the load losses. The reactive component of the impedance
voltage, called the reactance drop, is in quadrature with the current and corresponds to the leakage-flux
linkagesof the-windings—The tmpedance vottage 15 the phasor sunr ot thetwo compornents—The mpgdance
voltage is measured during the load loss test by measuring the voltage required to circulate rated,cusgent in
the windings. The measured voltage is the impedance voltage at the temperature of the test, andythe power

loss djissipated within the voltage regulator is equal to the load losses at the tempgdrature hnd at
rated énce ing the
equatj

The n rated
voltage, ng on

the dgsign type and rating. Impedance is m1n1mal in the neutral pOsitiQn\(The ’mpedace voltage will vary
with t .

The i ilpvolts
times ) test to
the inppedance kVA at the temperature of'fest is the ' luring
the te i

8.5.2

The nnagnitudes of the load [ S i i ulator
tap p 2 ' i ciated
leakage- everal
other ations
of thel bltage
reguls dance
voltag rough
8.5.2.8.

The design-related factors include conductor material, conductor dimensions, winding design, winding

4 odanlds e 1 cnlant £ ot + 1 4ol
arrangenrent; ST aCSTE T, ant SCreCton o structarar natcrars:

8.5.2.2 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.

Published by the IEC under licence from IEEE. © 2009 IEEE. All rights reserved.



https://iecnorm.com/api/?name=6baa025042d90e2309e9673382ffad35

- 47 - IEC 60076-21:2011(E)
IEEE Std C57.15-2009

8.5.2.3 Temperature

Load loss values are also a function of temperature. The I°R component of the load losses increases with
temperature, whereas the stray loss component decreases with temperature. Procedures for correcting the
load losses and impedance voltage to the standard reference temperature are described in 8.5.4.1.

8.5.3 Tests for measuring load loss and impedance voltage

8.5.3.1 Preparation

The fpllowing preparatory requirements shall be satisfied for accurate test results:

a) | To determine the temperature of the windings with sufficient accuracysthe following conditions
shall be met, except as stated in the NOTE below:

1)  The temperature of the insulating liquid has stabilized, and t iffe betweenptgp and
bottom fluid temperatures does not exceed 5 °C.

2)  The temperature of the windings shall be taken immedjatt '« e load [losses
and impedance voltage test in a manner similar to tha \ .1.1. The average shall be
taken as the true temperature.

3) The difference in winding temperature befor

NOTE—For voltage regulators, where i \ i ait O3 thermal equilibrium, the rpethod

3 Hall tak¢ inteconsideratidnthe lack of thermal equilibriym and
k during the test. The method used|can be
edoad\losses and impedance voltage at a later timg when

b) | The conductors usg ircii s windiirg of the voltage regulator shall have a [cross-
sectional area equal to O i

c) | The frequenc . : yraneasuring load losses and impedance voltage shall be
within £0.5% Gf th iy

d) | The ma
limited to £

measured load losses due to the test system phase-angle is
[ more than 5% correction is required, test methods and/pr test

8.5.3 i ce test of a single-phase voltage regulator

A v which\ basically is an autotransformer, may be tested for load losses and impegdance
with i ipnis unchanged and with the unit in a specified tap position. The test is mdde by
shorti utput) terminals while voltage (at rated frequency) is applied to the other ternfinals.

The voltage 1S adjusted to cause rated line current to 1low. FOr the purposc of measuring toad losses and
impedance voltage, it is more common that the series and shunt windings of the voltage regulator are
treated as separate windings—the series winding short-circuited and the shunt winding excited. In this
situation, where the voltage regulator is connected in a two-winding connection for the test, the current held
must be the rated current of the excited winding. The load loss watts and applied voltamperes will be the
same, whether series and shunt 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. The impedance voltage measurement from the two-winding
connection is revised to reflect the autotransformer connection. Simultaneous readings of the ammeter,
voltmeter, and wattmeter are recorded for determinations of load losses and impedance voltage. The

Published by the IEC under licence from IEEE. © 2009 IEEE. All rights reserved.



https://iecnorm.com/api/?name=6baa025042d90e2309e9673382ffad35

IEC 60076-21:2011(E) - 48 —
IEEE Std C57.15-2009

voltage regulator under test should then be disconnected, and readings of losses taken on the wattmeter that
represents the losses of the measuring equipment, similar to the procedure in the no-load loss test.

The connections and apparatus needed for the determination of the load loss and impedance voltage of a
single-phase voltage regulator are shown in Figure 15 and Figure 16. Figure 15 applies when instrument
transformers are not required. If instrument transformers are required, which is the general case, then
Figure 16 applies.

REGULATOR
‘ UNDER
TEST

SHUNT

SIURCE () O VI

&

REGULATOR
UNDER
TEST

SHUNT
WINDING

| SHRT
| Y Y YYL
\>CT SERIES
) WINDING

Figtire 16 —Single-phase voltage regulator connections for load loss and

<

8.5.3.3 Impedance test of a three-phase voltage regulator

The terminals of the series winding of each phase are short-circuited together, and a three-phase voltage (at
rated frequency) at suitable magnitude is applied to the terminals of the shunt windings to cause their rated
winding currents to flow for a specified tap position. The procedure is similar to that described for a single-
phase voltage regulator except that all connections and measurements are three phase instead of single
phase. If the three line currents cannot be balanced, their average rms value should correspond to the
desired value, at which time simultaneous readings of wattmeters, voltmeters, and ammeters should be
recorded.
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8.5.3.3.1 Measurement connections

For three-phase voltage regulators, Figure 17 shows the apparatus and connections using the three-

wattmeter method.

8.5.4

Load
to a rd
angle

8.5.4

Both
voltag
at wh
the ifs
stray

VT
@ g REGULATIR
UNDER
* _;_ TEST
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) VT J
PIMER
SIURCE C}b i
=*
C
VT &
\ + = @

r load loss and
eter method

con ec
&thre -wat

2 from test data

temperature and, in general, shall be cor]
ement values shall be corrected for metering j

oltage regulator vary with temperature. The I’R losses P,(T,
om the ohmlc resistance measurements (corrected to the temperatt

rected
bhase-

) of a
ire 7,
sed in
ive the
de, as

shown 1

©)

where

P(T,) is the calculated stray losses at temperature 7,, (W)

P(T,) is the voltage regulator load losses corrected in accordance with 8.4.7, for phase angle error at
temperature 7, (W)

P.(T,,) is the calculated I’R loss at temperature 7, (W)
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The I’R component of the 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 T, to another temperature 7, the two components of the load losses are corrected separately.

Thus, as shown in Equation (10) and Equation (11):

+
P(r)= PAL NI +T) (10)
(Tk + Tm )
PA\T \T, +T
PV(T — s( m)(k m) (11)
‘ (1, +7)
Then,|as shown in Equation (12):
P(T)F £.(T)+R(T) (12)
wherd
P is I’R loss (W) at temperature 7' (°C)
Py is stray losses (W) at temperature 7 (°C)
P(T) isvoltage regulator load losses
T is 234.5 °C (copper) or 225 °C4alu
NOTH—The temperature 225 °C applies for p hinum.
Wherd copper and aluminum windings are e uld be
appliedl for the correction of losses.
8.54
The impedancé baged ist dag mined
by thg ti 3 )
E.(T (13)
N
E = (14)
E(T)= P(T) (15)
I
E,(T)=yE,(T) +E (16)
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where

E(T,) is the resistance voltage drop of in-phase component at temperature 7,, (V)

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

E(T,) is the impedance voltage at temperature 7, (V)

E/(T) is the impedance voltage at temperature 7 (V)

P(T) is the voltage regulator load losses corrected to temperature 7 (W)

P(T,) is the voltage regulator load losses measured at temperature 7,, (W)

1 is the current in the excited winding (A)
Per uii ., and
E(T)
If the d and
the sh ction.
As an of the
series sfferred
and s This
maxiif series
windi of the
two-Wi | This

conversion is established by Equation (17):

P,
Zaum:thM (17)
Poutput
wherd
th
Zau
Pou
Pse
8.54
The inpedance vf a'yoltage regula h i i ces of
imped ica ed by
one nj
4 .
NOTH ce will

be lesq atdower tap positions’and may be essentially zero at the Neutral tap position.

8.6 Dielectric tests

8.6.1 General

8.6.1.1 Factory dielectric tests

The purpose of dielectric tests in the factory is to demonstrate that the voltage regulator has been designed
and constructed to withstand the specified insulation levels.
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8.6.1.2 Test requirements

Test levels shall be as outlined in Table 12.

8.6.1.3 Measurement of test voltages

Unless otherwise specified, the dielectric test voltages shall be measured or applied, or both, in accordance
with IEEE Std 4 with the following exceptions:

a)

b)

c)

8.6.1

Field

8.6.1

8.6.1

8.6.1

Diele
attain

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.

The bushing-type potential divider method shall be considered a standard-method(for V|
regulator tests.

The rectified capacitor-current method shall be considered a standard yfiethod (foryoltage reg
tests.

4 Dielectric tests in the field

dielectric tests will be performed in accordance with Annex
5 Factory dielectric tests and condition

5.1 Test sequence

tric test: S
bd under i

pltage

ulator

atures

hnces,
ectric
by the

8.6.2 Design lightning impulse test procedures

Lightning impulse tests, when required as a design test, 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
applications of the last chopped wave and the final full wave should be minimized, without intentional
delays, to avoid recovery of dielectric strength if a failure were to occur prior to the final full wave.
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8.6.2.1 General

Impulse tests shall be made without excitation.

8.6.2.1.1 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 given in Table 12.

8.6.2[1.2 Chopped-wave test

This yave is inherently a full lightning impulse wave, except that the crest value s be at,the required
level and the voltage wave shall be chopped at or after the required time to sparkqyer (timeéxto,'¢hopping) in
accort i bpped
wave pping
gap. ] hin as
defing

The ¢ pf the
voltag pping
devicg ulator
(tank pping
devicq pping
shall ponse
after { e first
voltag

Only add a
series} added
in the pf the

chopped wave.

Theuseofar' ] pping circyjt may i ime i er the
instant of chopping. eding

requitement of the faxit ime e fiority
shall i i ce the
oversyi

NOTE

NOTE )pping
metho! ace this

H - Q ol -
more accurately repllcates in-service ﬂashover of an air 1nsulator Notably, the rod—rod gap requires a greater distance
between its electrode for a given operating voltage than does a sphere gap. The extended arc length of the rod-rod gap
provides more natural circuit damping than the shorter arc length of a sphere gap.

NOTE 3—If the above prescribed maximum lead length to the chopping gap cannot be achieved because of the
presence of accessories such as coolers or any other voltage regulator accessories, then the shortest possible lead length
should be used during tests.
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1.3 Full-wave test

The test wave rises to crest in 1.2 us and decays to half of crest value in 50 ps from the virtual time zero.
The crest value shall be in accordance with Table 12, subject to a tolerance of £3%, and no flashover of the
bushing or test gap shall occur. The tolerance on virtual front time should normally be +30%, and the
tolerance on time to half of crest shall normally be £20%. However, as a practical matter, the following
shall be considered:

a)

The virtual front time shall not exceed 2.5 pus except for windings of large impulse capacitance

(low-voltage, high-kilovoltampere and some high-voltage, high-kilovoltampere windings

). To

demonstrate that the large capacitance of the winding causes the long front, the impulse generator

b)

If th] i a particular connection and voltage regulator design is such that the min

time t
The 1

inherent generator and lead inductances should be in the circuit.

The impedance of some windings may be so low that the desired time to tl

considered acceptable provided that:

The optimum impulse generator connection is used (use of pg
available capacitance);

Moreover, if by using the optimum impulse generator cophettiony thedmini tail time spd

1) exc d 80% of the rated ligh
onneefed unless the manufactur

2) . 0 8] & .ckground information regardlng the efi

e. If such a circuit is used, care should be exercised on the oversw
ity. Overswing in opposite polarity up to 75% is common.

hatufactuter shgll also state the strategy to be taken to obtain the best achievable wave

series resistance may be reduced. The reduction should cause superimposed oscillations. Only the

int on

the tail of the wave cannot be obtained with available equipment. For s esCshoxter wavies are

<, lprgest

cified

(40 ps) cannot still be achieved, apply a resistor on the grov ) impulsed wipding.
The resistor value shall be the minimum necessary’to achti } inimum tail time of

ening
er has

ect of

red to

ks the
hs not
vithin
duced

ethod
ing in

imum
ibility.
thape.

Notification should-be given at the end of the electrical design for cases where the minimum tai

time

cannot be obtained for a particular voltage regulator design and/or because of test laboratory limitations. In
such cases, shorter wave shapes may be agreed upon between manufacturer and purchaser.

NOTE—The minimum impulse generator energy required to meet the minimum tail time (40 ps) during an impulse test
on a particular voltage regulator design and connection can be estimated by using the following equation:

E win=

2x X [ x (1) y (Vai)?

3 x VA
zxV n
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E,., is minimum energy required from the impulse generator (J)
is power frequency, 60 Hz or 50 Hz
t is tail time (s); ¢, equals 40 ps
z is impedance in p.u. seen from the impulsed terminal
\% is winding rated voltage (V)
Ve israted BIL of the tested winding (V)
n is impulse generator efficiency in p.u.: 7=1.0
VA  is power rating in voltamperes for which the impedance z is defined

Note that the preceding equation has been derived from the equations given in IEC 60076-4 [B5]. More information
about wave shape control can be found in IEEE Std C57.98 and IEC 60076-4 [BS].

8.6.2{1.4 Wave polarity

For lijuid-immersed voltage regulators, the test waves are normally of negative/pe educe tHe risk
of erratic external flashover in the test circuit.

8.6.2{1.5 Impulse oscillograms

All in ligital
transi prams
shall e and
reduc tests,
50 us

When| ve voltage and current, the lagt two
chopp nt shall represent a record of the sucgessful
applig

8.6.2]2 Connection$\and't iti i e tests of line terminals

The sgries and t windi or are considered as a single winding for the purppse of
the inppulse test\ THe i 3 L, afe tied together through a resistor of 450 Q + 10% tq limit
induced voltage. Ct ying Nt imiting resistor shall not interfere with the ability to ddtect a
staged si ; ge regulator shall have the test applied to the source (S) tefminal
while[set i 3 ition. A Type B voltage regulator shall have the test applied to the load
(L) tgrmi i i aximum boost position. The value of the induced voltage on thd non-
impul i ¢/in accordance with Table 12, subject to a tolerance of £10%. Vpltage
reguld i for delta connections shall in addition have impulse voltage applied to the S[. line

termimah

8.6.2.2.1 Terminals not being tested

Neutral terminals shall be solidly grounded. Line terminals shall be either solidly grounded or grounded
through a resistor with an ohmic value not in excess of 450 Q.

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.
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When a terminal has been specified to be directly grounded in service, then that terminal shall be

solidly grounded.

When a terminal is to be connected to a low-impedance cable connection in service, then that

terminal shall either be directly grounded or grounded through a resistor with an ohmic value
excess of the surge impedance of the cable.

not in

Grounding through a low-impedance shunt for current measurements may be considered the

equivalent of a solid ground.

8.6.2.2.2 Protective devices that are an integral part of the voltage regulator

Volta
acros
cause
order
not by
be apj
and it

A noif
L busl

The p|
or ind
oscill

IEEE

The f¢

With

be regulators may have, as an integral part of their design, nonlinear protective devices cont
whole or portions of windings. Operation of these protective devices during impulse tésting
differences between the reduced full wave and the full-wave and/or chopped,waves oscillogra

thigh\frequengy voltage surges). T|
d@Sng impulse testing are shoy

the special cases given in NOTE 2 and NOTE 3, the intermediate reduced in|

level

nected
y may
ms. In
bs and

shall
prams

S and

essed
ypical

vn in

rwave

t full-

pulse

Mn
shall show_th

npprq‘rinn of the nonlinear devices and its effect on the current and

ltage

oscillograms.

NOTE 1—The voltage level to be applied for the intermediate reduced full wave is not specifically given. Only a range
is proposed because the threshold operating level of the nonlinear devices is voltage regulator design dependent.
Generally, a lightning impulse within that specified voltage range will cause the operation of the nonlinear devices. The
specific number of intermediate full-wave tests and their voltage levels cannot be given here. The number of
intermediate full-wave tests and their respective voltage level for a given voltage regulator should be chosen by the
manufacturer and agreed to by the user.
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NOTE 2—1In some cases, tests at 100% of the required full-wave impulse level with the standardized lightning impulse
wave shape will not show the operation of the nonlinear devices. If this is the case, additional intermediate reduced
full-wave wave tests are not necessary and may be waived.

NOTE 3—1In some other special cases, the operation of the nonlinear devices can be observed only during the chopped-
wave impulse tests. If this is the case, the intermediate reduced full-wave tests are also not necessary and may be
waived. As explained in item a) in 8.6.2.4.2, comparison of the recorded oscillograms may be done by comparing the
two chopped-wave tests together up to the time of chopping. Chopped-wave tests cannot be compared during and after
chopping. For such cases, reduced chopped-wave impulses at a test level of approximately 75% of the required
chopped-wave test level may be an useful tool to assess that the differences on the recorded oscillograms are solely
caused by the operation of the nonlinear devices. If reduced chopped-wave tests are performed, they should, by
agreement, be performed before and after the required chopped-wave tests.

Becauge of the operation of the nonlinear devices, the comparison of the voltage and current oscillograms,_shall be
made pnly between two tests performed at the same voltage level, for example, comparing the two 80% réducgd full-
wave tests. Because it is not possible to compare a single 100% full-wave test with other redueced~full-wave tests|as it is
the cage for voltage regulators not having nonlinear devices, it is needed to perform two 100 waveimpulge tests
for comparing them. All reduced full-wave tests performed after the full-wave tests ith its
corresponding reduced full-wave test performed prior to the full-wave tests.

8.6.2{2.3 Current transformer grounding

The secondaries of current transformers, either on bushings or<p gd to the equipment
being(tested, shall be short-circuited and grounded.

8.6.2{2.4 Core and tank grounding

The c

8.6.2

The sp hot to
excee detect
a stagp

8.6.2

Impul in the
neutrs e reduced and two full waves to be applied directly to the neufral or
voltagé reglato g withh an amplitude equal to the insulation level of the neutral. The vpltage
reguldtar betny te shallybe set on the maximum buck or boost position. A wave having a front pf not
more [than™N ) u angd a tdil of 50 us to half-crest shall be used except that, when the inductance pf the
windipg\s so thap the desired voltage magnitude and duration to the 50% point on the tail of the| wave

cannot be obtained}4 shorter wave tail may be used.

8.6.2.4 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. Several indications of insulation failure exist.
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8.6.2.4.1 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 the 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 wave and full-wave test. Examples of probable
causes of different wave shapes are operation of protective devices, core saturation, or conditions in the test
circuit external to the voltage regulator.

The ground=current metitod of detection 15 ot suitabie for use witlr chopped-wave tests:

8.6.2/4.2 Other methods of failure detection

a) | Voltage oscillograms. Any unexplained differences between the re hl full
wave detected by comparison of the two voltage oscillogra pdrinng the
chopped waves to each other and to the full wave up to the {ime™of & i indicatipns of

b) | Failure of gap to sparkover. In making the chopped-wave s\- ofthe chopping gap ¢r any

HQWS' a coppd wave, is a definite
c) | Noise. Unusual noise within the yoltage regula e@stan of applying the impulse|is an

d) | Measurement. Measurement of volt i ed ivanother winding may also b¢ used
for failure detection.

8.6.3|Routine lightning

For voltage regulators 6.2 are design tests. This subclause defines a rputine
production-line testing

qualitly control test that able i¢ e - .

8.6.3]1 Connec:l ang positions for impulse tests of line terminals
oltage regulator are considered as a single winding for the purppse of
ls S and L are tied together through a resistor of 450 Q + 10% tq limit
tect a
set in
while

minal
delta

connectlons shall in add1t1on have 1mpulse Voltage apphed to the SL lme termmal

8.6.3.2 Procedure

The windings under test are connected to ground through a low-impedance shunt. The tank and core are
grounded. This shunt shall consist of either of the following:

a)  Ground-current method. A suitable resistance shunt or wideband pulse current transformer is
employed to examine the waveform of the ground current.
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b)  Neutral impedance method. A low-impedance shunt, consisting of a parallel combination of
resistance and capacitance R-C, is employed. The voltage across this neutral impedance shunt is
examined.

An impulse voltage with 1.2 pus x 50 pus 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
8.6.2.1.3 and 8.6.2.1.4. During each test, the waveform of the ground current or the voltage wave across the
neutral impedance shall be examined.

The required impulse tests shall be applied using either of the following test series described in 8.6.3.2.1 or
8.6.3.2.2.

8.6.3)2.1 Method 1

One reduced full-wave test is performed, followed by one 100% magnitude full- estt plied-
voltage wave in the first test shall have a crest value of between 50% and 70% s the assig . The
appligd-voltage wave in the second test shall have a crest value of 100% xS BIL. Hailure
detectiion is accomplished by comparing the reduced full-wave test with the agnit twave

test, ysing either the ground-current waveform or the neutral impedanee &\ WS . ielectric
breakflown will cause a difference in compared waveforms. Observed 1ffer ACES 1 > lay be
indicdtions of failure or they may be due to noninjurious causes. The QI Yo j itfide of
obseryed differences shall be based upon the ability to detect a Stag i ; cing a

loop qf wire around the core leg and over the coil.

8.6.3/2.2 Method 2

Two fi gre applied to the voltage regulator
under| 2 , is employed to record wavgforms
for cof i i d to'§ reestabhshed levels. A dielectric breakdown
will ¢ gnitude Of thg’voltage wave examined across the reutral

impec . is clss 3 pon sed”single-turn fault test, made by placing & loop

8.6.3

The fi ged on

the fo
a)
b)

In additi

are al

When)|
discarded.

24.2

ay be

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.

8.6.3.3 Terminals not being tested

Neutral terminals shall be solidly grounded. Line terminals shall be either solidly grounded or grounded
through a resistor with an ohmic value not in excess of 450 Q.

The following factors shall be considered in the actual choice of grounding for each terminal:
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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
terminal shall either be directly grounded or grounded through a resistor with an ohmic value not in
excess of the surge impedance of the cable.

d) Grounding through a low-impedance shunt for current measurements may be considered the
equivalent of a solid ground.

8.6.4|Low-frequency tests

Low-frequency tests shall be performed in accordance with the requirements of 5.7

The low-frequency insulation levels are developed by the applied-voltage, e ndused-voltagg tests
described in 8.6.5 and 8.6.6, or combinations thereof.
8.6.5(Applied-voltage tests

8.6.5]1 Duration, frequency, and connections

The td

The W of the

testing
All o other
8.6.5

A reli
the ap

ein excess of the specified test voltage may be connected dluring

8.6.5
N
The voltage s ed at one quarter or less of the full value and be brought up gradually fo full
value] After for the time specified in 8.6.5.1, it should be reduced gradually before the cirfuit is
opened:

8.6.5.4 Failure detection

Careful attention should be maintained for evidence of possible failure, such as an indication of smoke and
bubbles rising in the fluid, an audible sound 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 occurred.
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8.6.6 Induced-voltage tests

8.6.6.1 Test value and duration
The induced-voltage tests may involve either single- or three-phase excitation. Two times rated turn-to-turn

voltage shall be developed in each winding. The induced-voltage test shall be applied for 7200 cycles, or
60 s, whichever is shorter.

8.6.6.2 Test frequency

As anfinduced-voltage test applies greater than rated volts per turn to the voltage regulator, the frequefcy of
the impressed voltage shall be high enough to limit the flux density in the core to-that permitted by the
operafing voltage limits established in Table 10 and 5.5. The minimum tes to megt this
condition is shown in Equation (18):

- E
Minimum test frequency = 1 tE -rated frequency (18)
wherd

E, is the induced test voltage across winding (

E. is the rated voltage across windin

8.6.6]3 Application of voltage

alue and be brought up gradually to|a full
1d be reduced gradually before the cirfuit is

The vpltage should be started at one q
value] After being held for the ti
openad.

r or tess of\th
i.l,l

8.6.6

When & A g results in a voltage between terminals of other windipgs in
exces i ¢ ified in 8.6.4, the other winding may be sectionalized and groynded.
Addit age te all then be made to give the required test voltage between termirjals of
windi ionalj

4
8.6.6

4 1 s1a-cls dad 4 da 4 1 s 1 l
atul 11as VLIV WU S STUUITIULU  1UT UpLldtull Ul a gludiuvu=atuiral S y Stulll, S ccCla

When& vultasu TegT
care should be taken to avoid high electrostatic stresses between the other windings and ground.

8.6.6.6 Single-phase testing of three-phase voltage regulators

Three-phase voltage regulators may be tested with single-phase voltage. The specified test voltage is
induced, successively, from each line terminal to ground and to adjacent line terminals. The neutrals of the
windings may or may not be held at ground potential during these tests. A separate single-phase test or
three-phase test may be required when the test voltage between adjacent line terminals is higher than the
test voltage from the line terminals to ground.
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8.6.6.7 Failure detection

Careful attention should be maintained for evidence of possible failure, such as indication of smoke and
bubbles rising in the fluid, 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.

8.6.7 Insulation power factor tests

Insulation power factor is the ratio of the power dissipated in the insulation in watts to the product of the

effectfve voltage and current 1 voltamperes when tested under a sinusoidal voltage and pres:

conditions.

8.6.7]1 Preparation for tests

The tgst specimen shall have the following:
a) | All windings immersed in insulating liquid.

b) | All windings short-circuited.
c) | All bushings in place.

d) [ The average temperature of the windings and insylati
recorded.

8.6.7{2 Instrumentation

Insul4ti
accur:
voltag

8.6.7

The v|
given

8.6.7

Insu1<a i
Table

bribed

10 °C,
d and

1. The
ar the

pltage

'wn in
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Table 18 —Measurements to be made in insulation power factor tests

Method 1-Test without guard circuit * Method 2—Test with guard circuit *

Voltage regulators with shunt and series Voltage regulators with utility winding

windings only —  Shunt and series windings to utility winding and ground

—  Shunt and series windings to ground . Lo .
—  Shunt and series windings to ground, guard on utility

Voltage regulators with utility winding winding

— Shunt and series windings to utility winding | __ Utility winding to shunt and series winding and ground
and ground
— Utility winding to ground, guard on shunt and series

WINdings

— Utility winding to ground

— Shunt and series winding to ground

*In thip table, the term guard signifies one or more conducting elements arranged and connected onan éléctrical
instruthent or measuring circuit so as to divert unwanted currents from the measuring mean

NOTH 1—Although the real significance that can be attached to the power factor of Nquidcins & eghlators
is stillla matter of opinion, experience has shown that power factor is helpful in/assess} . S ditior] of the

NOTH 2—In interpreting the results of power factor test values, the ©e 2 2 b priodic
intervdls are useful in identifying potential problems rather than an a ;

ess the

NOTH 3—The factory power factor test is of value when comp
i liquid-

probaljle condition of the insulation. It has not been fea
immerged voltage regulators for the following peasons:
a) H
1]

b) H 8 hat no
single correction curve will fit all cases.\ The 5 brature
o prature

oltage

[¢

c) 1
B

1lation

8.6.8

Insuld
groun|
mego

ngs to
ings. The insulation resistance tests are commonly measufed in
measurements of applied voltage and leakage current.

NOTE resjdtance of electrical apparatus is of doubtful significance compared with the diglectric
strength. J id¥ variation in design, temperature, dryness, and cleanliness of the parts. When the insplation
resistapce.falls below prescribed values, it can, in most cases of good design and where no defect exists, be broyght up
to the required standafd by cleaning and drying the apparatus. Therefore, the insulation resistance may be useful to
indicate whether the voltage regulator 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
plotted. Substantial variations in the plotted insulation resistance values should be investigated 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 circumstances should tests be made while the voltage regulator is under vacuum.
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8.6.8.1 Preparation for tests

The test specimen shall have:

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.

8.6.8[Z Tnstrumentation

Insuldtion resistance may be measured using the following equipment:
a) | A variable-voltage dc power supply with means to measure voltagé
microamperes or milliamperes).

b) | A megohmeter.
NOTH—Megohmeters are commonly available with nominal voltages ¢

appliedl-voltage test equipment is available at higher voltages.

8.6.8{3 Voltage to be applied

The d
rms 1d

NOTH
regula

NOTH
involv]

8.6.8

Insuldti
includ

a)
N

b)

Ily in

V; dc

to the

oltage

ndings

tdures

urrent

ng.

After the test has beén completed, all terminals should be grounded for a period of time sufficient to allow

any trapped charges to decay to a negligible value.

8.7 Temperature-rise tests

A temperature-rise test is defined as a test to determine the temperature rise above ambient of one or more
of the voltage regulator’s windings, as measured at the terminals. The result for a given terminal pair or
winding is the average value of the temperature of the entire circuit; it is not the temperature at any given
point in a specific winding. The term average temperature rise refers to the value determined by
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measurements on a given terminal pair of the winding. It does not refer to the arithmetic average of results
determined from different terminal pairs of the voltage regulator.

Conditions under which temperature limits apply are described in 4.1. All temperature-rise tests shall be
made under normal (or equivalent to normal) conditions of the means of cooling, as follows:

a) Temperature-rise tests shall be conducted on voltage regulators that are completely assembled and
filled to the proper liquid level.

b)  The temperature-rise tests shall be made in a room that is as free from drafts as practicable.

c¢) When it is not possible, or practical to test the voltage regulator as a completed assembly, the
voltage regulator shall be tested with those components required to ensure normal means of cpoling
the voltage regulator during temperature-rise test. When the voltage regulators are equipped with
thermal indicators, or the like, such devices shall be assembled with the volta egulator.

8.7.1|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 appropria short-

circuit current.

2)  The loading back (oppositio ata@oltag and current are induced |in the
voltage regulator under tesh

8.7.1{1 Actual loading
Actuall loading method is 2 e large
voltag S i N ns by
loadir]

8.71

r the
nding
his will generally involve those connections and taps resulting in the hjighest
lossesSupplementary current ratings in accordance with 5.2.3 and 5.3 shall be used if th¢y are
associated With highest average winding temperature rise. This thermal connection load loss shall
be measured in accordance with 8.5 and referenced to a temperature equal to rated average winding
rise plus 20 °C. The required total losses for the total loss run shall be the sum of thermal
connection load loss plus no-load loss measured in accordance with 8.4.

b) Total loss run: Short-circuit one or more windings and circulate sufficient current at rated
frequency to produce the required total losses as determined in step a) and 8.7.4.2.

¢) Determine liquid temperature rises as described in 8.7.3.2.

d) Rated current run: Reduce the current in the windings to the rated current (or reduced current
according to 8.7.4.1) value for the connection and the loading used. Hold the current constant for
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1 h. Measure the liquid temperatures and immediately shut down, and measure the hot resistances
in accordance with 8.7.2.2.

e) Repeat step d) for hot resistance measurements on additional terminal pairs if needed to meet the
time limit criteria of 8.7.2.2.

f)  Determine average winding rises in accordance with 8.7.3.3.

8.7.1.2.2 Loading back method

Duplicate voltage regulators may be tested by connecting their respective shunt and series windings in
parallel (see Figure 18 and Figure 19). Voltage regulators shall be tested and load losses measured at rated
current and frequency for the particular combination of design type, connections, and taps that,giye the
highest average winding temperature rise. This will generally involve those connections and taps.regulting
in the| highest losses. Supplementary current ratings in accordance with 5.2.3 and hall be'used if they
are aspociated with highest average winding temperature rise.

a) gnipg the
th Break just
e total
loss applied during this test shall be the same as the sum g % d isured
according to 8.4 and 8.5
b) o

¢) | Immediately shut down and measure the hot resi

rated
atures
and immediately shut down and ! istance of additional terminal pdirs in
accordance with 8.7.2.2.

d) | When needed to meet the time Li

e) | Determine average

SERIES
WINDINGS

| LOADING
(YY) TRANSFORMER

SOURCE FOR
TMPEDANCE TOSS

Figure 18 —Example of loading back method: Single phase
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WAANAAANS /
LOADING
TRANSFIRM \
N\

shut

the-veltage regulator is shut down for hot-resistance measurements, fans and cooling water sh
ff " Fluid pump

ay be shut off or left running dnring shutdown Hot-resistance measurement
=

Fesistance meas inal pairs in accordance with 8.1. The sanje test
ment shall be used ! ance—and hot-resistance measurements. Normally, | cold-
nce measufe i ading the voltage regulator for temperature-rise test. However,
ermissib % the voltage\egulatort6 cool to ambient temperature and perform cold-resiftance
rements affe vading test, Whepever it is necessary to make cold-resistance measurements

ing the te 3 Xise te e ¢9ol down time shall be sufficient to allow the criteria in 8.1.1 to be

all be
shall

be taken as soon as possible after shutdown, allowing sufficient time for the inductive effects to disappear
as indicated from the cold-resistance measurement. To minimize inductive effects when transferring
measuring instrument leads from one terminal-pair to another, the same relative polarity should be
maintained between measuring leads and voltage regulator terminals.

a)
b)

The time from instant of shutdown shall be recorded for each resistance measurement.

At least one resistance measurement shall be taken on all terminal pairs within 4 min after

shutdown.
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A series of at least four resistance measurements shall be made on one terminal pair corresponding

to a phase of a winding.
Resistance-time measurements in accordance with item c) shall be made on all windings.

The resistance/time data collected in item c) shall be corrected to the instant of shutdown u;
resistance-time cooling curve determined by plotting data on suitable coordinate paper, or by
a curve fitting program.

sing a
using

The resistance/time data obtained on one phase of a winding shall be used to determine the
correction to shutdown for the other phases of the same winding, provided the first measurement on

each of the other phases has been taken within 4 minutes after shutdown.

8.7.3

8.7.3

8.7.3

For a
which
factor]
factor

The td
in cor
heigh
proted

When|

under|
consts

Tro, R F

wherd

Trdf]
AG
P T

Temperature measurements

1 Ambient temperature measurement

1.1 Air-cooled voltage regulators

r-cooled voltage regulators, the ambient temperature sha
should not be less than 10 °C nor more than 40 °C. For te
shall be applied. Tests may be made at temperatupé
5 are available.

mperature of the surrounding air shall
tainers spaced uniformly around the

of the voltage regulator and 1 m
ted from drafts and radiant heat frory

ey shall be located at abot
e voltage regulator. They sh
Qr under test or other sources.

constant for rated load beginning with initial top-liquid temperature rise of 0 °C, ]

@three thermocouples or thermomneters
s

g air,
ection
ection

it mid
all be

D h or

ulator
time

test.

(19)

nours

ol iquid rise over ambient temperature at rated load, °C
1sthe total Ngss at rated load, watts

C

=0.0272 x (weight of core and coil assembly in kilograms)

+0.01814 x ( weight of tank and fittings in kilograms)
+5.034 x (liters of liquid)

or:

C

= 0.06 x (weight of core and coil assembly in pounds)

+0.04 x ( weight of tank and fittings in pounds)
+1.33 x (gallons of liquid)
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The time constant of a container shall be taken as the time necessary for its temperature to change 6.3 °C
when the ambient temperature is abruptly changed 10 °C

8.7.3.1.2 Water-cooled voltage regulators

For water-cooled voltage regulators, 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 should 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.

8.7.3{2 Liquid temperature-rise determination

Liquigl temperature rise is the difference between liquid temperature and i . The
ultimgte liquid temperature rise above ambient shall be considered tg : he 1op [liquid
tempdrature rise does not vary more than 2.5% or 1 °C, whichever ¢s greatet, duri e3h
period.

It is permissible to shorten the time required for the test by initeg oling,
and s¢ on.

The top liquid temperature shall be me shar itable thermometer imnpersed

approkimately 50 mm (2 in) below the top

The bpttom liquid temperature shall be measured b

a) | Thermocouples m ed\ to ht the

pf the
windings. /\/\ (\
1

Q "\ ZAUTION
Exercise cautiog’ wh loyt hod. This method may be hazardous for voltage regulatgrs
(\ with very high-voltage windings.

tors are mounted on a common manifold with a single entrance [to the

or radiators have multiple entrances into the tank, thermocouples mpy be
bottom of one radiator or heat exchanger. For accuracy, a radiator or heat exchanger
middlc Uf LhC ‘Udllk ib pleCllCd.

d) If it is not possible to measure the temperature of the liquid inside the tank, radiators, or heat
exchangers, surface temperature measurements may be used with the results corrected to account
for the temperature difference between the surface and the liquid inside the tank. If surface
temperature measurements are made on radiator headers, choose headers one-third or one-half the
way in from either end of a bank of radiators. For voltage regulators without radiators, locate the
thermocouples on the tank wall at the elevation of the bottom of the winding. Thermocouples
located on external cooling surfaces, for the purpose of determining internal liquid temperatures,
shall be shielded and insulated so that their readings are not significantly affected by the air
movement from fans or thermally induced air currents.
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The average liquid temperature shall be determined as equal to top liquid temperature minus half the
difference in temperature of the moving liquid at the top and the bottom of the cooling means. When
bottom liquid temperature cannot be measured directly, the temperature difference may be taken as the
difference between the surface temperature of the liquid inlet and outlet. A thermocouple is the preferred
method of measuring surface temperature (see 8.7.3.4 for method of measurement). Infrared measurement
devices may also be used to measure surface temperatures.

8.7.3.3 Average winding temperature-rise determination

The average winding temperature of a terminal pair corresponding to a winding shall be determined from

the te
(for e
tempg

The 4
Equat]

AG,,
wherd

AG

O

Averd

::AQI +HW _91

imat pair's hot-Tesistance at snutdowi. W hen the determination of the Not-TesisStance 1S not p
kample, with extremely low-resistance windings) other methods may be used. The average w
rature of a terminal pair shall be determined by Equation (20):

R
R_h](gk + erc )_ ek

(4

verage temperature rise of a terminal pair corresponding tg all be determirn

jon (21):

is the liquid
is the liquid
is th

ge winding rise\shall be calculated by using either top liquid rise or average liquid rise. When

ssible
nding

(20)

ed by

21

Copper
ied for

other

than rated winding~cuarrent 18 used, the average liquid rise method shall be used to determine winding

a)

b)

ises.

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 (average winding temperature at shutdown

minus top liquid temperature at shutdown).

In the average liquid rise method, the average winding temperature rise is the average liquid rise,
measured during the total loss run, plus the quantity (average winding temperature at shutdown

minus average liquid temperature at shutdown).
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The average winding temperature rise for each terminal pair corresponding to a winding phase shall be
corrected for actual test currents, test losses, and altitude as prescribed in 8.7.4. The corrected average
winding temperature rise shall be reported for each terminal pair of the voltage regulator.

8.7.3.4 Other temperature measurements

When measured, the temperature rise of metal parts other than windings shall be determined by use of a
thermocouple, suitable thermometer, fiber optic temperature sensor, or other appropriate temperature
measurement techniques.

A thermocouple i

thermpcouple shoul
soldet
snugly
surroynding medium.

The spirface temperature of metal parts surrounding or adjacent to outlet leq
currefjt may be measured at intervals or immediately after shutdown.
8.7.4(Correction of temperature-rise test results

For any of the loading methods adopted, temperature-rise
effectp caused by the following:

ected for the predictable

a) | Difference in winding rated currdy

b)

¢)
8.7.4
When I than
rated n any
of thd rerage
windi b give
the aV
A6, 4 (22)
wher

A6, . is the corrected difference between average winding temperature, corrected to shutdown, and the
average liquid temperature at shutdown (°C)
A6, , is the observed difference between average winding temperature corrected to shutdown, and the

average liquid temperature at shutdown (°C)
m is 0.8 for Class ONAN, ONAF, OFAF, and OFWF

The corrected average winding rise is the average liquid rise plus A6, ..
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8.7.4.2 Correction of liquid temperature rise for differences in required total loss and

actual loss

This method may be used when actual loss is within 20% of the required total loss, as in Equation (23):

Adj . is the liquid temperature-rise correction (°C)
Ad), 1isthe observed liquid temperature rise (°C)
P, is the required total loss (W)

Pr is the actual test loss (W)

n is 0.8 for Class ONAN

is 0.9 for Class ONAF, OFAF, and OFWF

Correfted liquid temperature rise = observed liquid temperature ris¢

Correfted average winding temperature rise = observed winding tempere

8.7.4]3 Correction of liquid temperat

Wher| tests are made at an altitude of 1000
tempgrature rises.

When| a voltage regulator te
above 1000 m (3300 ft), i
Equatjon (24):

(23)

to the

titude
E with

24

F is .04 for self-cooled mode
is .06 for forced-air-cooled mode

NOTE—Winding temperature rise above liquid temperature is not affected by altitude.
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8.8 Short-circuit tests

8.8.1 General
This test code applies to liquid-immersed step-voltage regulators both single and three phase.
The code defines a procedure to demonstrate the mechanical capability of a voltage regulator to withstand

short-circuit stresses. The prescribed tests are not designed to verify thermal performance. Conformance to
short-circuit thermal requirements shall be by calculation in accordance with 8.9.4.

The short-circuit test procedure described in this standard is intended principally for application tp new
voltage regulators to verify design. Tests may be conducted at manufacturer’s facilities, test labotatorjes, or
in the field, but it shall be recognized that complete equipment is not usually avaitable inthe figld for
conducting tests and verifying results.

8.8.2|Test connections

8.8.2{1 Fault location

The § als as
dictat losely
repreq stance
connectors.
In ord

a) | Closing a breaker g &rmi K ENe pltage

b) | Closing a breake
regulator, post

8.8.2)2 Fault@

For
requj
used

a)4

pltage

urrent
an be

bltage

8.8.2.3 Tap connection for test

One test satisfying the asymmetrical current requirement shall be made with the voltage regulator at the
maximum boost position and also at the maximum buck position. Two tests satisfying the symmetrical
current requirement shall be made at the maximum boost position and also at the maximum buck position.
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