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Abstract: The scope of this recommended practice is the performance of surge testing on electrical
and electronic equipment connected to low-voltage ac power circuits, specifically using the
recommended test waveforms defined in IEEE Std C62.41.2™-2002. Nevertheless, these
recommendations are applicable to any surge testing, regardless of the specific surges that may be
applied.

Keywords: low-voltage ac power circuit, surge testing, surge withstand level

The Institute of Electrical and Electronics Engineers, Inc.
3 Park Avenue, New York, NY 10016-5997, USA

Copyright © 2003 by the Institute of Electrical and Electronics Engineers, Inc.
All rights reserved. Published 11 April 2003. Printed in the United States of America.

“National Electrical Code® and “NEC® are both registered trademarks owned by the National Fire Protection Association, Inc.

Print: ISBN 0-7381-3485-6  SH95060
PDF: ISBN 0-7381-3486-4  SS95060

No part of this publication may be reproduced in any form, in an electronic retrieval system or otherwise, without the prior
written permission of the publisher.



IEEE 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 standards.

Use of an IEEE Standard is wholly voluntary. The IEEE disclaims liability for any personal injury, property or other
damage, of any nature whatsoever, whether special, indirect, consequential, or compensatory, directly or indirectly resulting
from the publication, use of, or reliance upon this, or any other IEEE Standard document.

The IEEE does not warrant or represent the accuracy or content of the material contained herein, and expressly disclaims
any express or implied warranty, including any implied warranty of merchantability or fitness for a specific purpose, or that
the use of the material contained herein is free from patent infringement. IEEE Standards documents are supplied “AS IS.”

The existence of an IEEE Standard does not imply that there are no other ways to produce, test, measure, purchase, market,
or provide other goods and services related to the scope of the IEEE Standard. Furthermore, the viewpoint expressed at the
time a standard is approved and issued is subject to change brought about through developments in the state of the art and
comments received from users of the standard. Every IEEE Standard is subjected to review at least every five years for
revision or reaffirmation. When a document is more than five years old and has not been reaffirmed, it is 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.

In publishing and making this document available, the IEEE is not suggesting or rendering professional or other services for,
or on behalf of, any person or entity. Nor is the IEEE undertaking to perform any duty owed by any other person or entity to
another. Any person utilizing this, and any other IEEE Standards document, should rely upon the advice of a competent
professional in determining the exercise of reasonable care in any given circumstances.

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

Comments for revision of IEEE Standards are welcome from any interested party, regardless of membership affiliation with
IEEE. Suggestions for changes in documents should be in the form of a proposed change of text, together with appropriate
supporting comments. Comments on standards and requests for interpretations should be addressed to:

Secretary, IEEE-SA Standards Board
445 Hoes Lane

P.O. Box 1331

Piscataway, NJ 08855-1331

USA

Note: Attention is called to the possibility that implementation of this standard may require use of subject mat-
ter covered by patent rights. By publication of this standard, no position is taken with respect to the existence or
validity of any patent rights in connection therewith. The IEEE shall not be responsible for identifying patents
for which a license may be required by an IEEE standard or for conducting inquiries into the legal validity or
scope of those patents that are brought to its attention.

Authorization to photocopy portions of any individual standard for internal or personal use is granted by the Institute of
Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright Clearance Center. To
arrange for payment of licensing fee, please contact Copyright Clearance Center, Customer Service, 222 Rosewood Drive,
Danvers, MA 01923 USA; +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.



Introduction

(This introduction is not part of IEEE Std C62.45-2002, IEEE Recommended Practice on Surge Testing for Equipment
Connected to Low-Voltage (1000 V and Less) AC Power Circuits.)

This recommended practice is the result of ten years of use as a guide, and it incorporates only minor
additions or updates of the original 1987 document, which was revised in 1992. These earlier versions were
published independently, and not concurrently with their intended companion, IEEE Std C62.41-1991, with
the result that a “catch-up” situation was created as each document was separately updated.

With the approval of the Surge-Protective Devices Committee, the companion IEEE Std C62.41-1991 was
split into two separate documents, IEEE Std C62.41.1-2002 and IEEE Std C62.41.2-2002. Together with the
present recommended practice, the two IEEE Std C62.41.1-2002 and IEEE Std C62.41.2-2002 present a
“Trilogy” concerning the occurrence, characterization, and testing of surges in low-voltage ac power
circuits, to be published concurrently and thus avoid the previous ambiguities of the catch-up updates.

CAUTION

Surge testing of electrical equipment presents potentially hazardous situations for
both personnel and equipment. Safety directives promulgated by the laboratory
where testing takes place must be observed. Additional precautions are suggested
in 4.8 and 6.4.

Participants

At the time this recommended practice was completed, the Working Group on Surge Characterization on
Low-Voltage Circuits had the following membership:

Hans Steinhoff, Chair
James Funke, Co-Chair
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Ernie Gallo Philip Jones Michael Stringfellow

Andrea Turner Haa Wilhem H. Kapp Matt Wakeham

Jim Harrison Joseph L. Koepfinger S. Frank Waterer
Don Worden

Other individuals who contributed review and comments in developing this recommended practice are:

P. P. Barker P. Hasse K. O. Phipps

T. R. Conrad T. S. Key V. A. Rakov

C. Dhooge G. Kohn A. Rousseau

D. Dorr J. Levine E. F. Vance

H. E. Foelker A. Mansoor S. Van Vreede
W. Graf D. Messina S. G. Whisenant
G. L. Goedde J. E. Nanevicz W. J. Zischank

R. W. Northrop

iv Copyright © 2003 IEEE. All rights reserved.



The following members of the balloting committee voted on this standard

approval, disapproval, or abstention.

. Balloters may have voted for

Rickard Bentinger Andrew Robert Hileman Michael Parente
James J. Burke David W. Jackson Percy E. Pool
James Case Philip J. Jones Radhakrishna V. Rebbapragada
Chrys Chrysanthou Wilhelm H. Kapp Alan W. Rebeck
Bryan R. Cole Ed Knapp Tim E. Royster
Bill Curry Joseph L. Koepfinger Lawrence Salberg
Douglas C. Dawson Benny H. Lee Mark S. Simon

E. P. Dick Carl E. Lindquist Hans Steinhoff
Clifford C. Erven William A. Maguire Antony J. Surtees
Ernie Gallo Francois D. Martzloff Donald B. Turner
Gary Goedde L. Bruce McClung S. Frank Waterer

Peter A. Goodwin Nigel P. McQuin James W. Wilson
Jim Harrison Gary L. Michel Jonathan J. Woodworth
Steven P. Hensley Richard Odenberg Donald M. Worden

Joseph C. Osterhout

At the time this document went to ballot, the Accredited Standards Committee on Surge Arresters, C62, had

the following membership:

Organization Represented

Joseph L. Koepfinger, Chair

S. Cheinski, Secretary

Vacant, NEMA Co-Secretary
Naeem Ahmad, /IEEE Co-Secretary

Name of Representative

Electric Light & Power (EELD) . . .. ... o e e e J. S. Case
.............................................................................. T. Field
............................................................................ W. A. Maguire
............................................................................ L. F. Vogt
............................................................................ J. Wilson
............................................................................ T. A. Wolfe
............................................................................ C. G. Crawford

IEEE . . M. G. Comber
............................................................................ W. H. Kapp
.............................................................................. J. L. Koepfinger
.............................................................................. R. Odenberg
.............................................................................. T. Rozek
.............................................................................. K. B. Stump
............................................................................ E. Taylor

NEM A . . L. Block

.............................................................................. J. J. Woodworth
Association of American Railroads (AARR) . . ... ... . W. Etter
Bonneville Power Administration (BPA) . . ... ... . . . G.E. Lee
Canadian Standards. . . ....... ... D. M. Smith
International Electrical Testing Association (NETA). . ....... .. . . .. A. Peterson

NS T .o F. D. Martzloff
Rural Electrication Administration (REA) . . ... ... ... . . i E. Cameron
Telecommunications Information Systems (TCIS) .......... .. .. . . .. C. Chrysanthou

Underwriters Laboratories . .. ... ... ...ttt e D. Jennings-Conner

Individuals. . . . ..o e J. Osterhout
.............................................................................. S. G. Whisenant
............................................................................ H. J. Steinhoff

Copyright © 2003 IEEE. All rights reserved.



When the IEEE-SA Standards Board approved this standard on 11 November 2002, it had the following
membership:
James T. Carlo, Chair
James H. Gurney, Vice Chair
Judith Gorman, Secretary

Sid Bennett Toshio Fukuda Nader Mehravari

H. Stephen Berger Arnold M. Greenspan Daleep C. Mohla
Clyde R. Camp Raymond Hapeman William J. Moylan
Richard DeBlasio Donald M. Heirman Malcolm V. Thaden
Harold E. Epstein Richard H. Hulett Geoffrey O. Thompson
Julian Forster* Lowell G. Johnson Howard L. Wolfman
Howard M. Frazier Joseph L. Koepfinger* Don Wright

Peter H. Lips

*Member Emeritus

Also included is the following nonvoting IEEE-SA Standards Board liaison:

Alan Cookson, NIST Representative
Satish K. Aggarwal, NRC Representative

Don Messina
IEEE Standards Project Editor

vi Copyright © 2003 IEEE. All rights reserved.



Contents

1 OVEIVIEW ..ttt ettt ettt b et b ettt s h s bt bt e e et et a e et e st ea b et et e s bt sbeebeebteat et e ebesaeebeeneenbeneens 1
Lo S0P ettt ettt e b et b e ettt e et s bt e ettt e st e e nateesabeenates 1
L2 PUIPOSE. ..e ettt ettt et ettt ettt et ettt s bt e ettt e bt e et e s bt e eabeesabeeenbeeebae et beesabeesabeesabeenaee 2
2. RETETEIICES ..ttt ettt b e bbbt bbbttt aen 3
3. DEIINITIONS .ottt ettt a et ettt e bt eat et et et st e bt sbe bt et e beshe bttt enten 4
3.1 TECRNICAL LETINIS ...ttt ettt e et ettt a e et e st et e e e et e sbesaeebeamsenbesbeebesneeneans 4
3.2 SPECIAL WOTA USAZE ....veenvieneieuiieiieeiienieetiestestteteesteeeteeseesseesseesseesseanseenseaseesseesaensessseesseenseanseensenns 4
4.  Planning of surge testing: BasiC ODJECLIVES ......cceviuerierieriieie ettt eneens 5
N B € 1< TS 1 E OO USRS USROS 5
4.2 SUIEE CNVITONIMICNL .....c..eetieneieeeeeeieeetesteestesteesseeseesseassesseesseasssesseesseeseensesnsesssesseesssssssensessseessesnses 5
4.3 TYPES OF LESES ettt ettt ettt sttt e et e st e st et e ebe e et ea e e e et e ebeeteebeenteebeteaneseeeneenean 6
4.4 Results and consequences 0f the TEST.......ccoiiii it 6
4.5 Unpowered testing versus POWETed ESTINE .......cvevveruieriieriieiieieeieeeestestesseeeeeseesseeseesessnesnnas 7
4.6 WIthStand 1EVELS......oiuiiiieiieiieee ettt st s e eae st e sae e eaeeneas 8
4.7 Voltage and cuIrent WaVeTOIIIS ........ccuieiiiieiiiietieteeeee ettt sttt sae e saeseeeaeeneas 8
Y 1 TP 10
5.  Implementation of surge testing: Test EqUIPMENL........ceerueiiriirerieeieieieieee et et 10
R € <31 1< ) DO OSSR 10
5.2 SUIZE ZENETALOTS ...eeeruvieriiieiiieiiteeieesitee ettt et e et e e bt e ebee s bt e et e e s bt e sabeesabeesateesabeenaseesseesbaeenaneens 10
5.3 Point of test SUrZe apPliCAtION. ......ccuveriieiieiieieeeeciieieee ettt ettt ettt et seessaesnaesnaesneesneenns 11
5.4 Coupling the surge to the EUT ........coiiiiiiiiii ettt 11
5.5 Monitoring the EUT .......c.ociiiiiiieiieiece ettt ettt et enseensaensesnsesnnesnes 13
6.  Performance of surge testing: Test ProcedUres...........ccoereriiierieieriee et 15
6.1 GONCTAL.....eiiiii ettt ettt ettt a ettt ehe e et e st et e etk eeae bt eneeeteabeeaeeneeneenes 15
6.2 LIMITING SIIESSES ..eeruverrrereetierertestesstesteeseasseasseeseasseassesseesaesssesssesseesseessesssesseessessssesssesnsesseenns 15
6.3 Nature 0f the EUT ......ooiiiiiiiiieetee ettt ettt 15
0.4 SATELY ..ottt e he ettt e et e teeae bt eneeae e bt ebeeneenteeeean 16
7. Applying the test surge: Coupling and decoUpling CITCUILS .......c.ceveruerierereeieieieieee e 17
Tl GICTAL. ...ttt ettt ettt et et b et bt b e e bbb eae 17
7.2 Requirements fOr SUIZE COUPIINEZ .....eouirmiiriieiiieiieiieiie ettt sttt et ebe e neens 17
7.3 Impedance CONSIACTALIONS.........ccuerueriereeeiertieteeieeteseeesteessaesseesseeseesseensessaenseenseesseenseensesnsennns 19
7.4 Requirements for surge deCOUPIING .......c.eevvieeiiriieiierierieeie ettt e e ee e snne e 19
7.5 SUIZE COUPLINEZ .. veeiiniitietiete ettt ettt ettt eb et ese et e s besae et e eneeseene e s e seabeebeeneenseseeeneeneenes 20
8. GTOUNAING ...ttt ettt ettt sttt et eh e e st en et e st e beee b et et e se et e ebeeaeeseeneenseseeeneeneensensenean 24
8.1 Grounding PrCAULIONS. .......evuierirereererieeeteetestterseesseesaestesseesssesssesseesseessesssesnsesssesssesssesseenseessees 24
8.2 Grounding practices N EUTS ......cccooiiiiiiiiiiie et 26

Copyright © 2003 IEEE. All rights reserved. vii



9. Standard SUrge testS WaVETOTINS ... .cc.eeuiiieeieiieitiie ettt ettt sttt et es et seeebe et et e e e e nes 26

L € <31 1< ) DO OSSP 26

9.2 Standard WaVETOITIIS ........ccoruiriiiriiiiiercrert ettt sttt et 27

0.3 TSt PIOCEAUIES ...c.eeueeteeteeieeet ettt sttt et ettt st e et e et es et e ebesaeebeenteneens et e sesbeebeaneenseseeeneeneenes 31

9.4 Equations for standard WavVeTOrMS ...........ccovieriieiiieiieie et 32

10.  Additional SUIZE tESt WAVETOITILS ......ecveruiiriieieieriieiieteeeesteieeteeeseeteseeseeesaeeseensesseenseesssesseennnesnnenns 34
LO.T GOICTAL....ninitetite ettt ettt bbbttt ettt s bbbt ettt ebeeae 34

10.2 Additional WaVETOTIIS. .....c..oiuiiieiiiee ettt ettt be et se et et s eeene e e e nee 34

10.3 Equations for additional WavefOrms ...........ccceeriiriiirieniieiiee e 40

11, Evaluating teSt TESUILS ...ccueeiiiiieieeiecieieete ettt e e et e st e te st e saeesseesseenseenseenseensesnnesnnenns 40
Annex A (informative) SPD Class I teSt PAramELers ........cecveeiuerierierierieeierieieeieete e seesreeseesseesseesseeneeas 42
Annex B (informative) CoOmplemMentary NOTES. .........eecvereveriereerieeieeteseeseesseeteesesaessaesseessesseesseenseesseessens 44
Annex C (informative) Practical hints on SUIZE tESTINE........cccuerierieeiierieeieeieetieeeieeveseeseeseesseenseeseeseens 77
Annex D (informative) BiblIOGraphy .........ccccciioiiiiiiiieieieee et ens 84

viii Copyright © 2003 IEEE. Al rights reserved.



IEEE Recommended Practice on Surge
Testing for Equipment Connected to
Low-Voltage (1000 V and Less) AC

Power Circuits

1. Overview

This recommended practice is divided into 11 clauses. Clause 1 provides an overview of this
recommended practice, including its scope and its context with respect to other IEEE standards directly
related to the subject. Clause 2 lists references to other standards that are useful in implementing the
recommendation of the present document. Clause 3 provides definitions of common English words, but
with a specific meaning in the context of this recommended practice. No new technical definitions have
been generated in connection with this recommended practice. Clause 4 provides the necessary
information for the planning of surge testing, a prerequisite to the performance of tests. In Clause 5,
information is provided on the equipment to be used in performing the tests. Clause 6 provides general
recommendations on test procedures, with further details in Clause 7 and Clause 8. Clause 9 provides a
description of Standard Surge Test Waveforms. Clause 10 provides a similar description of Additional
Surge Test Waveforms. Clause 11 provides guidance on evaluating results and offers some concluding
remarks.

This recommended practice also contains four informative annexes. Annex A provides information on

Surge-Protection Devices (SPD) Class I test parameters. Annex B provides additional information on surge-
related issues. Annex C provides practical hints on surge testing. Annex D provides the listing of citations.

1.1 Scope
The scope of this recommended practice is the performance of surge testing on electrical and electronic
equipment connected to low-voltage ac power circuits, specifically using the recommended test waveforms

defined in IEEE Std C62.41.2™-2002." Nevertheless, these recommendations are applicable to any surge
testing, regardless of the specific surges that may be applied.

Information on references can be found in Clause 2.

Copyright © 2003 IEEE. All rights reserved. 1
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1.2 Purpose

This recommended practice, the third document in a Trilogy of three IEEE standards addressing surges in low-
voltage ac power circuits, focuses on test procedures, using representative surge waveforms developed on the
basis of the two other documents of the Trilogy. There are no specific models that are representative of all
surge environments; the complexities of the real world need to be simplified to produce a manageable set of
standard surge tests. To this end, a surge environment classification scheme is presented in
IEEE Std C62.41.2-2002. This classification provides a practical basis for the selection of waveforms and
amplitudes for surge-voltages and surge-currents that may be applied to evaluate the surge withstand level”
capability of equipment connected to these power circuits. It is important to recognize that proper coordination
of equipment capability and environment characteristics is required: each environment and the equipment to
be protected have to be characterized and the two have to be reconciled.

Equipment to be
%ested

Design Qualification Test| | Production Test Diagnostic Test
sy - Find Limits - Pass Fail - Pass Fail - What Happened?
- Any Drift? - Retrofit OK?
PARTIES Manutacturer Manufacturer Manufacturer
INVOLVED and/or Certifier and/or Certifier Manufacturer and/or User
A
EXPECTED Clearance Damage Upset (Susceptibility)
QUTCOME OF TEST Sparkover (Vulnerability) Momentary or Eatch—up
POWERED vs Powered or
UNPOWERED Unpowered Unpowered Powered

\/\/ Isolation

PROCEDURES l | SAFETYFIRST! | Egemunding
g * Qualified Personnel

TYPICAL

RELEVANT -
REFERENCES IEEE Std C62.41.2-2002

IEC 61000-4-xx series*

Or other

« Voltage and Current
TEST « Voltage Test « Phase Angle

+ Surge Coupling

! v

* Progressive Tests « Progressive Tests
SCHEDULE | . Number of Surges Ex}mg&%’ges

\/

Test Circuits

an
Measurements

*See Annex D for bibliographic citations of several IEC standards on test methods.

Figure 1—Guiding considerations for surge testing

2See Annex B for complementary notes on items appearing in bold italics in the text.
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Regardless of the particular surge specification, equipment connected to the power system have to be capable
of satisfactory operation, or at least survival, under these surge voltages or surge currents, with or without
additional protection as the case may be. The assignment of withstand level remains the prerogative and
responsibility of the users of this document. Surge testing is therefore required to demonstrate this capability.
To illustrate the process of surge testing procedures, Figure 1 shows a flow diagram of the guiding
considerations that are essential to obtaining reliable test results while enhancing operator safety.

Note that the assignment of withstand levels for equipment is not included in the scope of this recommended
practice. Surge testing on signal or data interfaces is also not included in the scope of this recommended
practice, but should not be overlooked in the complete evaluation of specific equipment.

2. References

In this document, two types of “references” are used: those that are directly related to the subject being
discussed and often necessary to consult when using this guide—true references—and those that provide
supporting information to the subject being discussed—bibliographic citations. For the convenience of the
reader in not breaking the pace of reading to look up the citation, yet have some indication on what matter is
being referenced, “references” and “citations” are briefly identified in the text as described below.

The first type, references, contains information that is implicitly adopted in the present document. Complete
implementation of any recommendations or validation of a statement made in this recommended practice
would require the reader to consult that reference for the details of the subject. This first type is introduced in
the text as (Document identity), and the listing is provided below, in this clause.

The second type, bibliographic citations, is not essential to implementation of a recommendation or
comprehensive validation, but it is provided for the use of readers seeking more detailed information or
justification. This second type is introduced in the text as (Author, date [B#]), and the listing is provided in
Annex D.

This recommended practice shall be used in conjunction with the following publications. If the following
publications are superseded by an approved revision, the revisions shall apply.

IEC 60060-2 (1994), High voltage test technologies—Part 2: Measuring systems.3
IEEE Std 4™-1995, Standard Techniques for High Voltage Testing.* >

IEEE Std C62.41.1™-2002, IEEE Guide on the Surge Environment in Low-Voltage (1000 V and Less) AC
Power Circuits.

IEEE Std C62.41.2™-2002, IEEE Recommended Practice on Characterization of Surges in Low-Voltage
(1000 V and Less) AC Power Circuits.

NFPA 70®-1999, National Electrical Code®.°

UL Std 1449, Standard for Safety—Transient Voltage Surge Suppressors, Second Edition, 1996.

3EC publications are available from the Sales Department of the International Electrotechnical Commission, Case Postale 131, 3, rue
de Varembé, CH-1211, Geneve 20, Switzerland/Suisse (http://www.iec.ch/). IEC publications are also available in the United States
from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor, New York, NY 10036, USA.
“The IEEE standards or products referred to in Clause 2 are trademarks owned by the Institute of Electrical and Electronics Engineers,
Incorporated.

SIEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331, USA (http://standards.ieee.org/).

*NFPA publications are published by the National Fire Protection Association, Batterymarch Park, Quincy, MA 02269, USA
(http://www.nfpa.org/).
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3. Definitions

3.1 Technical terms

The definitions of the terms used in this recommended practice are those found in The Authoritative
Dictionary of IEEE Standards Terms, Seventh Edition [B1 1]8, or in IEC 61643-1 [B10]. No new definitions
have been generated in developing this document. However, as a reference for the reader and for tutorial
purposes, some already existing definitions and related comments may be found in the Glossary provided as
Annex C of IEEE Std C62.41.1-2002.

3.2 Special word usage

The words listed below are used in this recommended practice in accordance with the IEEE Standards Style
Manual, the IEC/ISO Directives, or specific limitation of a term in general use; they convey the following
meanings:

3.2.1 will: Conveys the certain occurrence of an event.

3.2.2 can, cannot: Conveys (im)possibility or (in)capability, whether material, physical, or causal.

3.2.3 may, may not: Conveys that a course of action by the equipment user or test operator is permissible
(not permissible) within the limits of the present recommended practice, or that it is (im)possible to exercise

a choice at the discretion of the sponsor. See: might.

3.2.4 might: Conveys the possible occurrence of a situation or phenomenon, without intervention from the
user or test operator, with actual occurrence uncertain. See: may.

3.2.5 must: Conveys the necessity of a course of action by the test operator in order to obtain reliable results
or observe appropriate safety precautions.

3.2.6 reader: The person using this document for any purpose.

3.2.7 shall: Conveys requirements to be strictly followed to conform to a specification or stipulation, from
which no deviation is permitted.

3.2.8 should, should not: Conveys a preference among several possibilities, but not necessarily a
requirement. In the negative form, conveys deprecation, but not prohibition, of a course of action.

3.2.9 sponsor: The entity for which the tests are being performed in accordance with the present
recommended practice.

3.2.10 user: The occupant, owner, or operator of the power system or premises where the equipment under
test (EUT) is intended to be installed.

TUL standards are available from Global Engineering Documents, 15 Inverness Way East, Englewood, Colorado 80112, USA
(http://global.ihs.com/).

8The numbers in brackets correspond to those of the bibliography in Annex D.
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4. Planning of surge testing: Basic objectives

4.1 General

This clause outlines the basic objectives to be considered for planning surge testing, as shown in Figure 1.
Detailed discussions of these considerations are provided in Annex B. Although the scope of this
recommended practice addresses only the power port of equipment, the intended application and multiple
ports of the equipment under test (EUT) should also be considered.

Six ports (see Figure 2), through which electromagnetic disturbances can be coupled into equipment, can be
identified as follows:

— Enclosure port (radiated disturbance only)
— AC power port

— DC power port

— Process measurement and control port

— Signal port

— Earth port

Radiated coupling of disturbances through the envelope is clearly outside the scope of the present
recommended practice and is addressed in other documents related to electromagnetic compatibility. The
scope of this recommended practice specifically excludes signal and data lines and, by implication, the dc
power port. However, the sixth port, referred to as earth port (earth being the term used by the IEC, and
ground, the term used in the USA), should be recognized. (See discussion of grounding practices in B.5
and B.23.) The issue is that equipment connected to different systems can be exposed to different reference
voltages through their separate connection to those different systems. (In many systems, the reference
point is a grounded conductor that, during a surge event, experiences changes of potential.) Subclause 4.4
of IEEE Std C62.41.1-2002 provides a detailed description of this issue. Thus, while planning surge testing
for the ac interface of the equipment, a complete evaluation of the equipment performance under surge
conditions requires recognition of the occurrence of surges on all ports.

Enclosure Port

N

AG Power Control
[————— l¢————
Port Port
APPARATUS
DC Power Signal
— <
Port T Port
Earth
Port

Figure 2—Six ports for coupling of disturbances

4.2 Surge environment

Surge testing is generally performed to determine the surge withstand capability of specific equipment that will
be exposed to known or unknown surge environments. Therefore, the first decision or assumption that must
be made in planning a surge test concerns the nature of the surge environment. IEEE Std C62.41.1-2002,
IEC 60664-1 (2000) [B8], or some other applicable document will be used to define the environment.
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Although the test procedures discussed in this recommended practice should be relevant to most surge tests,
the major concern here is with switching-induced and lightning-induced surges. Surges associated with
nuclear electromagnetic pulse (NEMP) and electrostatic discharges (ESD) involve rise times in the order of
a few nanoseconds, requiring instrumentation of different characteristics from those discussed here. In the
case of the electrical fast transient (EFT) tests, monitoring the pulses within the EUT might be
counterproductive or cause difficulties, as discussed in 5.5.3. Furthermore, high-frequency noise, generally
at amplitudes much less than twice the normal system voltage, is the subject of other documents concerned
with electromagnetic compatibility.

4.3 Types of tests

Figure 1 shows a branching point involving the purpose of the surge test. Four types of tests are identified,
with their purpose and interested parties, as follows:

Design tests are performed by an equipment manufacturer for establishing or demonstrating to others design
margins, and for optimizing the design. These tests may involve pushing the stresses to the limits until a failure
is observed.

Qualification tests are performed by the manufacturer, purchaser, or independent test laboratory for
demonstrating compliance with specifications. These tests generally are limited to a pass-fail criterion, but
are more comprehensive than are tests carried out on a routine basis on production products.

Production tests are performed by an equipment manufacturer for verifying conformity and consistency of
the production process. These tests generally involve some statistical evaluation.

Diagnostic tests are performed by the manufacturer or user for investigating difficulties encountered in
service. These tests generally involve attempts at laboratory reproduction of the failure modes observed in
the field, followed by applying the same test on equipment that has been redesigned or provided with retrofit
protection.

Prior to conducting these tests on an EUT, acceptance criteria should be defined in accordance with the
considerations of Figure 1, such as purpose of the test and expected outcome.

4.4 Results and consequences of the test

Although surge-protective devices are generally provided for damage avoidance, they can also serve to
prevent upset in the operation of an EUT. Therefore, a treatise on surge testing must include subject matter
dealing with the evaluation of the test results. Any given surge test will produce one of four results:

— Upset (susceptibility)

— Damage (vulnerability)

— No observed change

— An unforeseen consequence elsewhere in the equipment environment

The last result actually involves consideration of circumstances external to the EUT proper that might be
overlooked or considered irrelevant to the scope of surge testing in the laboratory. Setting aside any
consideration of unforeseen consequences on that basis would be a severe error. The discussion of unforeseen
consequences (B.45) gives some scenarios that illustrate this concern.

Depending on the nature and function of the EUT, seven different outcomes of a surge test should be
evaluated whenever direct, local results are noted:

— Outcome 1: No apparent response in the EUT—neither upset nor damage
— Outcome 2: Temporary upset of the EUT operation
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— Outcome 3: Upset with trip-out or latch-up of the EUT circuits
— Outcome 4: Flashover of clearances without apparent permanent damage
a)  With no follow current or with a self-clearing follow current, which might seem to be a benign
occurrence
b) With follow current resulting in operation of an overcurrent protective device (fuse or breaker),
an occurrence similar to outcome (3)
— Outcome 5: Insulation degradation or breakdown due to partial discharges across the surfaces or in
solid insulation, or both
— Outcome 6: Degradation of metal-oxide varistors or other types of surge-suppression elements
— Outcome 7: Insulation breakdown or permanent component damage requiring replacement or repair

The first outcome (no upset or damage) can represent a success from the point of view of acceptance, but
yields incomplete information because the actual design margin is not determined until further tests, at
higher stress, are performed. It is also possible that an EUT upset might occur only upon rare coincidence of
the surge with a clock transition, which would require a large number of surges to be detected.

The next two outcomes (upsets) are mainly concerned with control or data circuits, and they are related to the
susceptibility of the equipment. The electrical noise required to produce them can be low; in fact, low-level
noise can be sufficient to upset sensitive circuits. The emphasis in this recommended practice, however, is on
surges, generally implying voltage levels of at least twice the normal voltage of the system.

The fourth outcome (flashover) might involve both control and power circuits, and it is expected to occur at
surge levels significantly above the normal circuit voltages. As long as no permanent damage or insulation
tracking occurs as a result of the sparkover and eventual follow current, this outcome is still in the category
of susceptibility. Some EUTs might be insensitive to or unaffected by the flashover, whereas others would
definitely be considered as having been upset by the flashover.

The fifth, sixth, and seventh outcomes describe the vulnerability of the equipment.

The fifth outcome (insulation degradation or breakdown) might occur across the surfaces of insulation or
within solid insulation as a result of partial discharges, especially if multiple tests are applied.

The sixth outcome (surge-protective-device degradation) might occur as a result of the surge-testing sequence
exceeding the single-pulse-current rating of the device or exceeding the number of surges at a lesser current
for which it is rated. The result can be a change in the nominal voltage, standby current, or limiting voltage
that is not great enough to be considered device failure (generally, a change exceeding +10%) but might be a
sufficient change to indicate that the device is approaching failure.

The seventh outcome (permanent damage) might occur in either control or power circuits as a result of
sparkover with or without follow current producing a permanent degradation, or as a result of semiconductor
failure or excessive energy deposition leading to component or etch burnout.

Some of the outcomes can occur in combination so that the distinctions made here might not be so clear-cut

in reality but are nevertheless useful as starting points. Remember that any surge test is potentially destruc-
tive to the EUT, and appropriate precautions should be taken.

4.5 Unpowered testing versus powered testing
Test surges may be applied to the EUT in two ways:

— With normal operating power disconnected from the EUT (unpowered testing)
—  With normal operating power applied to the EUT (powered testing)
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The intended purpose of the test will determine whether one approach is sufficient or whether both are
advisable.

Unpowered testing is sufficient in situations for which a test outcome does not depend on the evaluation of
EUT performance during the surge, and for which follow current is not considered to be a significant factor
in regard to vulnerability. For instance, clearance flashover of an electromechanical device may be the
selected failure criterion; in that case, there should usually be no need to power the EUT. Unpowered testing
is usually necessary as a preliminary to powered testing, for design and diagnostic testing.

Powered testing is necessary in two cases:

— When a test outcome depends on the evaluation of EUT functional performance during the surge.
Thus, a test for susceptibility implies normal equipment functioning prior to the surge; therefore, the
EUT can only be checked in the powered mode.

— When determination of EUT vulnerability involves the likelihood or consequence of a follow current
(which might also depend in part on the phase angle at which the surge is applied with respect to the
line voltage wave).

4.6 Withstand levels

Surge testing is ordinarily carried out at different stages in a product life cycle, such as design, quality con-
trol, and protection retrofit. The extent and severity of the test will depend on the particular stage involved. A
design test is likely to involve testing to failure, whereas a production test must carefully avoid creating
incipient failures. The voltage surge and current surge environment (see IEEE Std C62.41.1-2002) is
described only in statistical terms without imposing a fixed withstand level.

The withstand levels should be expressed in terms of voltage for equipment exhibiting high impedance to a
surge; for those EUTs that contain a surge-protective device, the withstand level should be expressed in
terms of current in order to give consideration to energy deposition, as discussed in 6.2. A requirement that
an undefined, generic device should withstand a specified energy deposition is not meaningful because the
energy deposited in a particular device results from the combination of the surge generator impedance and
the device dynamic response (Standler 1989 [B30]).

4.7 Voltage and current waveforms

The nature of the EUT will affect its response to an applied test surge. A high-impedance EUT, such as a
winding, a clearance, or a semiconductor in the blocking mode, will be stressed by a voltage surge. The
energy associated with the surge is not significant here. A low-impedance EUT, such as a circuit containing
filter capacitors or surge-diverting protective devices, will be stressed by a current surge. The energy
deposited in the components is a significant factor in a low-impedance EUT. A third type of EUT, such as a
system with several ground reference points, will be stressed by a current surge applied between different
reference points. This test can also provide essential information on the EUT capability. Although this third
aspect of surge testing is not directly within the scope of low-voltage ac power circuits, it should be
recognized. Some discussion is provided in B.9. Therefore, the waveform for both voltage and current tests
should be included when specifying a test procedure. IEEE Std C62.41.2-2002 makes such a distinction
between current and voltage tests.

The specific selection of withstand levels, for voltage as well as current, depends on the exposure to
transients as well as on the consequences of a failure to withstand the transient. This recommended practice
provides some perspective in selecting appropriate levels, but the final choice must be made by the user of
this document.
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For the power port, IEEE Std C62.41.2-2002 recommends consideration of three standard waveforms and two
additional waveforms. Table 1 presents a summary of the waveforms, and the location categories to which they
apply. Clause 9 and Clause 10 present details on definitions, specifications, tolerances, and equations for these
five waveforms. The rare case of a direct flash to the building is presented as an option for surge-protective
devices (SPDs) involved in the exit path of the lightning current, as discussed in IEEE Std C62.41.2-2002.

Table 1—Summary of applicable standard? and additional® surge testing waveforms
for Location Categories A, B, and C (Scenario | only) and for Scenario I

Scenario I Scenario II
Surges impringing upon the structure from outside, and generated within® Direct lightning flash
Location 100.kHz Combination Separate 5/50 ns 10/1000 us | Inductive Direct
Category Ring wave Voltage/ EFT Burst Wave coupling coupling
Wave Current
A Standard Standard — Additional Additional Category Case-by-
B Ring case
B Standard Standard — Additional Additional Wave assess-
ment
C Low Optionald Standard — Optionald Additional
C High Optionald — Standard Optionalol —

4Refer to Clause 9 for details on the standard waveforms.

PRefer to Clause 10 for details on the EFT and Long Wave additional waveforms.
“Nearby lightning flashes can induce surges into circuits contained within the building.
For specific cases in which front-of-wave response or software upset might be a concern.

These various waveforms present features that influence the test equipment (generator, coupling, and
instrumentation) necessary to perform the tests. The tolerances are intended to help assure reproducible
waveforms among different laboratories and to provide a realistic perspective on the limitations of generation
and measurement of test surges. The equations are intended for computer simulations of surge protection
circuits and for design of surge generators. The history of the definitions of these waveforms is discussed in
Standler 1989 [B29].

The fact that five waveforms are listed in IEEE Std C62.41.2-2002 should not be construed as a requirement
that all equipment be subjected to all five types of surges. The 100 kHz Ring Wave and the Combination
Wave are recommended as basic design and test surges. The additional waveforms (the EFT Burst and the
10/1000 us Long Wave) need to be included in a test program by mutual agreement only when sufficient
evidence is available to warrant their use.
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4.8 Safety

CAUTION

Surge testing of electrical or electronic equipment presents potentially hazardous situations
for both personnel and equipment. The surge test equipment can generate potentially lethal
voltage surges. Furthermore, a catastrophic failure of the EUT might result in a fire or
explosion. Only qualified personnel should perform the tests, with safety precautions enforced
according to all national codes as well as the applicable safety directives and prescriptions of
the organization where the tests are being performed. Testing should not be performed
unattended. More specific aspects of safety precautions are discussed in 6.4.

5. Implementation of surge testing: Test equipment

5.1 General

Implementation of surge testing can proceed after the considerations discussed in Clause 4 have been
addressed. This clause provides guidance on the major aspects of the equipment requirements, for
generating and applying the surge as well as for monitoring the performance of the EUT (Figure 3).
Occasional users might encounter difficulty and should obtain guidance from qualified sources. Test
equipment that does not meet the requirements of applicable standards might give misleading results
(Martzloff 1983 [B15]; Buschke 1988 [B4]).

5.2 Surge generators

The test surge to be applied to the EUT will be produced by a surge generator capable of delivering the
specified waveform at any specified phase angle of the ac voltage sine wave at the EUT terminals.
Capability for bidirectional surge polarity simplifies the general test procedure.

A number of commercial surge generators are available with specific waveforms that meet the various
standards in existence. High-voltage laboratories are also generally equipped and staffed so that the
generation of a test wave is not a problem. Surge testing of electronic equipment is different from a simple
dielectric test on an insulation system or a simple surge current test on an individual surge-protective
component. Further discussion of component testing is given in B.16.

Classical surge generators, based on discharging stored energy into a waveshaping network and coupling the
resulting surge into a powered EUT, require a back filter to allow application of the power-frequency voltage
and current to the EUT, while blocking the surge from being fed back to the laboratory power system. Such
an arrangement works well for surges such as the Ring Wave or Combination Wave, but not for waves of
longer duration, such as the 10/1000 us Long Wave, a capacitor-switching transient wave, or the Scenario II
optional 10/350 ps wave.

Some laboratories have acquired high-power linear amplifiers and arbitrary-waveform generators, which can
be used for producing both the power-frequency supply and the surge, at the appropriate instant of the power
sinewave, and with the appropriate amplitude and available surge current delivery capability. This point is
discussed in greater detail in Clause 10, in connection with the description of test procedures for the 10/1000
us Long Wave and the capacitor-switching transient waves.
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Nature of EUT Purpose of Test Failure Criterion Environment Selected

- Surge AC Interface,
« Surge Other Points
« Surge Component Terminals

(7) Possible Outcomest

« Unknown EUT impedance

« High EUT Impedance

« Low EUT Impedance

« EUT With Impedance that
Changes During the Test

Unpowered vs. Powered

Type of Surge Generator

/

Monitoring the EUT Surge Coupler

* See 5.3.
tSee 4.4.

Figure 3—Surge testing equipment considerations

An EUT that contains a surge-protective device or that might experience an insulation breakdown during the
test will exhibit an impedance change during the surge. A surge generator inherently capable of delivering a
specified voltage or a specified current during a single surge test as required by the EUT impedance will yield
information on the EUT performance that cannot be obtained by two separate generators in two successive
tests, one for voltage, the other for current (Richman 1983 [B22]; Vance et al. 1980 [B33]). Further discussion
of these considerations is given in B.49.

5.3 Point of test surge application

According to the scope of this guide, the ac interface of an EUT is the point of application of the test surge.
In the process of evaluating the performance of the EUT, other terminals may also be subjected to surges.
Interconnected or distributed systems might have to be broken into separate subsystems, or the whole system
might have to be treated as an EUT. Therefore, the nature of the EUT will affect the points at which the surge
is to be applied and, thus, the method of coupling the surge.

5.4 Coupling the surge to the EUT

In the case of unpowered testing, the coupling is simple. The input port of the EUT is merely connected to
the output terminals of the surge generator, but further precautions are required. All other terminals or
outputs of the EUT, including its equipment grounding conductor(s), should be isolated to prevent damage
to other equipment.
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In the case of powered testing, the coupling becomes a complex matter, which is discussed in detail in
Clause 7. This complexity is the result of the need to apply the surge to the power supply line of the EUT,
maintaining the specified waveform, but without feeding the surge back into the laboratory ac power supply,
where it might damage other loads in the laboratory.

Thus, a back filter is needed to prevent this feedback. In addition, there is a need to isolate the power supply
line, lest it load the surge generator, thereby reducing the generator output below the required levels. The
availability of a separate power supply generator, often used in specialized laboratories, can alleviate some
of these problems.

Conversely, the quality of the voltage waveform of the ac mains used to supply power to the test circuit
should be evaluated, and corrected if found wanting, so that artifacts will not be introduced in the test results
by an unusually distorted or disturbed ac mains supply. The back filter, intended to block test surges in the
direction from EUT to mains, can also provide some degree of filtering disturbances in the direction from
mains to EUT. If L-G or N-G surges are to be applied, ascertain that the back filter will block the selected
waveform in the L-G and N-G modes.

In the case of long-duration waveforms, such as the 10/1000 us surge, it could be difficult to provide a back
filter with sufficient blocking capability for the surge and, at the same time, the capability to provide power-
frequency current of sufficient amplitude to the EUT. Some schemes have been developed to provide isolation
of the test circuit from the power supply circuit by blocking diodes and thyristors with appropriate timing of
their conduction periods.

For these long-duration waveforms that generally involve lower voltages than do the standard waveforms,
another possible strategy is to obtain the complete waveform (power-frequency voltage before and after the
surge, as well as total surge) from a digital waveform generator, with amplification by a high-power linear
amplifier. This method requires that the amplifier be capable of delivering either voltage or current peaks
during the surge (depending on the EUT impedance, in a manner similar to the Combination Wave), as well
as the normal load current of the EUT before, during, and after the surge. This approach would be a radical
departure from the classical method of using the discharge of stored energy into the EUT. It would offer the
advantage, once the resource of such a system becomes available to a user, of making other test waveforms,
such as swells, easy to implement.

In the case of the EFT, the test procedures described in detail by IEC 61000-4-4 [B9] include the use of
discrete coupling capacitors for the power-supply lines (called coupling network in IEC 61000-4-4) or the
use of a coupling clamp, which is in effect a capacitor involving all conductors at the same time.

Thus, both methods of coupling the EFT result in having a capacitive divider (consisting of the coupling
capacitance and the internal capacitance of the EUT) that applies the EFT pulses to the port of the EUT
(Martzloff and Leedy 1990 [B19]). The actual value of the EFT pulse applied to the EUT port is influenced
by the internal design of the EUT; it is not a fixed parameter imposed on the EUT. The external arrangement
of the EUT, including cable dressing, enclosure position with respect to the reference ground plane, and in
some cases the presence of the operator near the EUT, will affect the capacitive coupling and thus the
outcome of the test. The configuration of the ground reference plane can affect the results; for that reason,
IEC 61000-4-4 [B9] describes in detail the test setup. The waveform of the EFT generator output before
connection to the EUT should be clearly specified, a need not identified in the IEC standard
(Richman 1991 [B24]). Thus, the configuration of an EFT test setup must be clearly defined and
documented.

Isolated components or simple two-terminal devices can be subjected to the surge in a simple configuration;
multiterminal devices, including a simple balanced two-input EUT with ground, require careful attention to
specifying which terminals are surged with respect to which others. This aspect of the coupling techniques is
treated in greater detail in Clause 7.
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5.5 Monitoring the EUT

Both the applied surge and the output, as appropriate, of the EUT need to be monitored; monitoring could
also be required within the EUT. Current, as well as voltage, should be monitored to provide complete
information on the EUT performance (Richman 1983 [B22]).

The need to monitor the input surge is axiomatic because this will verify the characteristics of the applied
surge, both open-circuit and modified by the load. For simple failure modes of isolated components, such as
insulation breakdown or permanent semiconductor damage, monitoring the applied surge also reveals a
failure because the observed applied voltage wave will appear chopped. On the other hand, a surge applied to
an EUT being powered from the ac mains might show extensive distortion or ringing (Martzloff 1983
[B15]). This distortion, therefore, makes diagnosis by simple waveform inspection nearly impossible.

Checking a complex EUT for susceptibility to surges requires more extensive instrumentation in order to
detect misoperation. (That instrumentation must be immune to the electromagnetic disturbances created in
the area by production of the test surge.)

Monitoring within the EUT can also be necessary in order to understand the failure mechanism under the
surge, to control one or more critical voltages within the EUT, or to check the amount of surge remnant or
surge let-through reaching specific critical components.

In the case of EUTs that are shunt-connected surge protectors, the measurement of the surge response
voltage should be made to include the effect of any leads or configuration normally used to connect the EUT
to the mains, so that the impact of the surge suppressor in actual service conditions will be characterized,
rather than an intrinsic (but not attainable in practice) value. To avoid misleading data, specific mention of
the lead dress should be included when reporting results. See B.1 for further comments.

5.5.1 Monitoring with voltage probes

A reliable and safe method for monitoring voltages within the EUT is to use a differential connection of two
matched voltage probes (Figure 4). This type of connection, shown in the figure for the case of a surge
applied between line and neutral of the EUT, enables the use of a safely grounded oscilloscope. The high-
voltage probes have no ground leads attached to the EUT, whereas the chassis of the instruments are safely
grounded by the equipment grounding conductors of their power cords.

Common high-voltage probes must be properly compensated for the parasitic input capacitance of the
oscilloscope or digitizer that is used to measure the voltage (Standler 1989 [B32]). Paired differential probes
with a 50 Q output impedance that need no compensation can also be used (Senko 1987 [B26]).

5.5.2 Monitoring with current transformers

Properly applied current transformers can be useful for monitoring surge currents. It is often desirable, if
not necessary, to monitor current during application of a voltage surge, in order to detect breakdowns or to
verify EUT performance. A current transformer enables complete isolation of the current-monitoring
channel of the oscilloscope, in contrast with a current-viewing coaxial shunt, which can only be inserted
very near the grounding reference point. Most commercial “current transformers” are actually current-to-
voltage transducers that incorporate a suitable burden to deliver a voltage signal to the oscilloscope.

Voltages can also be monitored with a current transformer: a high resistance is connected between the two
points where voltage is to be monitored and a current transformer is used to monitor the current in the
resistor, hence, the voltage difference at its points of connection. (Note that the resistance should be
implemented with a noninductive resistor with appropriate surge voltage rating.)
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Figure 4—Monitoring within surged equipment with
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Figure 5 shows these two applications of current transformers or current-to-voltage transducers. Note, how-
ever, that special precautions are required to provide valid measurements, which are discussed in detail in
B.10. See also Standler 1989 [B32] for a review of the physics of current transformers.
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Figure 5—Monitoring within surged equipment with current transformers
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5.5.3 Monitoring the EFT test

The high frequencies involved in the EFT Burst make it difficult to monitor the surges within the equipment,
because the probe conductors act as an antenna capturing the radiated fields and inject the signal into the
EUT, causing an upset that would not occur without this probe. The present EFT procedure, as described in
IEC 61000-4-4 (1995) [B9], requires verifying only the waveform of the pulses produced by the generator
when connected to a 50 € load (Richman 1991 [B24]), while the outcome of the test is observed as the
occurrence or absence of a disturbance in the operation of the EUT. The steep front of the EFT pulse raises the
issue of the bandwidth of analog instrumentation and of under-sampling in digital techniques
(Standler 1989 [B32], pp. 369-375). See also C.1.7 on digital resolution.

6. Performance of surge testing: Test procedures

6.1 General

This clause is intended primarily for the guidance of those individuals involved in performing surge tests.
Those who do the testing are presumed to be familiar with safety procedures and with the general techniques
of high voltage and high-frequency (impulse) instrumentation. Specific guidance is therefore aimed at the
specialized aspects of surge techniques.

a) A surge test is a single event. Thus, once the surge has been applied to the EUT, any damage that
occurs has to be repaired and the most probable cause determined before the next surge test is run,
possibly at a lower level. (This remark does not apply to the EFT Burst procedure.)

b) Voltage and energy levels required to duplicate the equipment surge environment are necessarily
high enough to be a personnel hazard.

¢) The performance of virtually all surge-protective devices is highly dependent on the waveform of the
applied surge.

6.2 Limiting stresses

Pass/fail qualification tests and production tests may consist of a single surge application. On the other
hand, design tests or some qualification tests are generally applied by increasing the surge levels in several
steps starting from the operating voltage level and increasing to the goal, in order to obtain meaningful data
and reveal any possible blind spots. However, these many steps result in an accumulation of energy
deposition that needs to be recognized and possibly limited.

All surge protectors have not only surge performance specifications but also maximum average power
limitations. Furthermore, a series of repeated tests can consume (expend) part of the protector life.
Therefore, it is very important that consideration be given to limiting integrated stress in multiple surge tests
as well as to life consumption, average power, and repetition rate, especially when making repeated tests for
blind spot checking.

In the absence of specific information on the failure modes of the EUT, several surges may be required of
each polarity and at each selected phase angle to ensure that the failure will leave a mark or that ac follow

current will finally cause an arcing fault. Thus, efforts should be made to reduce a large number of surges by
considering the failure modes and applying good engineering judgment.

6.3 Nature of the EUT

The nature of the EUT has an influence on the test procedure. Single components, or simple systems without
multiple built-in protective devices, can be tested with a few increasing steps, often in an unpowered
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configuration. On the other hand, complex systems, especially those containing several successive protective
devices, require more comprehensive test procedures. There can be blind spots in the protection; that is,
satisfactory performance at high stress does not guarantee satisfactory performance at lower stresses, or for
different wave shapes. Additionally, some EUTs might be sensitive to the phase angle of the applied surge
with respect to the power supply.

6.4 Safety

CAUTION

Many of the tests indicated in this recommended practice are inherently hazardous. Observing
the precautions for personnel and property described in this clause are important for reducing
safety risks. Even more important is observing existing national safety codes and the applicable
safety directives and prescriptions of the organization where the tests are being performed.

Surge testing is best conducted only in an area dedicated solely to that purpose. The boundaries of the area must
be clearly defined and appropriately marked. Where possible, the area should be fenced in and provided with
electrical or mechanical interlocks, or both, on all entrances into the test area and removable barrier panels. All
metal fences or barriers, or both, must be grounded. Care must be taken to ensure that all of the EUT is within
the assigned area.

Testing should not be conducted unattended. Consideration must be given to the possibility of the surge
flashing over to circuits or metallic parts that are not intended to be surged. The surge test area must be kept
free of all meters, test setups, and flammable liquids, such as alcohol or cleaning solvents that are often
found in an engineering environment, but not are associated with the surge test being conducted.

When the EUT can be enclosed within an effective barrier, the preceding requirements are easier to satisfy.
This barrier can be sufficient separation—including separation from the floor, which should be presumed to
contain conduit or some metal. Alternatively, the entire barrier can be made up of physical insulation. In either
case, the barrier should be complete except where penetrated by input or output lines and measurement probes,
and it must be safe for a peak voltage equal to at least twice the peak of the incident test surge. (Circuits in
breakdown at or near the surge peak can oscillate at high frequencies. Such oscillatory flashovers can thereby
increase effective applied peaks by a factor approaching two.) Interlocks (for the surge as well as the ac mains)
must be provided to allow safe access between tests.

Capacitors used in the filter or coupler can retain a trapped charge; suitable bleeders or short-circuiting must
be provided to ensure operator safety against any such trapped charge after application of the test surge.

Consideration must also be given to the possibility of ignition or explosion within the EUT. Where an
examination of the EUT indicates a likelihood of ignition, factors to be considered are

a) The amount of combustible materials present
b)  The probable rate of propagation
c¢) The consequences of such propagation, that is, the probability of extension beyond the EUT

Appropriate precautions must be taken to keep these factors within manageable limits. These precautions
may include suitable extinguishing agents in sufficient quantity, physical separation from other
combustibles, and other appropriate measures. In evaluating the possibility of explosion, consideration must
be given to component failure whenever hazardous materials are available in sufficient quantity to create an
explosive atmosphere.
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All surge testing must be conducted by technically qualified personnel who are aware of the hazards of such
testing. The voltage and current levels generally associated with surge testing are well above those
considered lethal. Some considerations are the possibility of an accidental discharge of the surge generator,
the consequences of a flashover to an unfavorable circuit, the possibility of a charge being trapped in the
EUT, or the consequences of a violent component failure.

Testing personnel should never stand in the line of sight of components on printed circuit boards or panels
with the enclosure open during EUT surge testing. On occasion, a component will fail in an explosive
manner during surge testing. Fragments of the ruptured case and the component might cause injury to
personnel in the vicinity. If visual observation is desired, a suitable transparent barrier of sufficient thickness
must be provided. Ear protection must also be considered in case of possible violent failure modes. See C.5
for additional suggestions in this regard.

The importance of conducting surge tests in a prudent manner cannot be overstressed; safeguarding the test
personnel must be the prime consideration.

7. Applying the test surge: Coupling and decoupling circuits

7.1 General

For independent equipment, the test surges will be applied to the power lines supplying the EUT. For
interconnected or distributed systems, the testing of the individual units should be evaluated with regard to
the rest of the system.

Testing a complete system might not be possible or economical. Each unit comprising the system may be
tested as an independent unit, provided its functional integrity can be monitored during the test. The test
surges are to be applied to the cable ports that are connected to cables that are routed to other areas. All ac
power inputs and outputs within an interconnected system should be surge tested. Although signal and data
lines are not included in the scope of this recommended practice, they should not be overlooked
(Martzloff 1990 [B16]; Key and Martzloff 1994 [B12]); see 7.5.2 and the discussion of ac interface (B.1)
and communications interface (B.6).

7.2 Requirements for surge coupling
Three basic methods can be used for coupling the surge:

a) Direct coupling—As the name implies, it is a direct connection between the unpowered EUT and the
test surge generator (Figure 6).

b)  Series coupling—Couples the test surge generator to the EUT by injection of the surge in series with
the conductor being surged (Figure 8).

¢)  Shunt coupling—Couples the test surge generator to the EUT by injection of the surge across a
combination of conductors (Figure 7).

Surge

Generator EUT

I ———

A Other Lines

Disconnected

Figure 6—Direct coupling of surge (unpowered tests only)
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Figure 8—Elementary diagram of series coupling

A fourth method of applying a surge to the EUT—which requires neither the coupler nor the back filter
discussed in 7.4 and 7.5—is to provide both the ac power and the superimposed surge, generated by an
arbitrary waveform generator, and amplified by a linear amplifier of suitable voltage and current delivery
capability (Figure 9). This method makes it possible to apply surges of durations longer than what can be
effectively blocked by the back filter in a powered test.

Arbitrary a
Waveform || Amplifier EUT
Generator

All Other Lines
Disconnected

Figure 9—Elementary diagram of arbitrary waveform generator

Advantages and disadvantages of these methods are discussed further in B.39.

To apply the output of a test surge generator to a powered EUT, it is almost always necessary to use a surge
coupling device, also called a coupler. The coupler should conduct the surge energy, with reasonable
waveform fidelity, from the test surge generator into the EUT.

The requirements for appropriate coupling include the following:

a)  Minimizing cross-loading and power dissipation in the surge generator output network. Appropriate
impedances in the coupler should be provided.
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b)  Permitting the EUT to function normally before and after the test surge. Coupling gaps can also be
used to provide coupling of the generator only during the surge.

c) Permitting different modes of coupling, as required by the test schedule.

d) Providing bleeder action to discharge any residual voltage trapped inside the EUT after the test.

7.3 Impedance considerations

In general, the output impedance of a test surge generator will be that of its output wave-shaping network as
seen through the coupler. Because such networks usually involve inductors and capacitors, the output imped-
ance will be complex, involving both a real and an imaginary component.

For convenience, an effective output impedance is defined for a surge generator and its coupler, if
appropriate, by calculating the ratio of peak open-circuit output voltage (OCV) to peak short-circuit output
current (SCI), or as an OCV/SCI ratio at the injection points. Ideally, this impedance, when combined with
the back filter impedance, should represent the ac power system impedance for the incoming surge (Bull
1975 [B3], Standler 1989 [B30]). Typical values range from near 0 € at the power-line frequency to 200 Q
above 100 kHz.

In the case of the EFT test, however, the present test procedure (IEC 61000-4-4) [B9] does not call for an
available short-circuit current or source impedance, but only for a verification of the waveform when
connected to a 50 Qload.

7.4 Requirements for surge decoupling

The simplified surge coupling of Figure 8 and Figure 7 shows the requirements of back filters and
decoupling. Without these devices, the low line impedance of the ac supply would load the generator and
prevent it from delivering the full voltage. Furthermore, all other equipment connected to the same power
line would be subjected to the surge, with attendant equipment damage and personnel hazard resulting.
Further yet, some other equipment connected to the line might include a surge-protective device, defeating
the test. Thus, surge decoupling, generally in the form of surge filters in the power line (referred to as back
filter or decoupling network), is required to eliminate these limitations. However, the insertion of a filter
raises the question of reduced available fault current because of the added impedance of filters.

It is necessary to use back filters in all lines into and out of the EUT, excluding the equipment grounding
conductor, that will not be disconnected for the surge tests. Note that the EFT Burst procedure calls for
including the “protective earth” (PE in Figure 18) conductor in the decoupling network. To avoid possible
damage to interconnected equipment, leads to such equipment should be disconnected, and the associated
EUT port should be terminated with a representative equivalent circuit.

The neutral conductor is treated just like the other lines; that is, the back filter should decouple it from
ground during testing. This conductor might, in fact, be the most susceptible of the connections to the EUT.
In practice, the neutral is bonded to the grounding conductors at the service panel of the facility so that any
perturbation suffered by the neutral wire is transmitted to some degree to the equipment grounding
conductor either by direct connection or by induction, or both.

Although the signal lines into or out of the EUT are technically outside of the scope of this recommended
practice, their presence should be recognized. As shown in Figure 10, they should be disconnected, back

filtered, or reterminated with impedances or grounds that simulate operating conditions.

The presence of these filters or connections might produce some interference with ground fault protection
systems in the test laboratory, a possibility that should be recognized.
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1—Signal or power conductors, or both, to other equipment
2—The symbols (X) indicate one or more of the following:

a) Complete disconnect of the conductors

b) Insertion of a surge filter similar to the back filter

c) Disconnect of the conductors, with addition of a representative termination
3—The symbol (#) indicates disconnection of grounding conductors to downstream equipment in order to avoid passing
on a surge. However, a grounding connection to that downstream equipment must be re-established, bypassing the EUT
test setup, except in the case shown in Figure 11.

Figure 10—EUT being surge tested, showing required interfaces, filters,
or reterminations

7.5 Surge coupling

For a given number of lines in the mains, there are several ways that a test surge may be applied. The type of
the coupling also affects the selection of the lines to which the surge is applied.

For shunt coupling, as shown in Figure 7, the surges can be applied between any group of conductors:

— Line(s) to neutral

— Line(s) to line(s)

— Line(s) to ground

— Neutral to ground

— [Line(s) and neutral] to ground
— Line(s) to [neutral and ground]

For test purposes, usually the low terminal of an ungrounded test surge generator is connected directly to one
of the power lines or to the equipment grounding conductor. The surge generator high terminal is then
connected to the other power line(s) via capacitors. A separate capacitor is used for each line. Note that the
use of capacitors presents the hazard of trapped charges after the test; bleeders or discharge interlocks should
be provided.

For series coupling, the surges can be applied in series with one conductor, as shown in Figure 8, by
inserting the secondary of the coupling transformer in the line or some other conductor.

In all cases, surge testing should be performed with both polarities.
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Tests should be performed with surges applied between each group of conductors to evaluate the capability
of an EUT to withstand the surges in all possible coupling modes that can be encountered in its field
application. In the case of a test for the EFT Burst, the coupling of the surge will be limited to various
combinations of conductors with respect to the ground reference plane.

7.5.1 Testing a single piece of equipment

It is necessary to use back filters in all lines into and out of the EUT, excluding the equipment grounding
conductor, that will not be disconnected for the surge tests. (Note that the EFT Burst procedure calls for
including the protective earth conductor in the decoupling network.) To avoid possible damage to
interconnected equipment, leads to such equipment should be disconnected, and the associated EUT port
should be terminated with a representative equivalent circuit.

As indicated in Figure 10, when surge testing the EUT by itself, the interconnections to other equipment
must be removed to eliminate the possibility of damaging them. This arrangement is the usual practice in the
initial evaluation of new designs. If the connections are necessary for the proper operation of the EUT, filters
similar to the back filters may be used or special filters may be employed that afford surge isolation but do
not corrupt the operation of the communications required by the EUT. It might be necessary to terminate
some input/output (I/O) connections with representative equivalent circuits.

Although the signal lines into and out of the EUT are technically outside the scope of this recommended
practice, their presence should be recognized. This recommended practice does not consider signal lines that
leave the immediate environment of the host system. This recommended practice does consider the intra-
system signal lines among the components of the system that are essentially connected to the same power
distribution and grounding system within the same building or location.

7.5.2 Testing a system

The information in 7.5.1 is applicable to the surge testing of an individual assembly or module that can be
part of an interconnected system. In order to evaluate the surge withstand capability of a complete system,
such as a computer together with its terminals, printers, and other peripherals, it is necessary to configure the
system with back filters in the power lines only, as shown in Figure 10. In this configuration, the surge is
applied to all the modules simultaneously.

Lightning-induced surges usually involve all modes of coupling on all conductors of the mains. These surges
perturb all the lines in the system power distribution, including the grounding conductors. The resulting voltage
perturbations stress both the input power circuits and the interface circuits that are connected to the
communications cables. Experience in the field has shown that in a majority of cases, the communications
interface circuits are the most susceptible to surges on the input power lines or the ground, or both
(Martzloff 1990 [B16]). This test evaluates primarily the susceptibility of the complete computer-based system
to a power-line surge and its impact on the internal communications lines interface circuits.

The typical system shown in the schematic of Figure 11 does not include a modem, local area network
(LAN) interface, nor similar connections to external systems. These other interfaces very often introduce an
additional ill-defined grounding point into the system under test. They also bear a significant burden when
the input power lines or grounding conductors are subjected to the normal lightning-induced voltage surges
or ground voltage differentials. The telephone lines might be equipped with surge protectors, but the surge
remnant levels of the latter could be too high to protect the low-voltage communications circuits in modems.

Although some actual field installations might be implemented with the configuration shown for Peripheral
#0 in Figure 11(at some risk to the equipment), such a configuration is not recommended for surge testing. For
surge testing (as well as for field installation), other methods of connecting Peripheral #0 to the rest of the
system should be used.
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1—Power lines and communication cables in the test setup should be at their maximum specified length for the
application.

2—The system equipment {ayout should approximate an installed working system.

3—The connection of Peripheral #0 would introduce a different set of power-line voltage references, and the absence
of back filter on the power linewouldbe a hazard. Such a configuration is not recommended for surge testing.

Figure 11—Configuration for surge testing a complete system

7.5.3 Single-phase system

In single-phase power systems, the EUT is powered either by two wires, line and neutral (see Table 2), or by
two lines plus a center-tapped neutral (see Table 3). In both cases, an equipment grounding conductor might
or might not be present.

Tests marked “Basic” in Table 2 and Table 3 should generally be performed. Tests marked “Supplemental”
in Table 2 and Table 3 may be performed to obtain additional information on vulnerability of the EUT to
surges. The tests marked “Diagnostic” in Table 2 and Table 3 may be performed in the course of a major
investigation (Richman 1979 [B21]).
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Table 2—Selected coupling for single-phase systems
(one line and neutral with equipment grounding conductor)

Connection of generator . .
Example of connection diagram
for shunt ling, Basic 2
Test type Ground | Neutral Line or shunt coupling, Basic
Basic 1 LO HN HH
Basic 2 Lo Hy
Line 0
Supplemental 1 Lo Hy Meutral
Supplemental 2 L H . EUT
upp 0 H Equipment —
Grounding | ch _%n 1S
Diagnostic 1 Hg Hy Lo Conductor T | T T
Diagnostic 2 Hg Lo Hy Conduit E‘ W
Surge
Generator
LEGEND
Lo = Connection to surge generator low (Lo)
Hg = Connection to surge generator high (Hi)
Hy = Connection to surge generator high (Hi) by coupling capacitor Cy
Hy = Connection to surge generator high (Hi) by coupling capacitor C,
NOTES
1—For each test type shown in the table, the surge generator is to be connected as indicated in the “Connection of
Generator” columns. The connection diagram shown in the table shows an example of the jumpers required to obtain
the shunt coupling for test Basic 2.
2—When several Hs appear on one horizontal line of the table, shunt coupling requires several capacitors, shown as
Cg. Cn» and Cy, between each of the conductors indicated and the surge generator high, in order to apply the surge
simultaneously to all the conductors involved.

Table 3 does not show a full complement of diagnostic tests. Additional diagnostic tests can be useful in
testing specific EUTs (see B.13 and B.14).

7.5.4 Three-phase system

In three-phase systems, from three to five wires might be involved. Tests marked “Basic” in Table 4 should
generally be performed. Tests marked “Supplemental” may be performed to obtain additional information
on vulnerability of the EUT. Tests marked “Diagnostic” in Table 4 may be performed in the course of a
major investigation. Table 4 does not show a full complement of diagnostic tests. Additional diagnostic tests
can be useful in testing specific EUTs (see B.13).
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Table 3—Selected coupling for single-phase systems
(two lines and neutral with equipment grounding conductor)

Connection of Generator . .
Example of connection diagram
for shunt ling, Di tic 1
Test type Ground | Neutral Line 1 Line 2 or shunt coupiing, Tlagnostic
Basic 1 Lo Hy H, Hy
Bas%c 2 Lo H, Line 1
Basic 3 Lo H, Neutral
Line 2 EUT
Supplemental 1 Lo Hy Equipment '
G di H

Supplemental 2 Lo Heo G P L
Supplemental 3 (o} 2 ) Cy IC1 |C2

Conduit

Lo T

Diagnostic 1 Lo H, H, Surge
Diagnostic 2 Lo H, H, Generator
LEGEND
Lo = Connection to surge generator low (Lo)
Hy = Connection to surge generator high (Hi) by coupling capacitor Cy
H, = Connection to surge generator high (Hi) by coupling capacitor C;
H, = Connection to surge generator high (Hi) by coupling capacitor C,
NOTES
1—For each test type shown in the table, the surge generator is to be connected as indicated in the “Connection of
Generator” columns. The connection diagram shown in the table shows an example of the jumpers required to obtain
the shunt coupling for test Diagnostic 1.
2—When several Hs appear on one horizontal line of the table, shunt coupling requires several capacitors, shown as
Cn» Cy, and C,, between each of the conductors indicated and the surge generator high, in order to apply the surge
simultaneously to all the conductors involved.

8. Grounding

8.1 Grounding precautions

CAUTION

Because the voltages involved in surge testing are hazardous, appropriate precautions are
required for grounding equipment other than the EUT and for personnel.

One basic precaution is the correct application of equipment grounding conductors in the test setup.
Barriers or separation between the EUT and other parts accessible to personnel can be used; however, the
most effective protection is obtained by grounding surrounding objects and having one point of the test
circuit maintained at this safety ground potential.
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Table 4—Selected coupling for three-phase systems
(three-phase wires and neutral with equipment grounding conductor)

Connection of Generator
Example of connection diagram
Test type G N Line Line Line for shunt coupling, Diagnostic 1
1 2 3
Basic 1 LO HN H 1 H2 H3
Basic 2 Lo H, .
Basic 3 Lo H, Line 1
Basic 4 H, Lo Line 2
Line 3 EUT
Supplemental 1 Lo Hy Neutral
Supplemental 2 Lo H, )
Supplemental 3 Lo H, Iéqmpm_ent !
Supplemental 4 rounding | L L | L|_L
upp Lo H; Conductor T T
Cn|Ci [C2 |Cs
Diagnostic 1 Lo H, H, H; Conduit _
Diagnostic 2 Lo H, H, H, El ] Hi
Surge
Generator
LEGEND
Lo = Connection to surge generator low (Lo)
Hy = Connection to surge generator high (Hi) by coupling capacitor Cy
H; = Connection to surge generator high (Hi) by coupling capacitor C;
H, = Connection to surge generator high (Hi) by coupling capacitor C,
H; = Connection to surge generator high (Hi) by coupling capacitor C5
NOTES

1—For each test type shown in the table, the surge generator is to be connected as indicated in the “Connection of
Generator” columns. The connection diagram shown in the table shows an example of the jumpers required to obtain the
shunt coupling for test Diagnostic 1.

2—When several Hs appear on one horizontal line of the table, shunt coupling requires several capacitors, shown as Cy,
C;. C,, and Cj3 between each of the conductors indicated and the surge generator high, in order to apply the surge
simultaneously to all the conductors involved.

Figure 4 and Figure 5, discussed in Clause 5, show the recommended test circuit configurations for applying
and monitoring the surge, with safe connections of the oscilloscope (no ground connection of the probe).

In test facilities where there are permanently connected equipment grounding conductors, always check for
possible defects in the ground system before each surge test. For instance, in U.S. installations regulated by
the NEC ©° (ANSI/NFPA 70-1999), all grounding should comply with this Code. The equipment grounding
conductors and the neutral conductors must be bonded together at the output of every separately derived
source. This bond must not be broken. See also Figure B.8(b) in B.18.

INEC®is a registered trademark of the National Fire Protection Association, Inc.
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All other connections to equipment that are not part of the EUT must be removed (see Figure 10 and
Figure 11). If it is not possible to do so, then the connections should be filtered like the lines actually being
surged, because flashover occurring within the EUT might be conducted to any port. To ensure proper testing
of internal insulation, these terminals might have to be locally reterminated with impedances or grounds that
simulate operating conditions.

The test equipment must include a back filter or decoupling network to prevent surges from disturbing the
power line. If a ground fault circuit interrupter (GFCI) is used, the filters are likely to cause operation of the
GFCI. An isolation transformer might be required to avoid this problem. However, the safety ground is to be
bonded to the EUT grounding stud or equivalent.

8.2 Grounding practices in EUTs
Electronic circuits are grounded for three basic reasons:

1)  Safety. Safety grounds with low impedance provide return paths to the current source for fault

currents, thereby ensuring the rapid and reliable operation of overcurrent protective devices.
The application of common grounds also provides equalization of equipment potentials to
improve personnel protection.
When this function is associated with ac power faults, the term earth ground is sometimes used
to distinguish the safety ground of the EUT from other usages of the generic term ground, and
the establishment of such a connection between equipment chassis and earth ground may be
called earthing.

2) Signal Voltage Reference. The concept of a signal, circuit, or logic ground relates to a common
equipotential reference against which the various circuit components operate, thereby ensuring
that the intended signal voltage levels are consistently and properly recognized throughout the
equipment. The relationship between this common reference and the equipment chassis or
frame is a function of the equipment design and its intended operating conditions.

3) Static Charges. Grounding provides a means for bleeding off electrostatic charges.

In surge testing, safety precautions are of prime importance because surge testing involves the use of
potentially dangerous voltages along with the necessity of making accurate measurements. For these
reasons, it is imperative that the grounding configuration, not only of the EUT, but also of the entire test
setup, be understood.

Unfortunately, the two requirements for grounding are not always compatible. Power safety grounds (also
known as “equal potential grounds” or “protective earth”) are often very noisy, thereby limiting their use as
signal references. Also, signal reference grounds are sometimes required to be at some potential other than
earth, whereas power safety ground is generally referenced to earth. Equipment grounding configurations
found in EUTs tend to fall into one or some combination of three general schemes: floating reference,
single-point ground, and multiple-point ground. These considerations are discussed in detail in B.23.

9. Standard surge tests waveforms

9.1 General

From the wide range of test waveforms proposed or specified in the literature, only the five identified in
IEEE Std C62.41.1-2002 are defined in Clause 9 and Clause 10. Waveforms other than those mentioned in
this recommended practice might be required for specific situations, in which case an appropriate definition
should be obtained from the sponsor specifying that waveform. The six waveforms defined in this
recommended practice are the following:
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Clause 9:

— The 100 kHz Ring Wave (standard waveform)
— The Combination Wave (two standard waveforms)

Clause 10:

— The EFT Burst (additional waveform)
— The 10/1000 us Long Wave (additional waveform)

Informative Annex A:
— A 10/350 us (optional waveform), cited as a possible representation of the Class I test parameters

Experience has shown that improvised surge generators, while they can produce stresses useful for in-house
immunity evaluation (Buschke 1988 [B4]), do not produce waveforms that can be easily reproduced in other
laboratories. The output waveforms of improvised generators built from a published circuit are often
dominated by parasitic components and do not produce the desired waveforms. Improvised generators might
also lack critical safety features. Therefore, this recommended practice provides precise information on
desired waveforms, but it does not provide descriptions of circuits for surge generators.

It is important to recognize that the open-circuit voltage waveforms and short-circuit waveforms given in the
definitions of the surge test waveforms will generally not be obtained when a load is connected to the surge
generator. In particular, the presence of an effective surge-protective device will drastically alter the voltage
waveform (Standler 1989 [B29]).

9.2 Standard waveforms

The two standard waveforms recommended by IEEE Std C62.41.2-2002 are the 100 kHz Ring Wave and the
1.2/50 us—8/20 us Combination Wave (the latter involving two waveforms, one for voltage and the other for
current). Plots of the three nominal waveforms (one for the Ring Wave, two for the Combination Wave) are
shown in Figure 12, Figure 13, and Figure 14. Criteria for selection of the peak voltages and currents
corresponding to various environmental exposures are discussed in IEEE Std C62.41.1-2002 and
IEEE Std C62.41.2-2002.

The implications for test conditions are discussed in B.44. Detailed descriptions, including tolerances and
equations for these two standard waveforms, are given in the two following subclauses.

9.2.1 The 0.5 ps—100 kHz Ring Wave

The open-circuit voltage waveform is defined by the following parameters:

— Rise time: 0.5 us + 0.15 us
— Ringing frequency: 100 kHz + 20 kHz

The amplitude will decay so that the amplitude ratio of adjacent peaks of opposite polarity is as follows: The
ratio of the second peak to the first peak is between 40% and 110%. The ratio of the third peak to the second
peak and of the fourth peak to the third peak is between 40% and 80%. A plot of the nominal 100 kHz Ring
Wave is shown in Figure 12.
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Figure 12—Nominal waveform of the 100 kHz Ring Wave

The rise time is defined as the time difference between the 10% and 90% amplitude points on the leading
edge of the waveform. The frequency is calculated from the first and third zero-crossing after the initial
peak.

The nominal amplitude of the first peak of either the open-circuit voltage V), or the short-circuit current 7, is
to be selected by the parties involved, according to the severity desired, within a tolerance of £10%.

The ratio V), /I, is specified as 12 Q + 3 Q for simulation of the Location Category B environments or
30 Q=+ 8 Qfor simulation of the Location Category A environments. When the peak open-circuit voltage is
adjusted to be exactly 6 kV, the nominal peak short-circuit current will be 500 A for Location Category B
environments and 200 A for Location Category A environments. For lower peak voltages, the peak short-
circuit current will be proportionately lower, so that the nominal ratio V,/I, remains either 12 2or 30 €

No short-circuit current waveform is specified for the 100 kHz Ring Wave. A peak short-circuit current,
however, is defined according to the location category. Because the purpose of this Ring Wave is not to
provide high-energy stress to the equipment under test (EUT), the precise specification of the current
waveform is unnecessary.

The short 0.5 us rise time of the leading edge of the waveform, together with a large peak current,
corresponds to a large value of di/dt, which will produce significant inductive effects in the connections of
the devices under test. The voltage divider action of the surge generator impedance and the EUT impedance
is likely to be significant; it is addressed by specifying the peak short-circuit current.

The 1980 edition of IEEE Std C62.41 specified a nominal decay rate of amplitude of 60% between adjacent
peaks of opposite polarity, but no tolerances were specified. It is not possible to obtain the 60% ratio of
amplitude of the second to the first peak, while also obtaining the 60% ratio between subsequent peaks with
a simple damped cosine waveform (Standler 1988 [B28]). As a result, the wave shape of the first cycle of the
Ring Wave varied dramatically among different models of commercially available surge generators
(Standler 1989 [B29]), because different circuit designs of the waveshaping network were used in an attempt
to meet the specifications for the nominal waveform.

When tolerances were added to the 1991 edition of IEEE Std C62.41, large tolerances were applied to the

ratio of the first and second peaks so that a cosine waveform with an exponentially decaying amplitude would
meet the requirements for the Ring Wave. Although existing generators are acceptable, it is recommended
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that new designs for Ring Wave generators use the damped cosine waveform defined by the equation in
Table 5.

There is no requirement set on the amplitude of the Ring Wave beyond the fourth peak. The amplitude of the
fifth and following peaks is so much smaller than the initial peak that they should have little effect on even
the most vulnerable or susceptible equipment.

The frequency of oscillation of this waveform might excite resonances in the EUT. However, this effect
cannot be positively identified with the fixed-frequency Ring Wave; a swept-frequency test would be
necessary for that purpose.

9.2.2 The 1.2/50 us—8/20 us Combination Wave

The Combination Wave is delivered by a generator that can apply a 1.2/50 us voltage wave across an open
circuit and an 8/20 us current wave into a short circuit. The exact waveform that is delivered is determined
by the generator and the impedance to which the surge is applied. A plot of the nominal open-circuit voltage
is shown in Figure 13 and a plot of the nominal short-circuit current is shown in Figure 14.

Open-circuit voltage waveform:

— Front time: 1.2 us £ 0.36 us
— Duration: 50 us = 10 ps

The front time for voltage waveforms is 1.67 (f9y — f30), where fyq and #3, are the times of the 90% and
30% amplitude points on the leading edge of the waveform, as defined in IEC 60060-2 (1994) and
IEEE Std 4-1995.

1.0 T T T T 3
Front Time = 1.2 us

0.8 -
& 0.6 -
£ Duration =50
> 04} Hs .

0.2F N

0 I i | 1
0 20 40 60 80 100

Time (us)

Figure 13—Combination Wave, open-circuit voltage
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Front Time =8 us

Duration = 20 us

0 10 20 30 40 50
Time (ps)

Figure 14—Combination Wave, short-circuit current

The duration is defined as the time between virtual origin and the time of the 50% point on the tail. The
virtual origin is the point where a straight line between the 30% and 90% points on the leading edge of the
waveform intersects the V =0 line.

Short-circuit current waveform:

— Front time: 8 us (+1.0, -2.5) us
— Duration: 20 us (+8, —4) us

The front time for current waveforms is 1.25 (zyy—1,,) , where o, and f,, are the times of the 90% and
10% amplitude points on the leading edge of the waveform, as defined in IEC 60060-2 (1994) and
IEEE Std 4-1995.

Duration is defined as the time between virtual origin and the time of the 50% amplitude point on the tail.
The virtual origin is the time that a straight line between the 10% and 90% amplitude points on the leading
edge of the waveform intersects the / = O line. Figure 15 shows these features of the nominal 8/20 ps
waveform.

The value of either the peak open-circuit voltage V), or the peak short-circuit current 7, is to be selected by
the parties involved, according to the severity desired, with a tolerance of +10%.

The effective source impedance, the ratio V,/I,, is specified as 2.0 € + 0.25 Q This ratio determines the
behavior of the waveform when various loads, such as surge-protective devices, are connected to the
generator.

Traditionally, the 1.2/50 us voltage waveform was used for testing the basic impulse level of insulation
(BIL), which is approximately an open circuit until the insulation fails. The 8/20 us current waveform was
used to inject large currents into surge-protective devices. Because both the open-circuit voltage and short-
circuit current are different aspects of the same phenomenon, such as an overstress caused by lightning, it is
necessary to combine them into a single waveform when the load is not known in advance
(Richman 1983 [B21], Wiesinger 1983 [B34]).

The tolerances for the 8/20 us current waveform are broader than those in IEC 60060-2 (1994) and
IEEE Std 4-1995. The tolerances in those standards are for an 8/20 us current waveform without specifying
the open-circuit voltage. These other standards also do not include the effects of a back filter and coupling
network, as required here.
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Current

Figure 15—Features of the nominal 8/20 ys waveform:
Front time, virtual origin, and duration

9.3 Test procedures

Because of the effects produced by the back filter and the coupling network, it is necessary that the surge
waveform specifications for both the 0.5 us—100 kHz Ring Wave and the 1.2/50 us—8/20 us Combination
Wave be verified with back filter connected and coupling network used to apply the surge. An initial
verification should be made of the following conditions:

a) The surge generator is connected to the back filter via the coupling network in the relevant coupling
mode.

b) All of the conductors of the mains connection that supply the back filter, including protective
ground, are disconnected from the mains and shorted together at a point upstream from the back
filter.

By shorting the mains upstream from the back filter (prior to the actual powered test), the effects caused by
differing impedances of the mains from one laboratory to another are avoided. Allowing the ac supply mains
to be disconnected and simulating the low impedance of the mains by shorting the conductors together is the
recommended procedure to determine peak voltage and current.

In this manner, the available short-circuit surge current and the open-circuit surge voltage (as defined in
9.2.1 and 9.2.2) at the EUT power-line interface can be readily verified. Note, however, that this procedure
establishes the voltage peak of the surge alone.

During testing of powered equipment or components, the surge waveform may be applied at any specified
phase angle of the normal mains waveform. The timing of the surge application with respect to the power-
frequency sine wave will then determine the peak of the total surge. Because this total surge is the significant
parameter in the response and stress of a clamping type of surge-protective device, this effect must be
recognized in setting the surge amplitudes for low-level surge testing. With surge levels in the kilovolt range,
the variation introduced by the value of the sine-wave voltage at the instant of the surge application is less
significant.
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In tests where the value of di/dt is large (such as the 8/20 us current waveform or the 100 kHz Ring Wave
with its relatively short rise time), it is particularly important to use short lengths of conductors and maintain
minimum conductor loop area between the surge generator and device under test.

9.4 Equations for standard waveforms

Mathematical representations of the nominal waveforms are given in Table 5. These equations, and the value
of the time constants, are useful for designing surge generators and for simulations of surge performance on
digital computers (Standler 1988 [B28]).

A test waveform in the laboratory will, of course, not exactly match the waveform given by the equations for
the nominal waveform, due to the tolerances of components in pulse-forming networks and parasitic
inductances and capacitances in the components of both generators and test fixtures.

The loading by the EUT might cause appreciable discrepancy between the preset nominal open-circuit
voltage or short-circuit current and the actual voltage across or current in the load. This effect is the reason
why surge waveform parameters are not specified with the EUT connected. In computer simulations, some
f)f the loading effects can be taken into account by including the effective output impedance V,/I,, with the
ideal voltage or current source.

Typical generators for the Combination Wave, especially when the connections to the EUT add some
inductance, produce an “undershoot” in the current delivered to a typical EUT, rather than the textbook
critically damped unidirectional impulse of the 8/20 us waveform. When performing numerical simulations
with cross validation by an actual test, it may be more appropriate to use a highly damped sine wave, which
can be defined by an equation that will mimic the undershoot produced in the laboratory by the
[surge generator + EUT] circuit.

However, a simple damped sine wave has an abrupt start—di/dt at the origin is not zero, a situation that can
produce artifacts in numerical simulations. To alleviate this situation, proposals have been made
(Mansoor and Martzloff 1997 [B13]) to add a factor {l — e(_t)} to the 8/20 us equation, which produces a
“gentle toe” on the wave. Such a waveform is closer to real-world surges than is the abrupt simple sine wave.
For instance, to simulate the injection of a 3 kA 8/20 us surge with undershoot and a gentle toe, the equation
becomes [Equation (1)]:

-t/ 28.1
( ) %

I = 4200 x sin(0.126¢) x e [1-e"] (1)

With / in amperes and ¢ in microseconds.

32 Copyright © 2003 IEEE. Al rights reserved.



IEEE
EQUIPMENT CONNECTED TO LOW-VOLTAGE (1000 V AND LESS) AC POWER CIRCUITS Std C62.45-2002

Table 5—Equations for standard waveforms

0.5 us-100 kHz Ring Wave
V(t) = AV (1 —ex _—t)ex (lt)cos(ox)
- p pTl p Tz

where
T, 1s0.533 us
T, 159.788 us
® 82 107 rad/s
A is 1.590

8/20 us Wave
I(t) = AL Pexp[ 2
(1) = 1 exp .

where

T is 3.911 us

A is0.01243 (us)>

1.2/50 pus Wave
V(1) = AV (1—ex _—t)ex (‘—t)
- P p,cl p Tz
where

T, 150.4074 us
T, 15 68.22 us
A is 1.037

NOTE—In all the equations above:

t is time
vy is maximum or peak value of the open-circuit voltage
I, is peak value of the short-circuit current
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10. Additional surge test waveforms

10.1 General

This clause involves the additional waveforms defined in IEEE Std C62.41.2-2002. The specific discussion
of standard waveforms is given in Clause 9. See 9.1 for a general discussion of test waveforms.

10.2 Additional waveforms

The two additional waveforms are the EFT Burst and the unidirectional 10/1000 us Long Wave. Each of
these waveforms has a unique domain of application (respectively, contactor interference, fuse operation,
and load switching). Consequently, the waveform definition and the test procedures are discussed separately
for each waveform. Plots of the nominal waveforms are shown in Figure 16, Figure 17, and Figure 21.

Another family of additional test waveforms may also be considered for the case of capacitor switching. As
discussed in 10.2.3, capacitor switching should be a case-by-case subject.

10.2.1 The EFT Burst

This waveform consists of repetitive bursts, with each burst containing individual unidirectional pulses. This
waveform has been proposed as a method for evaluating the immunity of equipment against interference; it
is not a “representation” of the surge environment. The amplitude levels proposed for the various degrees of
severity have been set by consensus as representing a realistic stress for the typical equipment exposed to the
test. They should not be construed as actual voltage levels occurring in the mains.

The characteristics of this waveform and the corresponding test procedures are summarized in the following
paragraphs, based on the specifications of IEC 61000-4-4 (1995) [B9]. However, readers are cautioned that
IEC documents are subject to periodic revision. Therefore, any detailed plan for specific tests calling for the
EFT should be based on the current edition of the IEC document, not on the description provided herein.

10.2.1.1 Waveform definition

The individual EFT pulses within a burst are defined as follows:

— Risetime: Sns+ 1.5 ns
—  Duration: 50 ns + 15 ns

The rise time is defined as the time difference between the 10% and 90% amplitude points on the leading
edge of the waveform.

The duration is defined as the full width at half maximum (FWHM), that is, the time difference between the
50% amplitude points on the leading and trailing edge of each individual pulse.

Individual pulses occur in bursts with a duration of 15 ms + 3 ms. Within each burst, the repetition rate of
pulses is specified as a function of the peak open-circuit voltage, as follows:

— For peaks 2 kV: 5kHz + 1 kHz
— For peaks > 2 kV: 2.5 kHz + 0.5 kHz

These two values of the repetition rate are specified in IEC 61000-4-4 (1995) [B9] and reflect only
limitations in inherent performance of pulse generators, not a characteristic of the environment.
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The period of the repeated bursts is 300 ms + 60 ms. A plot of a single pulse is shown in Figure 16, and the
burst pattern is shown in Figure 17.

1.0F T T T T
Rise Time =5 ns
0.8+ -
a 06 _
>
= Duration =50 ns "
> 04 _
0.2 -
0 1 1 I 1
0 20 40 60 80 100
Time (ns)
Figure 16—Waveform of the EFT pulse
Voltage
/— Burst
) Time
< Burst Duration = 15 ms

Burst Duration = 300 ms

Figure 17—Pattern of EFT Bursts

10.2.1.2 Amplitude

The amplitude of the EFT pulses is specified by IEC 61000-4-4 (1995) [B9] in an open-circuit condition, but
the waveform is specified for a generator connection to a 50 €2 load. The generator is defined as having a
50 Q source impedance between 1 MHz and 100 MHz. However, the voltage without the 50 Q load is not
defined (Richman 1991 [B24]).

The resulting current, when the pulses are applied to the equipment under test (EUT) according to the
methods described below, is not defined because it will depend on the impedance exhibited by the EUT at the
frequencies associated with the EFT waveform. Because the purpose of the test is to evaluate interference
immunity, not energy capability, the specification of a current amplitude is not essential. Given this definition
of the test level, the specific value is to be selected by the parties involved according to the severity desired,
with a tolerance of + 10%.
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In IEC 61000-4-4 (1995) [B9], five test-severity levels are specified, from 0.5 kV to 4 kV open-circuit, with
provision of an additional, special level open to negotiations. Because the additional waveforms defined in
IEEE Std C62.41.2-2002 are only suggestions, the provision that other levels may be selected is implicit.

10.2.1.3 Test procedures

The coupling methods for the EFT test are specified in IEC 61000-4-4 (1995) [B9], from which the essential
characteristics are cited in the following paragraphs. Two coupling methods are specified, depending on the
nature of the EUT interface cable.

One method, in particular for single and polyphase ac interfaces, uses direct coupling to each of the cable
conductors selected by discrete capacitors (Figure 18). The other method uses a “coupling clamp” that in
fact also produces capacitive coupling to the interface cable on which the clamp is installed, in a global
coupling mode (Figure 19).

Signal from test generator

+ fﬂ{/"\?—'\.‘ P
= ,I C°T L r - —]
+ ot .
B T = 2 { I,
H T ] ¢, F I L
£ T = | Eur
£ ] l c.T I N I l
2 T | 7 . | |
= T = T PE |
i i C, =33 :F' L ]
- I, > 100 pH Ferrites I c —_—
Filtering 1
l l Reference ground
Decoupling section I connector

Coupling section £
: = IEC 543194

(Example: Construction for three-phase lines, d.c. lines/terminals shall be treated in a similar way.)

Warning: The construction and application of the coupling/decoupling network shall be such that existing national safety regulations will not be violated.

Source: IEC 61000-4-4:1995

Figure 18—Direct coupling of EFT pulses into the ac mains connection of the EUT

Thus, both coupling methods result in having a capacitive divider (coupling capacitor and internal
capacitance of the EUT) that applies the pulses at the port of the EUT (Martzloff and Leedy 1990 [B19]).
The actual value of the pulse applied at the EUT port is influenced by the internal design of the EUT
(Figure 20); it is not a fixed parameter imposed on the EUT. Even the external arrangement of the EUT,
including cable dressing and enclosure position with respect to the reference ground plane, will affect the
capacitive coupling. The configuration of the test setup, therefore, must be clearly specified and
documented.
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Figure 20—Capacitive divider effect in EFT test

10.2.2 The 10/1000 ps Long Wave

10.2.2.1 Waveform definition

The front time and duration of this wave are the following:
Open-circuit voltage:

— Front time: 10 us (+0, =5) us
— Duration: 1000 s (+1000, —0) us
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Short-circuit current:
— Front time: 10 us (+0, =5) us
— Duration: 1000 us £ 200 us

See 9.2.2 for definitions of front time and duration.

Some ambiguity exists in the definitions of this waveform given in other references, depending on the
interpretation of the 10 us “front” specification (Standler 1988 [B28]). Because the major purpose of this
waveform, in the present context, is to provide an energy stress, the differences between rise time, time to
peak, and front time are negligible. A plot of the nominal current is shown in Figure 21.
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Figure 21—Waveform of the 10/1000 pys current surge
10.2.2.2 Amplitude

There is a major difference in the application of this waveform compared with that of the two standard
waveforms: the concept of location categories in IEEE Std C62.41.2-2002 that was used for the standard
waveforms is no longer applicable. (That concept is based on the limiting effect of the inductance of branch
circuits at the frequencies associated with the two standard waveforms, presumed to have a decreasing
severity as distance from the service entrance increases.) The long duration of the 10/1000 us waveform
reduces the effect of inductance. However, depending on the environment exposure of the site, there is still a
range of levels to be considered, as discussed in IEEE Std C62.41.2-2002.

The amplitude of the peak open-circuit voltage is to be selected by the parties involved, according to the
severity desired, with a tolerance of +10%.

It should be noted, however, that the relatively low peak voltage of this waveform, compared with clamping
levels of surge-protective devices in common use (Martzloff and Leedy 1989 [B18]), has important
implications on the outcome of a test involving such nonlinear devices. The combination of a +10% tolerance
on the applied surge and the manufacturing tolerance on the surge protector can spell the difference between
survival or failure of the device (Fenimore and Martzloff 1992 [B5]). Therefore, a careful review of the
tolerance combinations when planning for a 10/1000 us test is imperative.

10.2.2.3 Test procedures

The preferred test method for standard waveforms is powered testing, as discussed in this recommended
practice and in IEEE Std C62.41.2-2002. However, the 10/1000 us test waveform is suggested primarily for
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its high-energy characteristic, stressing any surge-protective device that an EUT might contain. The long
duration of the wave makes a conventional back filter difficult to implement.

As discussed in 7.2 of IEEE Std C62.41.2-2002, two different approaches may be considered for testing with
the 10/1000 us Long Wave:

a) Unpowered test: This is the most likely purpose, aimed at evaluating the energy-handling capability
of an SPD. This test may be conducted by using a conventional surge generator—capable of
delivering the specified open-circuit voltage or short-circuit current, in a direct coupling mode
(Figure 6). However, the outcome of such a test does not address concerns such as pre-surge stress,
additive effect of the mains voltage and specified surge (a phase-dependent effect), failure modes, or
the need to have the EUT operational.

b) Powered test: This test may be performed to evaluate the performance of an SPD or load
equipment, while connected to the ac mains, to alleviate the limitations of an unpowered test.
Because it cannot be conducted with a conventional surge generator and a back filter, the test method
would be to provide an amplified arbitrary waveform (Figure 9) where the power amplifier has the
capability of delivering the specified open-circuit voltage or short-circuit current. To remain under a
reasonable envelope for the power rating of the amplifier, this capability may be limited to one
parameter only at a time, voltage or current, depending on the effective impedance of the EUT under
the surge condition.

The arbitrary waveform with amplifier method is a radical departure from the classical method of using a
stored-energy surge generator. It offers the advantage, once the resource of such a system becomes available
to a user, of making other test waveforms easy to implement, for instance, a tailored capacitor switching
surge, or the application of a temporary overvoltage to an EUT.

10.2.3 Capacitor-switching ring waves

As indicated in IEEE Std C62.41.2-2002, no across-the-board waveform has been recommended for
capacitor-switching surges, in view of the case-by-case nature of the phenomenon. The choice of appropriate
waveform, voltage level, and source impedance is therefore left to the interested parties. However, the
following points should be noted when making such a choice.

The low frequencies considered as representative of the phenomenon make it impractical to use the method
of a surge generator injecting a well-defined test wave into the EUT via a coupler/back filter. Three test
methods may be considered:

a)  Generation of an arbitrary waveform and linear amplifier at the EUT power level
b)  Emulation of the phenomenon by switching a capacitor bank in the laboratory
c) Staged field tests at a site allowing switching of power-system banks

The concept of Location Categories, based on the fact that impedance values increase as the point of interest
is moved further into the building, is not applicable at the low frequencies associated with capacitor
switching surges. However, the concept of system exposure is still useful in making decisions for a realistic
stress level.

The peak surge voltage can be expected to be less than twice the system voltage, except for a case in which
voltage magnification might be expected.
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10.3 Equations for additional waveforms

Mathematical representations of the nominal waveforms are given in Table 6. These equations, and the value
of the time constants, are useful for designing surge generators and for simulations of surge performance on
digital computers (Standler 1988 [B28]).

A test waveform in the laboratory will, of course, not exactly match the waveform given by the equations for
the nominal waveform, due to the tolerances of components in pulse-forming networks and parasitic
inductances and capacitances in the components of both generators and test fixtures.

The loading by the EUT can cause appreciable discrepancy between the preset nominal open-circuit voltage
or short-circuit current and the actual voltage across or current in the load. This effect is the reason why
surge waveform parameters are not specified with the EUT connected. In computer simulations, some of the
loading effects can be taken into account by including the effective output impedance V,/I,, with the ideal
voltage or current source.

Table 6—Equations for additional test waveforms

10/1000 pus Wave
I(t) = Al (1 —ex _—t)ex (_—t)
- P pT | p T 5
where

t is 3.827 ps
ty is 1404 us
A is 1.019

EFT Pulse

V() = AVP(I - exp;—t)exp(;—t)
1 2

where
Ty is35us
T, is55.6 us
A is 1.270

NOTE—In all of the equations above:

t is time
vy is maximum or peak value of the open-circuit voltage
I, is peak value of the short-circuit current

11. Evaluating test results

Reporting and evaluating results of surge tests is an essential part of the procedure. Tests performed by
independent laboratories at the request of a sponsor are generally covered by an official, certified test report.
In-house tests performed by manufacturers become an intrinsic part of the design data. Round-robin tests
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performed by a group of interested parties must be thoroughly documented because, by definition, they are
performed by different organizations.

The purpose or nature of the test, as discussed in Clause 4, will determine how the numerical test results are
eventually turned into an engineering statement or conclusion. Thus, it is important that both the purpose and
evaluation criteria be defined before the test program is initiated. Examples of test programs and evaluation
of their results can be found in various documents. See also C.6, which offers recommendations for making
ongoing checks of the results as the test program is progressing.

A sponsor might be inclined to oversimplify for economic reasons and be interested only in whether a
percentage of a specimen population passes or fails the test(s). However, subtle details of the EUT behavior
during the test might convey useful information to the equipment designer and user. A particularly important
issue is that of realizing the impact of tolerance combinations (generated waveform, instrumentation, and
manufacturing tolerances) when testing nonlinear devices.
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Annex A

(informative)

SPD Class | test parameters

A.1 General

As explained in IEEE Std C62.41.1-2002, surge-protective devices (SPDs) involved in the exit path of the
lightning current in the case of a direct lightning flash to the building of interest can be subjected to severe
stresses. The earth-seeking lightning current divides among the available paths to earthing electrodes, one of
them being the power supply connection where SPDs might be installed. In recognition of this application,
IEC 61643-1 (2002) [B10] has defined, among the classes of tests applicable to SPDs connected to low-
voltage power distribution systems, a Class I test involving high stress. Annex A of IEEE Std C62.41.2-2002
provides details on the background and numerical values of the parameters for this Class I test, which are
summarized below.

A.2 The IEC Class | test for SPDs

According to IEC 61643-1 (2002) [B10], the “test impulse current” of the Class I test is defined by its peak
value and charge transfer. A further stipulation is that the specified peak current and charge transfer be
reached within 10 ms. Because these stresses are substantial, several levels of peak current values are
tabulated in that IEC standard, allowing a case-by-case decision on selecting the appropriate level. The
standard also states that a typical waveshape that can achieve these parameters is that of a “unipolar impulse
current.” A proposed additional note states that one of the possible waveshapes meeting these parameters
may be the 10/350 us waveshape defined in the IEC documents dealing with lightning protection.
Accordingly, A.3 provides a graphical description of this waveshape (called waveform in the Trilogy) and
the corresponding equation to be used for test or numerical simulations. For this waveform, as well as for the
Standard Waveforms (Clause 9) and the Additional Waveforms (Clause 10), this recommended practice does
not stipulate any particular level, but just the parameters of the waveform. Selecting Class I level values
remains the prerogative of users, based on their requirements, with guidance on realistic levels provided in
Annex A of IEEE Std C62.41.2-2002.

A.3 Parameters for a 10/350 pys waveform

Figure A.1 shows the nominal parameters of a 10/350 us waveform suggested as one way to achieve the
Class I test parameters. Because of the latitude expressed in the time elements of this waveform, unlike the
standard and additional waveforms of this recommended practice, no precise tolerances are suggested for the
front time and for the duration. The corresponding equation for the nominal parameters is given in
Table A.1.
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Figure A.1—Waveform of the 10/350 ps current surge

Table A.1—Equation for the 10/350 uys waveform

1= AL (1- exp(ﬁ))e"p“i))

T, is 4.103 us
T, is470.1 us
A is 1.051 s

t is time
is peak value of the applied short-circuit current
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Annex B

(informative)

Complementary notes

B.1 AC power interface (ac power port)

The scope of this recommended practice limits the equipment under test (EUT) to that which is connected
to low-voltage ac power circuits. Available data on the occurrence of surges, whether measurements or
specifications, concern surge voltages or surge currents imposed on the EUT at its connection to the ac
power supply.

In the case of EUTs that are simple loads, the ac power interface can be understood as the connection to the
power system, and the surges to be taken into consideration are those appearing among the line(s), neutral,
and equipment grounding conductors of the EUT ac power supply [Figure B.1(a)]. These surges can be
applied in a variety of conductor combinations, but they are limited to the combinations of conductors on
that ac power supply connection.

h '
Line > Line >
Neutral > > — Other
eutra EUT Neutral » EUT | Lines
Equipment Equipment
Grounding Grounding U
Conductor ~ Conductor
AC Interface AC Interface
(a) Single connectlion to the ac power system (b) Connections to both ac power system and
signal lines

Figure B.1—Connections of the EUT with the environment

In the case of EUTs that are shunt-connected surge protectors, surge response voltage measurements should
be made on the integral leads or wires normally used to connect the device to the premises wiring. The exact
configuration (lead dress, distance from the exit of the device housing) has an effect on the measurement
results and must be documented. (See C.1.1.)

There is, however, another category of equipment that involves signal or data lines in addition to the ac
power supply [Figure B.1(b)]. Typical examples of these EUTs are an industrial process control system with
remote sensors and actuators, a TV set with community antenna input, a computer system with remote
terminals, and telephone equipment such as answering machines, facsimile machines, or cordless set base
stations.

For these types of EUTSs, the ac power interface concept includes not only all of the possible combinations
involved in the Figure B.1(a) connection, but also the surge voltages that might appear between the ac
connection (power port), on the one hand, and the connection to the signal line (signal/control port), on the
other hand. This type of surge exposure is now recognized as one of the major sources of problems
(Martzloff 1990 [B16], Key and Martzloff 1994 [B12], Martzloff et al. 1995 [B20]).
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Readers, sponsors, and users should not ignore the possible problems of surges appearing between the ac
power port and the signal port, although the scope of this recommended practice does not cover such surges.

B.2 Average power (overstressing)

It is possible to inadvertently exceed the rated maximum average power of protectors that might be in use
within an EUT if the interval between test surges is too short. Thus, although surge generation at a rate of
once every few seconds might be an available instrumentation capability, it is unlikely that all types of
protectors that might be used within an EUT will be able to withstand such treatment for very many surges
(Standler 1989 [B30]).

Tests should take into consideration realistic intended use of the EUT. A life test should not be compressed
with an excessive test-surge repetition rate, for the sake of saving test time, if stresses caused by excessive
average power would result in an apparent failure of an otherwise adequate design of the protective EUT.

The stress level—voltage, current, or energy—of each individual test surge is no guide to the rate at which the
test may be repeated. What is significant is the relationship of that stress level to the average power ratings of
the internal EUT protectors. For example, consider an EUT protected for the current surge and typical energy
levels of Category B. If the EUT is tested to the Category A levels, the repetition rate can be higher than if the
test was made to a Category B level.

Note that service requirements for the EUT can include multiple surges. For instance, during a single
lightning flash, there might be several strokes; in the case of switching surges, several can occur within a
fraction of a second when abnormal switch behavior is involved.

B.3 Back filter

A back filter is defined in this document as a filter inserted into the ac power line supplying the equipment to
be surge-tested (called decoupling network in IEC 61000-4-4 (1995) [B9]). Such a filter is required to
prevent the surge (assumed coupled in shunt to the ac line input terminals of the EUT) from traveling
upstream toward the power source, where it might damage other devices connected to the same power
source. In addition, in the absence of the filter, the low impedance of the power source (Bull 1975 [B3])
would load the surge generator, which might therefore be unable to deliver the high peak voltage that is
required by the test plan to the EUT.

A compromise is necessary, however, between having a filter that presents an adequately high impedance to
the surge, particularly if the surge is of long duration (Richman 1985 [B23]), and a filter of low impedance
that would not excessively limit the power-frequency current. Both the normal operating power-line current
drawn by the EUT and the faulft current that is available in the event of internal EUT flashover are significant
factors to be taken into account when test conditions are set up. For examples of back filters, see Figure B.9
and Figure B.10 in B.19, and Figure B.11 under B.21.

B.4 Blind spots

Blind spots can exist in EUTs that contain surge-protective devices. The protective device performs well at
maximum stress (voltage, current, rise time), but at some intermediate level, the protective device might not
perform as intended and the circuits expected to be protected might in fact be subjected to greater stress than
at the maximum surge levels.
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As a first example, consider the EUT of Figure B.2(a), which contains a voltage-switching protective device
(the term crowbar is now deprecated), CT. Assume that an impulse voltage of up to 6000 V is to be applied
to the EUT and that the voltage-switching device has a breakdown voltage of 1000 V. The application of a
6000 V test impulse operates the voltage-switching device on the leading edge of the surge; only a small
surge remnant reaches the protected circuit and the equipment survives the test. On the other hand, a test
voltage of 950 V does not operate the voltage-switching device; a large surge let-through reaches the
protected circuit and the equipment might be damaged. A similar situation, with large surge let-through, can
occur at higher test voltages than the voltage-switching device breakdown if the protected circuit has too low
an impedance to allow the voltage-switching device to operate.

As a second example, consider the multiple protective device arrangement of Figure B.2(b) with a
voltage-switching device CT and a voltage-limiting protective de