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IEEE Standards documents are developed within the Technical Committees of the
IEEE Societies and the Standards Coordinating Committees of the IEEE Standards
Board. Members of the committees serve voluntarily and without compensation.
They are not necessarily members of the Institute. The standards developed within
IEEE represent a consensus of the broad expertise on the subject within the Institute
as well as those activities outside of IEEE that have expressed an interest in partici-
pating in the development of the standard.

Use of an IEEE Standard is wholly voluntary. The existence of an IEEE Standard
does not imply that there are no other ways to produce, test, measure, purchase, mar-
ket, or provide other goods and services related to the scope of the IEEE Standard.
Furthermore, the viewpoint expressed at the time a standard is approved and issued is
subject to change brought about through developments in the state of the art and com-
ments received from users of the standard. Every IEEE Standard is subjected to
review at least every five years for revision or reaffirmation. When a document is
more than five years old and has not been reaffirmed, it is reasonable to conclude that
its contents, although still of some value, do not wholly reflect the present state of the
art. Users are cautioned to check to determine that they have the latest edition of any
IEEE Standard.

Comments for revision of IEEE Standards are welcome from any interested party,
regardless of membership affiliation with IEEE. Suggestions for changes in docu-
ments should be in the form of a proposed change of text, together with appropriate
supporting comments.

Interpretations: Occasionally questions may arise regarding the meaning of portions
of standards as they relate to specific applications. When the need for interpretations
is brought to the attention of IEEE, the Institute will initiate action to prepare appro-
priate responses. Since IEEE Standards represent a consensus of all concerned inter-
ests, it is important to ensure that any interpretation has also received the concurrence
of a balance of interests. For this reason IEEE and the members of its technical com-
mittees are not able to provide an instant response to interpretation requests except in
those cases where the matter has previously received formal consideration.

Comments on standards and requests for interpretations should be addressed to:

Secretary, IEEE Standards Board
445 Hoes Lane

P.O. Box 1331

Piscataway, NJ 08855-1331

USA

IEEE standards documents may involve the use of patented technology. Their
approval by the Institute of Electrical and Electronics Engineers, Inc. does not mean
that using such technology for the purpose of conforming to such standards is autho-
rized by the patent owner. It is the obligation of the user of such technology to obtain
all necessary permissions.
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Introduction

(This introduction is not a part of IEEE Std C57.98-1993, IEEE Guide for Transformer Impulse Tests.)

Early in 1955, a working group was appointed by the Dielectric Tests Subcommittee of the AIEE Transform-
ers Committee to prepare an Impulse Test Guide for oil-immersed transformers. Members of the working
group agreed to draft a portion of the guide in which they had a particular interest. The content of the 1986
guide was the consolidation and editing of these writings by the working group members.

The power transformer standards of ANSI, IEEE, and NEMA, plus the purchaser’s specifications, determine
the specific requirements for impulse tests. This guide will not change the standards in any way, but adds
background information that will aid in the interpretation and application of these standards. These stan-
dards now provide for some alternate ways of conducting some tests or parts of tests. These alternates have
been developed by different testing laboratories with consideration for their individual problems of trans-
former design, test facilities, etc. It is the object of this guide to discuss these differences and to show how
effective failure detection can be achieved with the testing techniques employed. Although the guide is writ-
ten primarily for power transformers, it is applicable generally to distribution and instrument transformers.

The guide assumes the reader has an educational or practical background equivalent to that of a graduate
electrical engineer with some knowledge of transformers.

In late 1975, a Task Force was established within the Working Group, for Revision of Dielectric Tests, to
review the original guide. It was their purpose to review the existing guide and revise areas where up-to-date
oscillograms and procedures could be obtained.

In February 1986, a Task Force was established within the Working Group, Revision of Dielectric Tests, to
revise the 1986 Guide as follows:

a)  Addition of subclause 2.4: Lightning impulse testing of low impedance winding
b) Addition of clause 3: Switching impulse testing
¢) Addition of clause 4: Digital transient recorder
d) Other revisions included:
1) Addition of subclause 1.1: Scope
2) Rewording of subclause 1.2: Impulse testing techniques
3) Additions to subclause 2.5: Failure detection
4) Additions to annex A: Bibliography
5) Change from the word “oscillograph” to “oscilloscope” in this guide where applicable.
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The Accredited Standards Committee on Transformers, Regulators, and Reactors, C57, that reviewed and
approved this document, had the following members at the time of approval:

P. J. Hopkinson, Chair P. E. Orehek, Vice Chair

John A. Gauthier, Secretary
Organization Represented Name of Representative
Electric Light and POWET GIOUP ....cc.cetiiiiiiiiiniieieeieetteitet ettt sttt ettt ettt sbe bbbttt et essesbesaenae et P. E. Orehek
T. Diamantis
E. Hanus
J. W. Howard
M. C. Mingoia (Alt.)
G. Paiva
J. Sullivan
Institute of Electrical and Electronics ENGINEETS ........cc.ccueciiviriririniniiieiciiteteteeteteteeer ettt L. Savio
J. D. Borst
J. Davis
J. H. Harlow
H. D. Smith (Alt.)
R. A. Veitch
National Electrical Manufacturers ASSOCIALION ..........ccuevverrerererererieretentenentenre et tetetessesresresresnesneenes P. J. Hopkinson
G. D. Coulter
P. Dewever
S. Endersbe
S. Douglas (Alt.)
A. A. Ghafourian

K. R. Linsley

R. L. Plaster (Alt.)

H. Robin

Tennessee Valley AULNOTILY .......cceeirieiiiiriiiienineee ettt ettt be sttt enesresaesaesae bt eneene F. A. Lewis
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US Department of the Navy, Civil Engineering COrps ........coceeererererieienienienieneneneeeeteteste e s s H. P. Stickley

The revision of this guide was developed by a Task Force of the Working Group, Revision of Dielectric
Tests, which is a part of the Dielectric Test Subcommittee. The following is the Subcommittee membership:
H. R. Moore, Subcommittee Chair J. B. Templeton, Working Group Chair

R. E. Minkwitz, Sr., Task Force Chair

E. J. Adolphson R. H. Frazer L. Nicholas
D. J. Allen R. H. Hartgrove D. E. Parr

J. Antweiler K. R. Highton B. K. Patel
D. Ballard J. B. Holland M. Perkins
A. Bartek P. Iijima D. W. Platts
T. Bode E. Kallaur B. Poulin
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A. Delgado S. Mehta T. Thornton
R. Fausch J. Murphy J. Tingen

P. Feghali R. J. Musil S. C. Tuli

J. A. Fleeman R. A. Veitch

At the time this guide was completed, the Transformers Committee had the following officers:
J. D. Borst, Chair J. H. Harlow, Vice Chair
W. B. Binder, Secretary
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This guide was developed by a Working Group of the Dielectric Tests Subcommittee of the Transformers
Committee of the IEEE Power Group. The Working Group had the following membership:

. H. Bjorquist
. F. Christen

Other engineers who have served on the Working Group in the past are as follows:

J. R. Meador, Chair"

®_, .
First chair

C. L. Rose, Chair

W. R. McCarty

C. W. Miller

P. S. Pugh

L. R. Rademacher
A. F. Rholfs

C. M. Lovell

W. C. Sealey

P. D. Smith

W. S. Thompson
H. W. Wagner

W. S. Price

Those working on the first revision, IEEE Std C57.98-1986, included the following:

E. J. Adolphson
B. Allen
C. Hurty

H. F. Light, Task Force Chair

A.D. Kline
M. L. Manning

The following persons were on the balloting committee:

J. Adolphson
J. Allan

S. Altman

C. Arnold
J. Aubin
T. R. Balgie
R. A. Bancroft
R. L. Barker
D. A. Barnard
D. L. Basel
P.
S.
W.
W.

E.

D.

B.

R. Allustlam
M.

J.

L. Bellaschi

Bennon

B. Binder

E. Boettger
1. V. Bonucchi

. Compton

L Corkran

. W. Crofts

. Dahinden

. Davis
iamantis

. Douglas
. Dudley

IUZ

o> A0
es]
2
53
«

dwards

. Elliott

. Fallon

. Fischer
. Fleeman

. Foster

. Frank
rydman
. Gabel, Jr.
. Gearhart

. Gerlach

. Ghafourian
. Gillies
. Girgis
. Grubb
. Gryszkiewicz
H Hall

. S. Hanus
. H. Harlow
. W. Heinrichs
W. R. Henning
K. R. Highton
P. J. Hoefler
R. H. Hollister
C. C. Honey
P. J. Hopkinson
J. W. Howard
E. Howells
J. Hunt
P. Iijima
G. W. Iliff
D. C. Johnson
A. J. Jonnatti
R. D. Jordan

~Tom
rw>>gmmmzh>o~m

“ﬂ‘WQ'ﬂWWU:PUWIZ“V)
H

S. P. Mehta
J. D. Phillips
Z. Zepic

E. Kallaur

C. P. Kappeler
R. B. Kaufman
J.J. Kelly

S. P. Kennedy
W. N. Kennedy
J. P. Kinney, Jr.
A. D. Kline

E. Koenig

J. G. Lackey

J. P. Lazar
R.E. Lee

F. A. Lewis

H. F. Light

S. Lindgren

L. W. Long

L. A. Lowdermilk

o
—
]
£
IS

. Lowe

. Lyon

. Massouda
. Matthews

. McGill

. McMillen

"'3‘-“22'%@"‘.

omgwgoomQOHHWUwp

Documents

Docum%nt Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 22:41:03 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C57.98-1993


http://www.avadocuments.com/doc/ieee-c57-98-1993
http://www.avadocuments.com/doc/ieee-c57-98-1993

R.J. Musil P. Riffon D.S. Takach

W. H. Mutschler, Jr. C. A. Robbins L. A. Tauber

C. G. Niemann R. B. Robertson J. B. Templeton
E. T. Norton J. R. Rossetti A. M. Teplitzky
R. A. Olsson M. P. Sampat V. Thenappan

P. E. Orehek L. J. Savio R. C. Thoma

S. H. Osborn W. E. Saxon J. A. Thompsons
G. A. Paiva R. W. Scheu T. R. Traub

B. K. Patel D. N. Sharma D. E. Truax

W. E. Patterson V. Shenoy W. B. Uhl

J. M. Patton H.J. Sim G. H. Vaillancourt
P. A. Payne L. R. Smith R. A. Veitch

H. A. Pearce S. D. Smith L. B. Wagenaar
D. Perco R. J. Stahara B. H. Ward

D. A. Peters W. W. Stein R.J. Whearty

V. Q. Pham L. R. Stensland D. W. Whitley

L. W. Pierce R. W. Stoner A. L. Wilks

D. W. Platts J. C. Sullivan C. W. Williams, Jr.
J. M. Pollitt D. W. Sundin J. G. Wood

C. T. Raymond L. A. Swenson W. E. Wrenn

When the IEEE Standards Board approved this guide on December 2, 1993, it had the following

membership:
Wallace S. Read, Chair Donald C. Loughry, Vice Chair
Andrew G. Salem, Secretary

Gilles A. Baril Jim Isaak Don T. Michael*
José A. Berrios de la Paz Ben C. Johnson Marco W. Migliaro
Clyde R. Camp Walter J. Karplus L. John Rankine
Donald C. Fleckenstein Lorraine C. Kevra Arthur K. Reilly
Jay Forster* E. G. “Al” Kiener Ronald H. Reimer
David F. Franklin Ivor N. Knight Gary S. Robinson
Ramiro Garcia Joseph L. Koepfinger* Leonard L. Tripp
Donald N. Heirman D. N. “Jim” Logothetis Donald W. Zipse

*Member Emeritus

Also included are the following nonvoting IEEE Standards Board liaisons:

Satish K. Aggarwal
James Beall

Richard B. Engelman
David E. Soffrin
Stanley I. Warshaw

Rochelle L. Stern
IEEE Standards Project Editor

Documents

Document Sharing Hub
Authorlzed licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 22:41:03 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C57.98-1993


http://www.avadocuments.com/doc/ieee-c57-98-1993
http://www.avadocuments.com/doc/ieee-c57-98-1993

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 22:41:03 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C57.98-1993


http://www.avadocuments.com/doc/ieee-c57-98-1993
http://www.avadocuments.com/doc/ieee-c57-98-1993

Contents

CLAUSE PAGE

Lo OVEIVIEW .ottt ettt ettt ettt e bt e st e bt s at e et e e s at e e bt e eabeeab e e sabeeabeesabe e beesateenbeesabeenne 1

| BN Yoo o TSP SRURRTSRP 1

1.2 Impulse testing tECANMIGUES ......c.eruieriireiiriieierteete sttt ettt et et sbeeae b 1

R G (S0 (11 Lo USRS 2

2. Lightning IMPUISE LESTINE ..eecueiriieriieriieiiierieeite st ette st et e st e st este st esabesabeessaeesbeesssessseeseesaseenseesnses 2

2.1 Lightning impulSe Wave SHAPES ........ccceriiiiiiiiiiiiiieriee ettt s 2

2.2 Lightning impulSe tESt CITCULL ...euveeruterieiriieeieeriteeteestte et et e et et e et e sbeeebeesbeesbeesaeesateesaeesaseenne 4

2.3 Measurement of lightning imMpulse VOItAZES ........cevviiriiriiieriiiiierieeeerte et 6

2.4 Lightning impulse testing of low impedance Windings ...........ccccevevverueneenienienieinenienenesene e 9

2.5 FallUre detECHION. .. cuietieuietieeieete ettt sttt e et et eet et e st et e et e s et eneesaeeneesseensesneensesnsenseensenseans 12

2.6 Connection of non-impulsed teIMINALS.......cccueerieriieriieiiieeie ettt eseeesaee s 13

2.7 INON-HNEAT AEVICES ...cuviiieniieiiitieteeteete sttt ettt ettt e e sttt bt ebe s it e nbesatenbesstenbeensenbeans 14

2.8 Interpretation Of IMPUISE tESES......ecveruerierieieieiiriirerteteee sttt ettt ettt ettt sae b b saeseens 14

2.9 GroUNd CUITENE tTACES ...cuvetieurirreetenteetenieertesiteteeteeteeatenteeasesteeasesueessesueessesseensesmeensesssessessnensenas 17

2.10 Examples of impulse Wave fOrmS ......cc.evieriiieriiieieeiesieetes ettt 21

2.11 Methods of pPresenting test FESULLS......ccevririririririnterertent ettt ettt e sresaeseens 25

3. SWItChing iMPUISE tESHINEZ ...ccuviitieriieiieiiteiteeie ettt erte st et e st e stteebe e bt e sbeesatesabeesasesnseesssesnseenseens 32

3.1 Switching impulse testing teChNIGUES .........coeiriirieriiiiiniieie ettt 32

3.2 Switching impulse Wave ShaPESs........ccccueviririririnineneeereetetet ettt s 33

3.3 Switching iIMPUISE tESt CITCUIL......eeruieriieiiierieeiterie et estte et e stte st et esbe et e sateesbeesaaeebeesbeeseenns 34

3.4 Measurement of switching impulse VOItages.........cceevuerieriiriireniieieiieeceesteeee e 35

3.5 Failure detECION. .. ..ceiuieuieeeeietietecte et eete ettt ettt et e et este et e s b e entesseense st enseeseeneeeneeneeeneenseenes 39

3.6 NON-TNEAT EVICES ..eouviiiiniiiiiiiiiienieeteetteteett ettt ettt ettt st et s bbbt e sttt e saee et eaeeaeene 41

3.7 Methods of Presenting teSt TESULLS........eiuiriirieriiiieii ettt 41

4. Digital transient TECOTAET .......c.cocuiriiriiiiieiiiiete ettt ettt be e st eae st ene st enesanes 41

5. GIOUNGING PIACHICES ..eevreeurierierteerieesttesteerttesteenteesteesteesaseesstessseessaesssesseessseesseessseesssesseesssesnsesnseen 42

6. IMPUISE GENETALOL SIZE ...eveetiriieiieietieteet ettt ettt et ettt s be et s bt et s bt et e bt et e eaeesbeeatesbeenaesbeenaesaeen 46
ANNEXES

Annex A Bibliography (infOrmMatiVe) ......c..eirieriiiriienieiiieeieete ettt ettt ettt et et esaee s 49

Documents

Document Sharing Hub
vi
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 22:41:03 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C57.98-1993


http://www.avadocuments.com/doc/ieee-c57-98-1993
http://www.avadocuments.com/doc/ieee-c57-98-1993

IEEE Guide for Transformer Impulse Tests

1. Overview

1.1 Scope

This guide is written primarily for power transformers, but it is also generally applicable to distribution and
instrument transformers. Other standards, plus the purchaser’s specifications, already determine the specific
requirements for impulse tests. The purpose of this guide is not to change these standards in anyway, but to
add background information that will aid in the interpretation and application of these standards. These
alternates have been developed by different testing laboratories with consideration for their individual prob-
lems of transformer design, test facilities, etc. It is the objective of this guide to discuss these differences and
to show how effective failure detection can be achieved with the testing techniques employed.

1.2 Impulse testing techniques

Insulation is recognized as one of the most important constructional elements of a transformer. Its chief
function is to confine the current to useful paths, preventing its flow into harmful channels. Any weakness of
insulation may result in failure of the transformer. A measure of the effectiveness with which insulation per-
forms is the dielectric strength. It was once accepted that low-frequency tests alone were adequate to demon-
strate the dielectric strength of transformers. As more became known about lightning and switching
phenomena, and as impulse testing apparatus was developed, it became apparent that the distribution of
impulse-voltage stress through the transformer winding may be very different from the low-frequency volt-
age distribution.

Low-frequency voltage distributes itself throughout the winding on a uniform volts-per-turn basis. Impulse
voltages are initially distributed on the basis of winding capacitances. If this initial distribution differs from
the final low-frequency inductance distribution, the impulse energy will oscillate between these two distribu-
tions until the energy is dissipated and the inductance distribution is reached. In severe cases, these internal
oscillations can produce voltages to ground that approach twice the applied voltage.

As circuit voltages became standardized, impulse levels corresponding to the respective voltage classes were
also standardized. Impulse levels, now referred to as basic lightning impulse insulation levels (BIL), were
established in 1937 by an AIEE-EEI NEMA Committee on Insulation Coordination. This committee was
formed to consider laboratory technique and data, to determine the insulation levels in common use, to
establish the insulation strength of all classes of equipment, and to establish insulation levels for various
voltage classifications. Through the use of these BILs, apparatus can be specified on the basis of demonstrat-
ing that the insulation strength of the equipment will be equal to or greater than the selected basic level, and
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protective equipment can be selected to proyide adequate protection. The BILs and other insulation-test volt-
ages are listed in IEEE Std C57.12.00-1993 .

During the 1950s, it became apparent that the lightning impulse test did not represent all the transient volt-
ages to which a transformer would be subjected. As transmission voltages increased to the EHV level, (i.e.,
345 kV and above) transient voltages, caused by various switching operations, had to be considered in both
the internal and external transformer insulation design. The magnitude of surges resulting from switching
operations is dependent upon system characteristics.

As a result, a new switching impulse test was developed initially for the EHV voltage levels. A standard
switching transient wave shape was agreed upon and the crest voltage level to ground was established at
83% of the lightning impulse crest voltage.

1.3 References
This guide shall be used in conjunction with the following publications:
IEEE Std 4-1978, IEEE Standard Techniques for High-Voltage Testing (ANSI).

IEEE Std 1122-1987, IEEE Standard for Digital Recorders for Measurement in High-Voltage Impulse Tests
(ANSD).3

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

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

IEEE Std C57.12.91-1979, IEEE Test Code for Dry-Type Distribution and Power Transformers (ANSI).
2. Lightning impulse testing

2.1 Lightning impulse wave shapes

Impulse tests are made with wave shapes that simulate those encountered in service. From the data compiled
by the 1937 AIEE-EEI-NEMA Committee on Insulation Coordination about natural lightning, it was con-
cluded that system disturbances from lightning can be represented by three basic wave shapes—full waves,
chopped waves, and front-of-waves. In figure 1, these three waves are represented in their approximate mag-
nitude and time.

It is recognized that lightning disturbances will not always have these basic wave shapes. However, by defin-
ing the amplitude and shape of these waves, it is possible to establish a minimum impulse-dielectric strength
that transformers should meet. A curve can be drawn through the points established by the amplitude and
normal duration of each wave as shown in figure 1. For the front-of-wave and chopped wave, the points
would be located at the intersection of a vertical line drawn at the time-to-chop and a horizontal line drawn
through the crest, while for the full wave the vertical line would be located at the time of half value (see

nformation on references can be found in 1.3.

2IEEE Std 4-1978 has been withdrawn; however, copies can be obtained from the IEEE Standards Department, 445 Hoes Lane, P.O.
Box 1331, Piscataway, NJ 08855-1331, USA.

3IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA.
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Figure 1—Lightning impulse wave shapes
IEEE Std 4-1978). This curve is referred to as the volt-time curve of the composite insulation structure of the

transformer. The strength of the insulation to wave shapes other than those defined by IEEE Std 4-1978 can
be approximated from the curve.

Impulse tests demonstrate that the insulation will withstand impulses that lie below the volt-time curve.
Applying protective equipment that has a volt-time curve lower than that of the transformer assures adequate
protection of the transformer insulation. If a lightning disturbance travels some distance along the line before
it reaches a transformer, its wave shape approaches that of the full wave as shown in figure 1 by curve “a.”
This is a wave that rises from zero to crest value in 1.2 ys and then decays to half of crest value at 50 us. It is
generally referred to as 1.2 x 50 wave. The part of the wave between zero and the crest is called the front and

the part beyond the crest is called the tail.

A wave traveling along the line might flash over an insulator after the crest of the wave has been reached.
This wave is simulated by the chopped wave that is chosen to be of magnitude as defined in IEEE Std
C57.12.00-1993. It is shown by curve “b.”

If a severe lightning stroke hits directly at or very close to a terminal the surge voltage may rise steeply until
it is relieved by a flashover, causing a sudden, very steep collapse in voltage. This condition is represented by
the front-of-wave curve “c.”

As can be seen in figure 1, these three waves are quite different in duration and in rates of voltage rise and
decay, and consequently produce different reactions within the transformer winding. The full wave, because
of its relatively long duration, causes major oscillations to develop in the winding and consequently stresses
not only the turn-to-turn and section-to-section insulation throughout the winding, but also develops rela-
tively high voltages, compared to power frequency stresses, across large portions of the winding and
between the winding and ground (core or adjacent windings).

The chopped wave, because of its shorter duration, does not allow the major oscillations to develop as fully
and generally does not produce as high voltages across large portions of the windings or between the wind-
ing and ground. However, because of its greater amplitude, it produces higher voltages at the line end of the
winding; and because of the rapid change of voltage following flashover of the test gap, it produces higher
turn-to-turn and section-to-section stress.

The front-of-wave is still shorter in duration and produces still lower winding-to-ground voltages deep
within the winding. Near the line end, however, its greater amplitude produces higher voltages from wind-
ing-to-ground. This, combined with the rapid change of voltage on the front and following flashover, pro-
duces a high turn-to-turn and section-to-section voltage near the line end of the winding.

The selection of the type and number of test waves is determined by the test specification. These various test
specifications may include a number of purchaser specifications in addition to the ones required by IEEE Std
C57.12.00-1993.
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2.2 Lightning impulse test circuit

Impulse waves are generated by an arrangement that charges a group of capacitors in parallel and then dis-
charges them in series; see [B9], [B12], [B18], [B23], [B46], and [B47]. The magnitude of the voltage is
determined by the initial charging voltage, the number of capacitors in series at discharge, and the regulation
of the circuit. The wave shape is determined largely by the constants of the generator and the impedance of
the load.

Transformer impedance can be represented as a mesh network of inductance and capacitance. Figure 2 rep-
resents a transformer and also the parameters of a typical impulse generator. The total impedance between
the impulsed terminal of the transformer and ground will hereafter be called the “effective impedance.”

Ry L SG .
A~ Y Y Y o0 'l
|
[ | | DEVICE
TC R, 3 TC2 UNDER
i TEST
[}
[}

[+——1MPULSE ——>4=—TRANSFORMER —>|

GENERATOR

Figure 2—Lightning impulse circuit

To illustrate how the various transformer and impulse-generator parameters affect the generated wave shape,
some simple circuit examples will be given. Assume that for the following examples, a capacitor, which will
be referred to as the generator capacitance C, is charged to a constant value and then the various circuit
parameters are connected to the generator capacitor terminals through a quick-closing switch as the break-
down of a gap. The circuit will be assumed to have zero resistance and inductance except as indicated. Fig-
ure 3 shows the circuit parameters and the resulting wave shape for each example. In all these examples a
high-impedance oscilloscope will be connected at points X-X, to indicate the variation of voltage with
respect to time as the various parameters are connected. In each example the capacitor will be charged ini-
tially to the same voltage.

With only the oscilloscope connected to X-X as in figure 3a, an oscillogram similar to A will result when the
switch is closed. By connecting a capacitor across the X-X terminals as in figure 3b a wave shape similar to
B will appear. It will have a shape like A but will have a smaller crest magnitude. The magnitude will be
decreased in accordance with the relationship

C
¢=EerT,
where
e is the voltage across the load capacitor
E is the applied voltage of the generator capacitor
C is the generator capacitance value
C is the load capacitance value
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Figure 3— Lightning impulse waves from simple circuits

The time to reach crest for both of these traces will be zero since there is no series resistance or inductance to
limit the current in charging the load capacitance. Changing the value of the capacitor will only affect the
magnitude of the wave and not the time to reach crest magnitude.

When a resistor is placed across these terminals as in figure 3c, a trace similar to C will result. Again the
crest will be reached instantly but now the tail of the wave will decay exponentially to zero. Decreasing the
resistance will cause the tail of the wave to decrease faster as shown in curve C”. This can be explained by
studying the time constant of a resistor and capacitor circuit that is equal to the product RC. Reducing R or C
decreases the duration of the wave in direct proportion to the decrease in these parameters.

Placing an inductance across the generator capacitor as in figure 3d will cause an oscillatory wave similar to
D to appear. Again the time to crest will be reached instantly but the tail now will oscillate about the zero line
rather than reach the zero line exponentially as in the case of the resistor. This is due to the interchange of
energy between the electrostatic field of the capacitor and the electromagnetic field of the inductance.
Decreasing the inductance or capacitance causes the wave to change from D to D, which has a shorter period
of oscillation. This change in period is proportional to the , /7 ¢ since the period itself is equal to 2n JLC -

Placing a capacitor in parallel with an inductance across the generator capacitor as in figure 3e causes an
oscillation similar to E. Here again the wave is oscillating but because of the load capacitor, the magnitude is
initially less than D; the period is increased because the total circuit capacitance is increased.

When a circuit consisting of a resistor in series with the capacitor is placed across the generator capacitance
as in figure 3f, a trace similar to F' will appear on the oscilloscope. Now the time to reach crest is affected.
Closing the switch causes all the voltage to appear across the resistor initially and also causes a current to
flow in the circuit, which is limited by the resistor. This current starts to charge the load capacitor, which
decreases the voltage drop across the resistor. After the capacitor is charged, no further current will flow in
the circuit and thus all the voltage will appear across the capacitor.

The time required to charge the capacitor is proportional to the time constant RiC,. The capacitor will reach
95% voltage in approximately 3R,C,. Increasing the resistance, R, will lengthen the front from F to F".
Increasing the capacitor C, will also increase the time to crest and decrease the magnitude as shown by F”. If
the resistor is initially replaced with an inductance in this example, basically the same result will be obtained
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except that high-frequency oscillations will be superimposed on the crest. The inductance will initially limit
the current available to charge the load capacitor and thus will increase the time to crest.

These few examples provide an insight into the effect of various circuit parameters of a transformer impulse
testing circuit upon the generated wave shape. Combining all these parameters results in an equation that is
cumbersome and difficult to handle. There have been many technical papers written on the subject of surge
generator characteristics for transformer testing; see [B9], [B12], [B23], and [B47]. These examples show
that the time to crest of an impulse wave is affected by the series inductance, series resistance, and load
capacitance. The tail of the wave is controlled by the generator capacitance, load resistance, load inductance,
and also load capacitance. Figure 3g shows a simplified generator and transformer circuit consisting of the
parameters discussed. The wave shape G results because the transformer circuit is a complicated network
instead of the simplified circuit shown.

The extremely large transformers now being built have impedance characteristics that make it difficult to
obtain the nominal wave shape specified by standards (see IEEE Std 4-1978). On low-voltage windings it is
sometimes impractical to obtain the 50 us tail. From the foregoing material it can been seen that the tail can
be increased by increasing the generator capacitance, load resistance, or by changing the transformer effec-
tive impedance. There is an economical maximum generator capacitance that can be made available for
impulse testing and this may not be sufficient to produce a tail of 50 us (see clause 6). Even with infinite load
resistance the tail may be too short. The transformer effective impedance can be varied by the manner in
which the terminals of windings not being tested are terminated. If they are isolated the maximum effective
impedance results. Grounding them through resistance reduces the impedance and grounding them solidly
causes further reduction. The advantages and disadvantages of these methods will be discussed in 2.6.

With large transformers there is also the problem of obtaining the specified front, and in the case of front-of-
waves, the specified rate of rise. This is due to the large capacitance of the transformer and the inherent self
inductance of the generator and of the leads that connect the generator to the transformer.

In some instances the parameters of the test circuit, or of the transformer itself, may be such that it is not
practical to attain the desired wave shapes. When test conditions cannot be changed, variations in wave
shapes have to be tolerated.

2.3 Measurement of lightning impulse voltages

Measurement of the amplitude and shape of the applied waves that have values ranging from 30 kV to over
2800 kV for the crest, and 0.2 us to 250 us for the duration, requires special measuring equipment. An oscil-
loscope with high writing speeds and good accuracy, and voltage dividers with response suitable for
extremely fast transients, are required. A typical impulse testing circuit including the divider and oscillo-
scope is shown in figure 4.

Because the oscilloscopes normally used have a voltage rating of a few hundred volts, voltage dividers are
used to reduce the high-impulse voltages to a value that can be applied to the oscilloscope. The amplitude of
the resulting wave should be large enough and the focus of the trace sharp enough so that wave shape devia-
tions of 2% or 3% of the crest value are discernible. Generally there are three basic types of dividers that are
suitable for impulse testing. They are resistance, capacitance, and compensated. As the name implies, the
resistance divider utilizes the principle that the voltage across a resistor varies directly with the resistance,
while with the capacitance divider, the voltage varies inversely with the capacitance. Compensated dividers
are a combination of resistance, capacitance, and sometimes inductance; IEEE 4-1978 gives more detail on
the various dividers.

The divider that is to be located close to the device under test is connected by a shielded low-loss cable to the
oscilloscope which is located some distance away. When the cable is properly terminated at the oscilloscope,
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Figure 4—Lightning impulse circuit and transformer

the voltage applied to the cable is accurately reproduced in time and amplitude by the oscilloscope. When
long or high-loss cables are used, attenuation occurs.

The oscilloscope utilizes an electron beam that is electrostatically deflected in two directions by two pairs of
plates. The amount of deflection is proportional to the voltage applied to the plates and the direction of
deflection is controlled by the polarity of the voltage applied. One pair of plates is used to sweep the beam in
the X direction, which is generally associated with the time of the oscillogram. In figure 5, two pairs of
deflecting plates are shown. The electron beam, which is negative polarity, will sweep from position zero to
the right when a voltage with polarities indicated is applied to the X plates. With voltage as indicated applied
to the Y plates, the beam will move from zero toward the upper plates in the sketch. This pair of plates is usu-
ally associated with the voltage to be measured. The rate at which the beam sweeps in the timing direction is
a function of the sweep voltage wave shape applied to the X plates. This rate is generally either linear or log-
arithmic and is dependent on the oscilloscope design. Consistency of the sweep speed is important so that
out on the tail of the wave a valid comparison between waves can be made (see IEEE Std 4-1978). In this
respect, oscilloscopes with linear sweeps are preferred since waves starting at various positions on the oscil-
logram will all have the same horizontal spread. Because of the various impulse-wave shapes that are
recorded, a number of sweep speeds are built into the oscilloscope.

Figure 5—Oscilloscope deflection plates
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The following lists the recommended sweeps for the various wave shapes:
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Sweep range (us) identieation
Front-of-wave voltage 2t05 FOW
Chopped-wave voltage 5to 10 Ccw
Reduced full-wave voltage 50 to 100 RFW
Full-wave voltage 50 to 100 FW
Reduced full-wave current 100 to 600 RFWC
Full-wave current 100 to 600 FWC

In an earlier paragraph it was stated that the full-wave stresses the turn-to-turn and section-to-section insula-
tion throughout the winding. The stresses are affected by the slope of the wave front and not necessarily by
the actual time-to-crest. In figure 6, a full wave is sketched. The time, #,—; is the time to actual crest but the
rate-of-rise of the wave that causes the stresses is E/(#;—f). E is determined by sketching a smooth curve
through the irregular wave.

E 90% E

30]% E

to ty t2

Figure 6 —Measurement of front-of-full wave

The same reasoning applies to scaling the front of front-of-wave tests. The front is derived from the slope of
the wave. In figure 7 the rate-of-rise is E/(#;—f;) and not E/(t,—t;). The time-to-chop (or time-to-flashover) is
ty—ty. In cases where the transformer capacitance is large, the wave rounds off near the crest and this distinc-
tion between the wave front and the time-to-chop should be made.

g ty t,

Figure 7—Measurement of front-of-wave
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The voltage shall be measured by a separate connection to the terminal being tested. The gap used to chop
the wave on the front shall be directly connected to the terminal being tested and may be mounted directly
on the terminal. The impedance shall be limited to that of the necessary leads to the gap. Because of the large
chopping current associated with the large capacitance, errors are introduced into the measuring circuit. In
order to avoid these difficulties, the voltages and times specified shall be considered met provided the tests
are made with the gap settings listed in table 1 and with the minimum and maximum times to flashover
given.

Table 1—Test values, gap settings, and minimum and maximum times of flashover

Full-wgve Front-of-wave Gap leng thb (in) Tim.e .to flashover | Time ?0 flashover
test value® (kV) test value (kV) minimum (us) maximum (us)
45 75 1-1/4 0.5 1
60 100 1-1/2 0.5 1
75 125 2 0.5 1
95 165 2-3/4 0.5 1
110 195 3-3/8 0.5 1
150 260 4-1/2 0.5 1

21.2 x 50 us full-wave test voltage.

b The gap shall consist of the space between two 1/2 in square cut square rods. The rods shall be mounted one
from the top of the terminal tested and the other either from the flange of the same terminal or other adjacent
grounded parts. The gap should preferably be centered on the bushing and adjacent to it. However, a separate
gap resting on the transformer may be used.

NOTE—The application of steep-front tests on windings directly connected to generators or other circuits
not exposed to lightning is unnecessary.

Whenever questions arise in scaling or interpreting film, the intent and purpose of the particular wave appli-
cation should determine the method employed. In 2.4.2 through 2.4.5, the pros and cons of short-tail full
wave vs. long-tail waves obtained by changing the circuit effective impedance and other impulse testing dif-
ferences will be discussed. Here again the purpose and the ultimate desired stresses in the winding should
determine the course to follow.

2.4 Lightning impulse testing of low impedance windings

2.4.1 General

There are four alternate methods for testing windings having a very low impedance. The concerns related
with each method are discussed herewith, and should be considered by the manufacturer in recommending
the appropriate method. These methods are the following:

a)  Method 1: All terminals of the same BIL should be connected in the winding together.
b) Method 2: A resistor of not more than 500 Q2 should be inserted in the grounded end.
¢) Method 3: A normal impulse test is applied and the short length of the wave tail should be accepted.

d) Method 4: An inductive/resistive network should be inserted between the impulse generator and the
transformer to increase the length of the tail time.
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2.4.2 Method 1

Connecting the terminals together produces a high stress on the winding-to-ground insulation and a rather
low sustained stress to the turn-to-turn, coil-to-coil, and across-the-coil insulation. This is due to the turn-to-
turn and coil-to-coil stress being primarily a function of the capacitance from one end of the winding to the
other and the capacitance-to-ground. These statements can be visualized somewhat better through the use of
the following simple example.

Example: Let the transformer constants be represented by an equivalent circuit as shown in figure 8a. The
through capacitance (capacitances from one end of the winding to the other end) of the transformer are rep-
resented by C; and C,, and the ground capacitance by C5. L and L, represent the transformer inductances.
If the through capacitances, C; and C,, are large with respect to the ground capacitance, an initial distribu-
tion similar to Curve X in figure 8b will result. Since the final distribution is line ¥, the envelope of the wind-
ing oscillation will be between curves X and X”. This example demonstrates a low turn-to-turn and coil-to-
coil stress but a high stress to ground throughout the winding. If the through capacitances are small com-
pared to the ground capacitance an initial distribution similar to curve Z in figure 8b will result. The same
final distribution line Y will occur and thus the envelope of oscillation will be between curves Z and Z”. This
produces a high turn-to-turn, coil-to-coil, and insulation-to-ground stress. The objections to using this
method of test for a transformer having the parameter relationships assumed is that part of the winding may
theoretically oscillate to 200% of the applied voltage. Testing in this manner is not recommended since in
service, a surge is rarely applied to both terminals simultaneously.

IMPULSE TRANSFORMER
GENERATOR ,— ——————————— |

A % WINDING B

a) b)

Figure 8—Low impedance windings connecting terminals together

This method of testing does not lend itself to ground-current measurements since only the capacitance cur-
rent of the winding under test, to the tank and other windings, can be measured.

2.4.3 Method 2

Inserting a resistance in the grounded end of the winding will produce different turn-to-turn and coil-to-coil
stresses than method 1. The change in stress is a function of the winding constants. Figure 9a shows the typ-
ical equivalent network of the transformer with one end of the winding grounded through a resistor. If the
through capacitance is extremely large compared to the ground capacitance, a distribution similar to curve P
in figure 9b will result. The final distribution would be something similar to line O, where all, or almost all of
the voltage is across the resistor. The envelope of oscillation will then be between curve P and P’. In this
case the turn-to-turn and coil-to-coil stress is increased compared with the example that has the same capac-
itance relationship in method 1. When the ground capacitance is large, compared to the through capacitance,
a distribution similar to curve S in figure 9b will occur. The final distribution can again by assumed to be line
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