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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 consen-
sus 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 pro-
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The IEEE does not warrant or represent the accuracy or content of the material contained herein, and expressly dis-
claims 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
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state of the art. Users are cautioned to check to determine that they have the latest edition of any IEEE Standard.
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vices 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
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important to ensure that any interpretation has also received the concurrence of a balance of interests. For this rea-
son, 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 matter covered
by patent rights. By publication of this standard, no position is taken with respect to the existence or validity of any patent
rights in connection therewith. The IEEE shall not be responsible for identifying patents for which a license may be
required by an IEEE standard or for conducting inquiries into the legal validity or scope of those patents that are brought
to its attention.

The IEEE and its designees are the sole entities that may authorize the use of the IEEE-owned certification marks
and/or trademarks to indicate compliance with the materials set forth herein.

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 Rose-
wood Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission to photocopy portions of any individual stan-
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Introduction

(This introduction is not a part of IEEE Std 242-2001, IEEE Recommended Practice for Protection and
Coordination of Industrial and Commercial Power Systems.)

IEEE Std 242-2001, thé&EEE Buff Book™ has been extensively revised and updated since it
was first published in 1975. THeEE Buff Booldeals with the proper selection, application,

and coordination of the components that constitute system protection for industrial plants and
commercial buildings. System protection and coordination serve to minimize damage to a
system and its components in order to limit the extent and duration of any service interruption
occurring on any portion of the system.

A valuable, comprehensive sourcebook for use at the system design stage as well as in
modifying existing operations, tHEEE Buff Bookis arranged in a convenient step-by-step
format. It presents complete information on protection and coordination principles designed
to protect industrial and commercial power systems against any abnormalities that could
reasonably be expected to occur in the course of system operation.

Design features are provided for
— Quick isolation of the affected portion of the system while maintaining normal
operation elsewhere
— Reduction of the short-circuit current to minimize damage to the system, its
components, and the utilization equipment it supplies
— Provision of alternate circuits, automatic throwovers, and automatic reclosing devices

Participants

At the time this recomended practice was approved, the IEEE Working Group on Protection
and Coordination of Industrial and Commercial Power Systems had the following members
and contributors:

Carey Cook Chair

Chapter 1:  First principlesRobert G. Hoerauf, Chair; R. G. (Jerry) Irvine

Chapter 2: Short-circuit calculationd-euie J. Powell Chair; David S. Baker, Chet Davis,
John F. Witte

Chapter 3:  Instrument transformerdames D. Baileyand David S. Baker, Cochairs;
B. J. Behroon, Louie J. Powell, Marcelo Valdes

Chapter 4:  Selection and application of protective relagsith R. Cooper, N. T. (Terry)
Stringer, John F. Witte, Cochairs Bruce G. Bailey, David S. Baker,
James W. Brosnahan, Carey J. Cook, David D. Shipp, John F. Witte

Chapter 5:  Low-voltage fusesWincent J. Saporita, Chair; Robert L. Smith, Alan F.
Wilkinson

Chapter 6:  High-voltage fuses3shn R. Cooper Chair; Carey J. Cook, Herb Pflanz,
Kris Ranjan, John F. Witte
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Chapter 7:

Chapter 8:

Chapter 9:

Chapter 10:

Chapter 11:

Chapter 12:

Chapter 13:

Chapter 14:

Chapter 15:

Chapter 16:

Low-voltage circuit breaker§seorge D. Gregory Chair; Bruce G. Bailey,
John Chiloyan, Keith R. Cooper, R. G. (Jerry) Irvine, Steve Schaffer

Ground-fault protectionShaun P. Slattery Chair; James P. Brosnahan,
John Chiloyan, Edward Gaylon, Daniel. J. Love, Elliot Rappaport, Steven
Schaffer, S. I. Venugopalan

Conductor protectionAflliam Reardon, Chair; John Chiloyan, George D.
Gregory, Alan C. Pierce, Vincent J. Saporita

Motor protectionBaniel J. Love Chair; Al Hughes, Alan C. Pierce,
Lorraine K. Padden, Joseph S. Dudor, R. G. (Jerry) Irvine

Transformer protectioddan C. Pierce Chair; Carey J. Cook, John R. Cooper,
Jerry Frank, Vincent J. Saporita, N. T. (Terry) Stringer, Ralph H. Young

Generator protectiomdan C. Pierce Chairs Jay D. Fisher, Robert G.
Hoerauf, Danial J. Love, Robert L. Simpson, Ralph H. Young

Bus and switchgear protectidRebert L. Smith, Jr., Chair;, Edward Gaylon,
Steve Schaffer, John Steele

Service supply line protectiohesraine K. Padden, Chair; Consumer
Interface Protection and Relaying Practices Subcommittees of the IEEE Power
Systems Relaying Committee

Overcurrent coordinatiodN—T. (Terry) Stringer, Chair; Bruce G. Bailey,
Keith R. Cooper, Joseph S. Dudor, Douglas Durand, Tim Fink, Jay D. Fisher,
George D. Gregory, William M. Hall, Steve Schaffer, John F. Witte, Ralph H.
Young

Maintenance, testing, and calibrati®h-&. (Jerry) Irvine, Chair; Donald J.
Akers, Jerry S. Baskin, Roderic L. Hageman, Ted Olsen, Gabe Paoletti, Elliot
Rappaport, David, L. Swindler, Neil H. Woodley

The following members of the balloting group voted on this standard. Balloters may have
voted for approval, disapproval, or abstention:

Bruce G. Bailey George D. Gregory Vincent J. Saporita
James D. Bailey Robert G. Hoerauf David D. Shipp
David S. Baker R. G. (Jerry) Irvine Shaun P. Slattery
Ray M. Clark Daniel J. Love Robert L. Smith, Jr.
Carey J. Cook Lorraine K. Padden N. T. (Terry) Stringer
John R. Cooper Alan C. Pierce John F. Witte

Chet Davis Louie J. Powell Ralph H. Young

William Reardon
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When the IEEE-SA Standards Board approved this standard on 14 June 2001, it had the fol-
lowing membership:

Donald N. Heirman, Chair

James T. Carlo,Vice Chair

Judith Gorman, Secretary

Satish K. Aggarwal James H. Gurney James W. Moore
Mark D. Bowman Richard J. Holleman Robert F. Munzner
Gary R. Engmann Lowell G. Johnson Ronald C. Petersen
Harold E. Epstein Robert J. Kennelly Gerald H. Peterson
H. Landis Floyd Joseph L. Koepfinger* John B. Posey

Jay Forster* Peter H. Lips Gary S. Robinson
Howard M. Frazier L. Bruce McClung Akio Tojo

Ruben D. Garzon Daleep C. Mohla Donald W. Zipse

*Member Emeritus

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

Alan CooksonNIST Representative
Donald R. VolzkaTAB Representative

Noelle D. Humenick
IEEE Standards Project Editor

IEEE Color Book Serieand|EEE Buff Bookare both registered trademarks of the Institute of Electrical and Elec-
tronics Engineers, Inc.

National Electrical Code and NEC are both registered trademarks of the National Fire Protection Association, Inc.

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

vi Copyright © 2001 IEEE. All rights reserved.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 05:16:41 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 242-2001


http://www.avadocuments.com/doc/ieee-242-2001
http://www.avadocuments.com/doc/ieee-242-2001

Contents

Chapter 1

FArSt PIANCIPIES ..eeuviiiiieiiiieiiieette ettt ettt et ettt e sbt e st e sareenbee s 1
LT OVEIVIBW ..ttt ettt et st ettt e b e et e st e b e ebee et 1
1.2 Protection against abnormalities...........ceeieruieiinieniieiineeie e 3
1.3 Planning SyStem PrOtECTION ......cccuerueeruirierieeienireieerenieereeereteeeresieeseenesneenneens 4
1.4 Preliminary deSIZN ......cccoecieiiriiiiiinieiiiieie ettt 5
1.5 Basic protective @qUIPIMENT .........ccuevuteriirierterienieeieneete st ereserereene st eneeieeneeas 7
1.6 Special ProteCtion .........ccoeeciiiieniiiienieieneeceee ettt 8
1.7 Field fOIIOW-UP ....oovuieiiiiiiieiciiei ettt sttt 8
1.8 RETETENCES ...ttt ettt ettt esaae e 8

Chapter 2

Short-circuit CAlCUIALIONS ....cc..eivuiiriieiieeie et s 11
2.1 TNEFOAUCHION ettt ettt ettt ettt e s 11
2.2 Types of ShOrt-Circuit CUITENLS ........coveerveiriiriieiniiiieereente et 12
2.3 The nature of ShOIt-CIrcuit CUITENLS .......coveerueriiieniieniiniieieeeesee e 13
2.4 Protective deVICe CUITENLS .......covtieriierieriiieniienieeieeniteeteeree st eeeenreesareeneenne 15
2.5 Per-unit calculations ...........ceeeeriieniieniiniieieenteeteeseeete et 19
2.6 Short-circuit current calculation methods ...........coceeeviriiienienieniiiniieeeee 19
2.7 Symmetrical COMPONENLS ....cc.eeruieriiirierieenitieieenieeeteesee st eteeseesreesaresreenne 20
2.8 Network interCONNECHIONS ....ccutrrveerieriiiiieeieenee ettt ebeesiae e ereenne 28
2.9 Calculation eXamples ......ccccceeviiriirrieniiiniineeee ettt 33
2.10 Specialized faults for protection StUdIes ........cccccervervuerneirierienieenienieeieenne 41
2,11 RELETEICES ..c.eenviiiieeiieeiieeteet ettt sttt st 44
2.12 BiDHHOZIAPNY euveiiiiiiiiiiiiteeeeetc ettt 45

Chapter 3

Instrument tranSfOrMErS .........ccoccovieviirieiiiniiienceercrt ettt 47
3.1 INErOAUCHION . ....eeiiiiiiieiicetcceese et s 47
3.2 Current transformers (CTS) ....ccvviiiiiiiiiiiiieeeiieee e 47
3.3 Voltage (potential)transformers (VTS) .....cocveerieriiinieniieniienieeie e 62
3.4 RETEICICES ..oveeuriiiiiiiiieitett ettt ettt ettt et sttt et nae e 65
3.5 BiIDHOZIAPNY oouviiiiiiiiieiieiieeieese ettt ettt ettt et et ebe e 65

Chapter 4

Selection and application of protective relays ........c.ccccvveevereeienieeieniniieneeeenene 67
4.1 General discussion of a Protective SYSteM .........cccceveerueereererieenieneenreeeennennes 67
4.2 Z0N€S Of PrOtECTION ...c..eeutiiuiieiiiiieiiieiiett ettt ettt sttt 9
4.3 Fundamental operating principles.........cccccoerievienerierienieriencereeneeeeee e 70
4.4 Functional description .application and prinCiples ......c..ccoceeveereerienneennnenn 71
4.5 RELETEINCES ...cuviiiieiiiiiiieteete ettt sttt et sttt e saee s s 119
4.6 BibHOZIapRhy ...c..ooviiiiiiiieiiiiec e 119

Chapter 5

LOW-VOItAZE fUSES .eeuvviirieniiiiieiiieeieeeesteete ettt ettt e 129
5.1 General diSCUSSION ...cccueeriiirriiiriiiriiiieeiee ettt ettt 129
5.2 DEINItIONS ..ottt ettt sttt 129
5.3 DOCUMENTALION ..cuvviiiiriiieiieeiieiieeiteete ettt sttt e st s s aeenee e 133

Copyright © 2001 IEEE. All rights reserved. vii

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 05:16:41 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 242-2001


http://www.avadocuments.com/doc/ieee-242-2001
http://www.avadocuments.com/doc/ieee-242-2001

5.4 Standard diMENSIONS .........cccevvvieieeiiiiiieeeeiirieeeeeeireeeeeeeireeeeeeeitreeeeeeerreeeeeens 138

5.5 Typical interrupting ratiNngs ......ceceeeveerueereerierierieeneenieeseesteseeereesseesaeenes 146
5.6 Achieving selectivity With fUSES ......cccccevviiiiiiriiniiiieeeeesc e 147
5.7 Current-limiting CharacteriStiCs .......cccervuirrirrieerieriienieenteeneenteseeesieenieenns 151
5.8 Special applications for low-voltage fuses ........ccccevveevvierviienieniieniieeneeneene 155
5.9 RELEIENCES ..c.veiuiiiieiiiiieiteie sttt ettt st 166
5.10 BibliOZGIAPNY ..eevviieiiiiieiienieeieeteste ettt ettt et st 168

Chapter 6

High-voltage fuses (1000 V through 169 KV) ..o 169
6.1 DEfINItIONS ..ottt ettt s 169
6.2 Fuse classifiCation ........c.ccevieriiiiieenienieiieeieeeeteeeec et 173
6.3 Current-limiting and expulsion power fuse designs ........c..cceceeveervereennenne 177
6.4 Application of high-voltage fuses ........ccceverviiiiiiiniinieniiieeeeeeeece e 183
6.5 REFEIEICES ..c..eiiiiiiiiiiiiteeeee ettt 197
6.6 Bibliography ........cccooiiiiiiiiiiiii e 198

Chapter 7

Low-voltage Circuit Breakers . ......ooouiiiiieeiniieiiie ettt et 199
Tl GONETAL...uiiiiiiiiiiiieitce ettt ettt s e 199
7.2 RALNES ceoueiiieiiie ettt ettt e ettt e et e e et e e e it e seabee e sabeeesabeeenaes 200
7.3 Current HMItation .....coocuierieerieriieniiente ettt 202
7.4 TyPICal TALINES ...eeeeiiiiiiiieeiiie ettt ettt ettt e et e et e sbee e s bee e 203
7.5 TEIP TN ettt ettt e et e et e e et eeateesbeeesbeeeeaee 203
7.6 APPIICALION. ..ceiiiiiiiiie ittt et ettt e ete et e et e st e e s bee e 216
7T ACCESSOTIES euveiiiiiuiiiiiieieeit ettt ettt ettt ettt et st et e saeesaneenee e 226
7.8 CONCIUSIONS ..uviiiiiiuiiiiiiiieeieerte ettt sttt et ettt ettt sneenee e 226
7.9 RELEIEICES ..c..viiuiiiiiiiiiiieeecee ettt ettt s 227
7.10 BiblIOGIapRY ...cooooiiiiiiiiiiiii ettt e 228

Chapter 8

Ground-fault ProtECLION ......cccuiivierieriiiiieeteetee ettt ettt naee e 231
8.1 General diSCUSSION ....cc.eecveriirienieriieieniietieeete sttt 231
8.2 Types of systems relative to ground-fault protection ............ccoceevevevvennenne 232
8.3 Nature,magnitudes,and damage of ground faults ...........ccoeceevvierrieriennennne. 239
8.4 Frequently used ground-fault protective schemes ........cc.cccecevvierveeneeneenns 249
8.5 Typical apPliCAIONS ....ccviriieriieriieriieieerite sttt ettt sttt e st saeeebeeiee e 255
8.6 Special apPliCAIONS ....eevvieiiieriieiiieitie ettt ettt et e e 269
8.7 RETEIENCES.....eouiiiieiiiiiiietcice ettt 281
8.8 BiblIOGIapRY ..ccveieiiiiiiiiieiiee e e 281

Chapter 9

CONAUCLOT PIOLECLION ..eeueieiiiiiieeieette st ete et ettt st e bt et e st e bt e bt e sbeesareebeenreenae 285
9.1 General diSCUSSION .e...eeviiriieriieiieniieete ettt ettt enee e 285
9.2 Cable PrOtECHION .....cuiiuiiiiiiiiieie et 285
0.3 DEfINItIONS «..eeitiiniiiiiieiieie ettt ettt 287
9.4 Short-circuit current protection of cables .............c.cociiiiiiiiiiinii 288
9.5 Overload protection of cables ...........ccccceiiiiiiiiiiiiiiiieee 307
9.6 Physical protection of cables ...........ccccocoiiiiiiiiiiiii 321
9.7 Code requirements for cable protection...........cccoceeveevciiniciiniiicicneeeenes 324

viii Copyright © 2001 IEEE. All rights reserved.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 05:16:41 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 242-2001


http://www.avadocuments.com/doc/ieee-242-2001
http://www.avadocuments.com/doc/ieee-242-2001

9.8 BUSWAY PrOLECHION ...vvvviiieiiiiiiieiiie e e e e e e e e e e e e e e as 325

0.9 REIBIBNCES....eiiiiiiiie et e e 336
9.10 BiblOgraphy ......eeeeiiiei i e 337

Chapter 10

1Y/} 1o o] o 1 (= ox 1T o SRS 339
10.1 General diSCUSSION ......oiiiiiiiiiieiiiiiiee ettt e e e 339
10.2 Factors to consider in protection of MOtors ........cccccccvveeeeeiiiiicciiiiieeneeenn, 339
10.3 Types Of ProtECION.......cuviiiiiieee e 344
10.4 Low-voltage motor Prote@CHION ........eeeeeiieicciiiieeee e e e e e e 350
10.5 Medium-voltage motor ProteCtion ..........cccccvvveeeiereeeeieisiciereer e e e e e 358
10.6 REIEIENCES....ci it e 389
O A =11 o] o o =T o |2 390

Chapter 11

TranSfOrMer ProtECHION .......coiuiiiiii e 393
11,1 GeNEral iISCUSSION ......ceiiiieeeiiiiiiiitie et e e e e e e e e s e e s e eaaaaee s 393
11.2 Need fOr ProteCtioN .......ccoiiiiiiie ettt 393
11.3 Objectives in transformer ProteCtion .............cccceviuieeieriiiiieeeiiieeee i 394
11.4 Types Of tranSfOrMIEIS.......oiiiiiiiiiic e 395
11.5 Preservation SYSIEIMS ........ccuiiiiiiiiaiiiiie ettt e s e e sbreeeeeaaes 395
11.6 Protective devices for liquid preservation SyStEmMS ..........ccccceeevvivrereennnnn. 398
11.7 Thermal detection of abnormalities ..., 408
11.8 Transformer primary protective deViCe ...........cccveeviiiiiieiiiiiiie e, 415
11.9 Protecting the transformer from electrical disturbances...............ccccceeenee 415
11.10 Protection from the enviroNMEeNt ............ooooiiiiiiiiiiiiieee e 436
5 I R o [ 153 o] o RO OPRRRP 437
11,12 REFEIENCES. ..ot a e e 437
11.13 Bibliography ........coooiiiiiiiiiii e 438

Chapter 12

LT a1 = 1o g o] £0] (=YX 1 0] o R 441
D2 R 111 {0 To [ o 1 o] o FO T PR TTP TP 441
12.2 Classification of generator applications..............ceeeiiiiniiiiiiieeeeeeeeeeeeceeeeees 441
12.3 Short-Circuit PErfOrManCe .......cccceeeiiiiiiiiiee e 444
12.4 Generator groUNdiNg ......ccoeeeieeeeieieiecce e e a e e e e e e e 451
12.5 ProteCtiVE JEVICES .......eiiiiiiiiiiiie ettt e e e 454
12,6 REIEIENCES. ..ot e e 512
D A =11 o] 1o o T = o] 2 512

Chapter 13

Bus and switchgear ProteCtiON ...........cooiiciiiiiiiiiie e e e 515
13,1 General diSCUSSION ......ueiiiiiiiiiiei ittt st e e e 515
13.2 Types of buses and arrangements.............ueeeveeeeeiiiiiiciiniieeeeee e 516
13.3 BuUS overcurrent ProteCtion...........cocccuvviiieieeiee e csssie e e e e 518
13.4 Medium-and high-voltage bus differential protection ............cccccccceeviinns 519
RS ST = 7= Tod (U oI o] o) (=T} 1 o ISR 525
13.6 Low-voltage bus conductor and switchgear protection ..............cccccvvvveeee. 525
13.7 Voltage surge ProteCtioN .........ccccuuvrieiiiiieeeeeeicircieee e e e e e e s s s e eeeeeee s 526
13.8 CONCIUSION ..t s e s 528

Copyright © 2001 IEEE. All rights reserved. ix

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 05:16:41 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 242-2001


http://www.avadocuments.com/doc/ieee-242-2001
http://www.avadocuments.com/doc/ieee-242-2001

13,9 RELEIENCES ....uvvviiieeiieee ettt e ee e e e et e e e e eetaae e e e ennes 528

13.10 BIiDLHOZIAPRY ..eeviiiiiiiiieiieiieett ettt ettt sttt st 529

Chapter 14

Service SUPPlY-1iNe ProtECiON .......ceuerviiriieriiniieieeieente ettt 531
14.1 General diSCUSSION ...eevueertiiririeieeieeniie ettt sttt ettt eseeesree e 531
14.2 Service reqUITEIMENLS ... ..ceuuerurieieerieeriieeteeteenieesiteetesateenbeenseessaesreeseeenneenee 532
14.3  System diStUIDANCES .....c...eeveriiiiriieieiieenieeteetee ettt 535
14.4  Supply-line ProteCtioN......cocueevueiriieieiiienieeteeite ettt 547
14.5 Examples of supply-system protective SChemes.........cc.ceeevverveenvernenneenns 558
146 RELETEICES ...uveeneieiiieiieeieeieeete ettt ettt ettt e 571
14.7 BibIOZIAPIY ..eovviieiiiiiiiiieiiertteeeee ettt sttt 573

Chapter 15

Overcurrent COOTAINALION .......cocueirieriiriiiriieeniee ettt ettt sre e esnee e 575
15.1 General diSCUSSION ...cc.eevieriiiniienieniiiieenieeete ettt sttt sreeveenee e 575
15.2 General conSIderations...........ceveeeeeriiiniernieenienie ettt et e sreesiee e 576
15.3 Overcurrent protection gUidelines ..........ccoceeeriieriiieriiieenieeeie e eieeeae 580
154 TCC PIOLS ettt sttt sttt 590
I5.5  CTIS titetieeeete ettt sttt ettt et 596
15.6 Initial planning and data required for a coordination study ............cc......... 604
I5.7 PrOCEAUIE .couviiiiiiiiiiiiieieeie ettt ettt ettt et 607
15.8 Ground-fault coordination on low-voltage SyStems...........cceeeueeereeeenuneenne 626
15.9 Phase-fault coordination on substation 600 V or Iess.......cccccecveeveeneenecne 627
I5. 10 REFETEIICES ....veeneieiiieiieeiieciceriteee ettt ettt 636
15.11 BibliOZIaphy eeeeeiiiiieiiiieeiie ettt ettt 636

Chapter 16

Maintenance, testing, and calibration ...........cocceevierierieinieiieenienteeee e 639
LO0.1  OVEIVIBW ..eniiiieiiiiiiiieiteniteitete ettt sttt ettt ettt et b nesue e e naeeanes 639
16.2 DEfINItIONS ...ooueeuiiiiiiiiieniieieie ettt ettt ettt 640
16.3  Safety of personnel .........cccooieviiiiiiiiiiiieeieee e 641
16.4 Safety provisions for maintenance Operations .........c...cecceeeeereereereereenne 643
16.5 Frequency of maintenance OPErations ...........cceceevveerieereereeriueerieeseeneenns 648

16.6 Maintenance of switchgear for voltages up to 1000 V ac and 1200 V dc .652
16.7 Maintenance of air-magnetic switchgear for

voltages above 1000 V ac and 1200 V dC.....cooovveviiriiieniinienieeniienieeeenne 659
16.8 Maintenance of 0il SWItCREAT ......ccceevieriiriiiiniirieeieceeee e 669
16.9 Maintenance of vacuum circuit breaker switchgear .........c.cccooeveverciennene 675
16.10 Maintenance of sulfur hexafluoride (SF 6 )circuit breaker and
load-interrupter SWitChZEAar .........cccuevieerierieniieniieeie ettt 679
16.11 Diagnostic tESHING ...cccueeruierieriieniieeieeteesite et enteeste et esbeesabeebeesbeesreeaee e 682
16.12 Maintenance Of auXiliary iteMS ......cccceerveriierieenienienie et 689
16.13 Maintenance Of protective apparats ..........coeceeevveereeerieeneeseeniueesueeneeneenns 695
16.14 Maintenance and testing of inSulation ........c.cccecceeveereenienieniieenieeneeneee 696
16.15 Maintenance of industrial molded-case circuit breakers (MCCBS)........... 699
16.16 RETEIEIICES ...veenieiiieiieeiieeiee ittt ettt ettt ettt e beesbeebee e 701
16.17 BIDLHOZIAPNY ..eeuvieiiiiiiieiieiteeite ettt sttt et 704
INACX ettt e et e e 711
X Copyright © 2001 IEEE. All rights reserved.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 05:16:41 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 242-2001


http://www.avadocuments.com/doc/ieee-242-2001
http://www.avadocuments.com/doc/ieee-242-2001

IEEE Recommended Practice for
Protection and Coordination of
Industrial and Commercial
Power Systems

Chapter 1
First principles

1.1 Overview
1.1.1 Scope

IEEE Std 242-2001, commonly known as the IEEE Buff Book™ , is published by the Institute
of Electrical and Electronics Engineers (IEEE) as a reference source to provide a better
understanding of the purpose for and techniques involved in the protection and coordination
of industrial and commercial power systems.

IEEE Std 242-2001 has been prepared on a voluntary basis by engineers and designers
functioning as a working group within the IEEE, under the Industrial and Commercial Power
Systems Department of the Industry Applications Society. This recommended practice is not
intended as a replacement for the many excellent texts available in this field. IEEE Std 242-
2001 complements the other standards in the IEEE Color Book Series™ , and it emphasizes
up-to-date techniques in power system protection and coordination that are most applicable
to industrial and commercial power systems. Coverage is limited to system protection and
coordination as it pertains to system design treated in IEEE Std 141-1993' and IEEE
Std 241-1990. No attempt is made to cover utility systems or residential systems, although
much of the material presented is applicable to these systems.

This publication presents in a step-by-step, simplified, yet comprehensive, form the
principles of system protection and the proper application and coordination of those
components that may be required to protect industrial and commercial power systems against
abnormalities that could reasonably be expected to occur in the course of system operation.
The principles presented are applicable to both new electrical system design and to the
changing, upgrading, or expansion of an existing electrical distribution system.

nformation on references can be found in 1.8.
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1.1.2 Objectives
The objectives of electrical system protection and coordination are to

— Limit the extent and duration of service interruption whenever equipment failure,
human error, or adverse natural events occur on any portion of the system
—  Minimize damage to the system components involved in the failure

The circumstances causing system malfunction are usually unpredictable; however, sound
design and preventive maintenance can reduce the likelihood of system problems. The elec-
trical system, therefore, should be designed and maintained to protect itself automatically.

1.1.2.1 Safety

Prevention of human injury is the most important objective when designing electrical sys-
tems. Interrupting devices should have adequate interrupting capability. Energized parts
should be sufficiently enclosed or isolated to avoid exposing personnel to explosion, fire, arc-
ing, or shock. Safety should always take priority over service continuity, equipment damage,
Or economics.

These fundamental principles of safety have always been adhered to by responsible engineers
engaged in the design and operation of electrical systems. The National Electrical Code®
(NEC®) (NFPA 70-1999), National Electrical Safety Code® (NESC®) (Accredited Standards
Committee C2-2002), NFPA 70E-2000, and state and local codes all have prescribed
practices intended to enhance the safety of electrical systems. In recent years, an increased
concern about safety has led to many studies resulting in detailed recommendations [from the
National Institute of Occupational Safety and Health (NIOSH)] and regulations relating to
electrical systems. Prominent among these are the regulations of the Occupational Safety and
Health Administration (OSHA) of the U.S. Department of Labor. Engineers and other
personnel engaged in the design and operation of electrical system protection should be
familiar with the most recent OSHA regulations, NIOSH Safely Alerts, and all other
applicable codes and regulations relating to human safety.

The essential electrical infrastructure in industrial and commercial establishments employs
protective devices, many of which are addressed in this recommended practice, that function
to de-energize the electrical system in the event of a malfunction. However, electric shock
can result in serious injury far more quickly than the available technology of interruption can
perform its task. Therefore, the limitation of shock hazard, such as the step and touch poten-
tials in electrical substations, depends upon the speed of interrupting the fault. Rapid fault
isolation is important (see IEEE Std 80-2000). Therefore, the most efficient form of electrical
shock protection is to avoid shock altogether, and such avoidance is best accomplished
through proper system design and operation, and through effective maintenance.

1.1.2.2 Equipment damage versus service continuity

Whether minimizing the risk of equipment damage or preserving service continuity is the
more important objective depends upon the operating philosophy of the particular industrial
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plant or commercial business. Some operations can afford limited service interruptions to
minimize the possibility of equipment repair or replacement costs, while others would regard
such an expense as small compared with even a brief interruption of service.

In most cases, electrical protection should be designed for the best compromise between
equipment damage and service continuity. One of the prime objectives of system protection is
to obtain selectivity to minimize the extent of equipment shutdown in case of a fault. There-
fore, many protection engineers would prefer that faulted equipment be de-energized as soon
as the fault is detected.

However, for certain continuous process industry plants, high-resistance grounding systems
that allow the first ground fault to be alarmed instead of automatically cleared are employed.
These systems are described in Chapter 8.

1.1.2.3 Economic and reliability considerations

The cost of system protection determines the degree of protection that can be feasibly
designed into a system. Many features may be added that improve system performance, reli-
ability, and flexibility, but incur an increased initial cost. However, failure to design into a
system at least the minimum safety and reliability requirements inevitably results in unsatis-
factory performance, with a higher probability of expensive downtime. Modifying a system
that proves inadequate is more expensive and, in most cases, less satisfactory than initially
designing these features into a system.

The system should always be designed to isolate faults with a minimum disturbance to the
system and should have features to give the maximum dependability consistent with the plant
requirements and justifiable costs. Evaluation of costs should also include equipment mainte-
nance requirements. In many instances, plant requirements make planned system outages for
routine maintenance difficult to schedule. Such factors should weigh into the economic-
versus-reliability decision process.

When costs of downtime and equipment maintenance are factored into the protection system
cost evaluation, decisions can then be based upon total cost over the useful life of the
equipment rather than simply the first cost of the system. In-depth coverage of reliability-
versus-economic decisions can be found in IEEE Std 493-1997.

1.2 Protection against abnormalities

The principal electrical system abnormalities to protect against are short circuits and over-
loads. Short circuits may be caused in many ways, including failure of insulation due to
excessive heat or moisture, mechanical damage to electrical distribution equipment, and fail-
ure of utilization equipment as a result of overloading or other abuse. Circuits may become
overloaded simply by connecting larger or additional utilization equipment to the circuit.
Overloads may also be caused by improper installation and maintenance, such as misaligned
shafts and worn bearings. Improper operating procedures (e.g., too frequent starting,
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extended acceleration periods, obstructed ventilation) are also a cause of equipment overload
or damage.

Short circuits may occur between two-phase conductors, between all phases of a polyphase
system, or between one or more phase conductors and ground. The short circuit may be solid
(or bolted) or welded, in which case the short circuit is permanent and has a relatively low
impedance. The extreme case develops when a miswired installation is not checked prior to
circuit energization. In some cases the short circuit may burn itself clear, probably opening
one or more conductors in the process. The short circuit may also involve an arc having
relatively high impedance. Such an arcing short circuit can do extensive damage over time
without producing exceptionally high current. An arcing short circuit may or may not
extinguish itself. Another type of short circuit is one with a high-impedance path, such as dust
accumulated on an insulator, in which a flashover occurs. The flashover may be harmlessly
extinguished or the ionization produced by the arc may lead to a more extensive short circuit.
These different types of short circuits produce somewhat different conditions in the system.

Electrical systems should be protected against the highest short-circuit currents that can
occur; however, this maximum fault protection may not simultaneously provide adequate
protection against lower current faults, which may involve an arc that is potentially
destructive.

Ground faults comprise the majority of all faults that occur in industrial and commercial
power systems. Ground-fault currents may be destructive, even though the magnitude may be
reduced by a high impedance in the fault and return path. Several methods of grounding are
available; and the appropriate selection for the particular voltage level, combined with proper
detection and relaying, can help achieve the goals of reduced damage and service continuity.
For this reason, Chapter 8 is devoted to ground-fault protection.

With the increasing use of nonlinear system loads and devices, harmonics have become an
ever-increasing system abnormality to contend with. Electrical system design, whether new
or through changes or additions to an existing system, should take into account the possible
effects of harmonic current and voltages on system equipment and protective devices. In
many cases, harmonics may cause excessive heating in system components; improper opera-
tion of control, metering, and protective devices; and other problems.

Other sources of abnormality, such as lightning, load surges, and loss of synchronism, usually
have little or no effect on system overcurrent selectivity, but should not be ignored. These
abnormalities usually can be best handled on an individual protective basis for the specific
equipment involved (e.g., transformers, motors, generators).

1.3 Planning system protection

The designer of electrical power systems has available several techniques to minimize the
effects of abnormalities occurring on the system or in the utilization equipment that the sys-
tem supplies. One can design into the electric system features that
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a)  Quickly isolate the affected portion of the system and, in this manner, maintain
normal service for as much of the system as possible. This isolation also minimizes
damage to the affected portion of the system.

b) Minimize the magnitude of the available short-circuit current and, in this manner,
minimize potential damage to the system, its components, and the utilization equip-
ment it supplies.

¢) Provide alternate circuits, automatic transfers, or automatic reclosing devices, where
applicable, in order to minimize the duration or the extent of supply and utilization
equipment outages.

System protection encompasses all of the above techniques; however, this text deals mainly
with the prompt isolation of the affected portion of the system. Accordingly, the function of
system protection may be defined as the detection and prompt isolation of the affected
portion of the system whenever a short-circuit or other abnormality occurs that might cause
damage to, or adversely affect, the operation of any portion of the system or the load that it
supplies.

Coordination is the selection and/or setting of protective devices in order to isolate only the
portion of the system where the abnormality occurs. Coordination is a basic ingredient of a
well-designed electrical distribution protection system and is mandatory in certain health care
and continuous process industrial systems.

System protection is one of the most basic and essential features of an electrical system and
should be considered concurrently with all other essential features. Too often system protec-
tion is considered after all other design features have been determined and the basic system
design has been established. Such an approach may result in an unsatisfactory system that
cannot be adequately protected, except by a disproportionately high expenditure. The
designer should thoroughly examine the question of system protection at each stage of plan-
ning and incorporate into the final system a fully integrated protection plan that is capable of,
and is flexible enough, to grow with the system.

In planning electric power systems, the designer should endeavor to keep the final design as
simple as would be compatible with safety, reliability, maintainability, and economic
considerations. Designing additional reliability or flexibility into a system may lead to a more
complex system requiring more complex coordination and maintenance of the protective
system. Such additional complexity should be avoided except where the requisite personnel,
equipment, and know-how are available to adequately service and maintain a complex
electric power system.

1.4 Preliminary design

The designer of an electrical power system should first determine the load requirement,
including the sizes and types of loads, and any special requirements. The designer should also
determine the available short-circuit current at the point of delivery, the time-current curves
and settings of the nearest utility protective devices, and any contract restrictions on ratings
and settings of protective relays or other overcurrent protective devices in the user’s system.
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(See Figure 1-1.) The designer can then proceed with a preliminary system design and prepa-
ration of a one-line diagram.

DISTRIBUTION ELECTRIC
SYSTEM - JUTILITY
SELECTION CONTRIBUTION
g PROTECTIVE MAINTENANCE,
LOAD 3l emon Ll pevice coorbiNaTION| | TESTING,
ANALYSIS 4 1(Chapter 2) SELECTION (Chapter 14) CALIBRATION
(Chapters 3-7) (Chapter 15)
PROTECTIVE )
SYSTEM
SELECTION
(Chapter 1)
GENERATOR MOTOR
CONTRIBUTION| JCONTRIBUTION
SYSTEM
COMPONENT
PROTECTION

(Chapters 8-13)

Figure 1-1—Sequence of steps in system protection and coordination

Chapter 2 covers the fundamentals of short-circuit analysis and the calculation of short-
circuit duty requirements that permit evaluation of the preliminary design for compatibility
with available ratings of circuit breakers, fuses, and other devices. At this point, some
modification of the design may be necessary because of economic considerations or
equipment availability, or both.

The preliminary design should be evaluated from the standpoint of system coordination, as
covered in Chapter 15. If the protective devices provided in the preliminary design cannot be
selectively coordinated with utility protective device settings and contractual restrictions on
protective device settings, the design should be modified to provide proper selective
coordination.

Ground-fault protection is an essential part of system protection and is given detailed
coverage in Chapter 8 for two reasons. First, although many of the devices used to obtain
ground-fault protection are similar to those covered in Chapter 3 through Chapter 7, the need
for such protection and the potential problems of improper application of ground-fault
protection are frequently not fully appreciated. Second, proper selective coordination of
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ground-fault protection seldom causes any change to overall system selectivity, although its
effect should be taken into consideration in the same general manner covered in Chapter 15.
In-depth coverage of system grounding can also be found in IEEE Std 142-1991.

Throughout the preliminary and final design process, the personal computer has become an
indispensable tool in power system planning, analysis, and simulation of day-to-day opera-
tions. A number of power system software programs are available to assist the designer in
evaluating protective device application and to assist in the proper selection and coordination
of protective devices. Available software includes programs to evaluate and perform short
circuit, protective device coordination, load flow, harmonic analysis, system stability, motor
starting, and grounding. In-depth coverage of power system analysis can be found in IEEE
Std 399-1997.

The designer of the protective system should bear in mind that the design consumes two crit-
ical and limited resources, space and money, and should take practical steps to ensure that
these needs are fully recognized by the overall project team.

1.5 Basic protective equipment

The isolation of short circuits and overloads requires the application of protective equipment
that senses when an abnormal current flow exists and then removes the affected portion from
the system.

The three primary protective equipment components used in the isolation of short circuits and
overloads are fuses, circuit breakers, and protective relays.

A fuse is both a sensing and interrupting device, but not a switching device. It is connected in
series with the circuit and responds to thermal effects produced by the current flowing
through it. The fusible element is designed to open at a predetermined time depending upon
the amount of current that flows. Different types of fuses are available having time-current
characteristics required for the proper protection of the circuit components. Fuses may be
noncurrent-limiting or current-limiting, depending upon their design and construction. Fuses
are not resetable because their fusible elements are consumed in the process of interrupting
the current flow. Fuses and their characteristics, applications, and limitations are described in
detail in Chapter 5 and Chapter 6.

Circuit breakers are interrupting and switching devices that require overcurrent elements to
fulfill the detection function. In the case of medium-voltage (1-72.5 kV) circuit breakers, the
sensing devices are separate current transformers (CTs) and protective relays or combinations
of relays. These devices are covered in Chapter 4. For most low-voltage (under 1000 V)
circuit breakers, (molded-case circuit breakers or low-voltage power circuit breakers) the
sensing elements are an integral part of the circuit breaker. These trip units may be thermal or
magnetic series devices; or they may be integrally mounted, but otherwise separate electronic
devices used with CTs mounted in the circuit breaker. Low-voltage circuit breakers, their
applications, characteristics, and limitations are covered in Chapter 7.
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Overcurrent relays used in conjunction with medium-voltage circuit breakers are available
with a range of different functional characteristics. Relays may be either directional or
nondirectional in their action. Relays may be instantaneous and/or time-delay in response.
Various time-current characteristics (e.g., inverse time, very inverse time, extremely inverse
time, definite minimum time) are available over a wide range of current settings. Overcurrent
relays and their selection, application, and settings are covered in detail in Chapter 4. Numer-
ous other types of protective relays, used for specific protective purposes, are also discussed
throughout this publication. Relays generally are used in conjunction with instrument trans-
formers, which are covered in Chapter 3.

1.6 Special protection

In addition to developing a basic protection design, the designer may also need to develop
protective schemes for specific equipment or for specific portions of the system. Such
specialized protection should be coordinated with the basic system protection. Specialized
protection applications include

—  Conductor protection (see Chapter 9)

—  Motor protection (see Chapter 10)

—  Transformer protection (see Chapter 11)

—  Generator protection (see Chapter 12)

—  Bus and switchgear protection (see Chapter 13)

—  Service supply-line protection (see Chapter 14)

1.7 Field follow-up

Proper application of the principles covered in the first 15 chapters of this recommended
practice should result in the installation of system protection capable of coordinated selective
isolation of system faults, overloads, and other system problems. However, this capability
will be useless if the proper field follow-up is not planned and executed. Field follow-up has
three elements: proper installation, including testing and calibration of all protective devices;
proper operation of the system and its components; and a proper preventive maintenance pro-
gram, including periodic retesting and recalibration of all protective devices. A separate
chapter, Chapter 16, has been included to cover testing and maintenance.

1.8 References

This recommended practice shall be used in conjunction with the following standards. When
the following standards are superseded by an approved revision, the revision shall apply.
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ASC C2-2002, National Electric Safety Code® (NESC®).2
IEEE Std 80-2000, IEEE Guide for Safety in AC Substation Grounding 3

IEEE Std 141-1993 (Reaff 1999), IEEE Recommended Practice for Electric Power Distribu-
tion for Industrial Plants (IEEE Red Book).

IEEE Std 142-1991, IEEE Recommended Practice for Grounding of Industrial and Commer-
cial Power Systems (IEEE Green Book).

IEEE Std 241-1990 (Reaff 1997), IEEE Recommended Practice for Electric Power Systems
in Commercial Buildings (IEEE Gray Book).

IEEE Std 399-1997, IEEE Recommended Practice for Industrial and Commercial Power Sys-
tems Analysis (/EEE Brown Book).

IEEE Std 493-1997, IEEE Recommended Practice for the Design of Reliable Industrial and
Commercial Power Systems (IEEE Gold Book).

NFPA 70-1999, National Electrical Code® (NEC®) 4

NFPA 70E-2000, Electrical Safety Requirements for Employee Workplaces.5

2The NESC is 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/).

3IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box
1331, Piscataway, NJ 08855-1331, USA (http://standards.ieee.org/).

“The NEC is published by the National Fire Protection Association, Batterymarch Park, Quincy, MA 02269, USA
(http://www.nfpa.org/). Copies are also 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/).

SNFPA publications are published by the National Fire Protection Association, Batterymarch Park, Quincy, MA
02269, USA (http://www.nfpa.org/).
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Chapter 2
Short-circuit calculations

2.1 Introduction

Short-circuit currents can create massive destruction to the power system. Short circuits typi-
cally have magnitudes many times greater than load currents. The consequences of these
high-magnitude currents can be catastrophic to normal operation of the power system. First,
the presence of short-circuit currents in system conductors results in additional heating,
which the system is usually not designed to sustain continuously. These currents also intro-
duce severe mechanical forces on conductors, which can break insulators, distort transformer
windings, or cause other physical damage. The flow of high-magnitude short-circuit currents
through system impedances may also result in abnormally low voltages, which in turn lead to
otherwise healthy equipment being forced to shut down. Finally, at the point of the short cir-
cuit itself, generally the release of energy in the form of an arc, if left uncorrected, can start a
fire, which may spread well beyond the point of initiation.

Much of the effort of power system engineers and planners is directed toward minimizing the
impact of short circuits on system components and the industrial process the system serves. It
has been said that the only part of a power system that actually works is the protective devices
that are called upon to detect and react to short circuits—and they only do something when
something else goes wrong! This has led to the observation that power system engineers
focus only on catastrophes. It is true that a great deal of power system engineering is devoted
to the analysis of undesirable events, and nowhere is that statement more correct than in the
application of protective devices.

Lord Kelvin observed that knowledge of a subject is incomplete until the subject can be accu-
rately quantified. Of all the demands placed upon the power system protection engineer, the
most analytical is to determine the magnitude of voltages and currents that the system can
produce under various short-circuit conditions. Only when these quantities are understood
can the application of protective devices proceed with confidence that they will perform their
intended function when short circuits occur.

The most fundamental principle involved in determining the magnitude of short-circuit cur-
rent is Ohm’s Law: the current that flows in a network of impedances is related to the driving
voltage by the relationship

_E
1=z (2-1)

The general procedure for applying this principle entails the three steps involved in Theve-
nin’s Theorem of circuits.

a) Develop a graphical representation of the system, called a one-line (or single-line)
diagram, with symbolic voltage sources and circuit impedances.
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b) Calculate the total impedance from the source of current (i.e., the driving voltage) to
the point at which a hypothetical short-circuit current is to be calculated. This value is
the Thevenin equivalent impedance, sometimes called the driving point impedance.

c¢) Knowing the open circuit prefault voltage, use Ohm’s Law to calculate the short-
circuit current magnitude.

Of course, the actual application of these basic principles is more involved, and the remainder
of this chapter is devoted to a treatment of the specific details of short-circuit current
calculations.

2.2 Types of short-circuit currents

From the point of view of functional application, four or more distinct types of short-circuit
current magnitudes exist. The current of greatest concern flows in the system under actual
short-circuit conditions and could (at least theoretically) be measured using some form of
instrumentation. In reality, it is not practical to attempt to predict by calculation the magni-
tude of actual current because it is subject to a great many uncontrollable variables. Power
system engineers have developed application practices, some of which are discussed in the
following paragraphs, that predict worst-case magnitudes of current sufficient for application
requirements.

The analyst or engineer may have several objectives in mind when a short-circuit current
magnitude is calculated. Obviously, the worst-case current should be appropriate to the
objective, and a set of assumptions that leads to a worst-case calculation for one purpose may
not yield worst-case results for another purpose.

Short-circuit current magnitudes often must be calculated in order to assess the application of
fuses, circuit breakers, and other interrupting devices relative to their ratings. These currents
have labels (e.g., interrupting duty, momentary duty, close and latch duty, breaking duty),
which correlate those magnitudes with the specific interrupter rating values against which
they should be compared to determine whether the interrupting device has sufficient ratings
for the application. ANSI standard application guides define specific procedures for calculat-
ing duty currents for evaluating fuses and circuit breakers rated under ANSI standards. Like-
wise, the International Electrotechnical Commission (IEC) publishes a calculation guide for
calculating duty currents for IEC-rated interrupting devices. In either case, the important
thing is that the basis for calculating the current be consistent with the basis for the device rat-
ing current so that the comparison is truly valid.

Related to interrupter rating currents are the currents used to evaluate the application of
current-carrying components. Transformers, for example, are designed to have a fault with-
stand capability defined in terms of current, and transformer applications should be evaluated
to assure that these thermal and mechanical limitations are being observed. Likewise, bus
structures should be designed structurally to withstand the forces associated with short cir-
cuits, and this requires knowledge of the magnitude of available fault currents. Similarly,
ground grids under electrical structures should be designed to dissipate fault currents without
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causing excessive voltage gradients. In each case, it is necessary to calculate a fault magni-
tude in a fashion that is consistent with the purpose for which it is needed.

Another type of short-circuit current magnitude is used by protection engineers to assess the
time-current performance of protective devices. Here, again, consistency is needed between
the calculated currents and the currents that the protective devices measure. No universally
accepted standards define how protective devices make measurements, and in fact measur-
able differences exist among manufacturers, among technologies, and even among design
vintages of the same manufacturer and technology. However, protection engineers have
evolved a series of generally accepted guidelines for which currents apply to which kinds of
protective devices, and these guidelines are detailed in subsequent chapters.

Other references in the IEEE Color Book Series™ treat the application of interrupting
devices. Accordingly, this chapter discusses only the calculation of short-circuit currents for
evaluating the time-current performance of relays, fuses, low-voltage circuit breaker trip
devices, and other protective equipment.

Another way of looking at short circuits is to consider the geometry of faults. Most modern
power systems are three-phase and involve three power-carrying conductors. A fourth con-
ductor, the neutral, may or may not carry load current depending upon the nature of the loads
on the system. The number of conductors involved in the short circuit has a bearing on the
severity of the fault as measured by the magnitude of short-circuit current; normally, a fault
involving all three-phase conductors (called the three-phase fault) is considered the most
severe. Other geometries include single phase-to-ground faults, phase-to-phase faults, double
phase-to-ground faults, and open conductors.

2.3 The nature of short-circuit currents

Under normal system conditions, the equivalent circuit of Figure 2-1 may be used to calculate
load currents. Three impedances determine the flow of current. Z; and Z,. are the impedances
of the source and circuit, respectively, while Z; is the impedance of the load. The load imped-
ance is generally the largest of the three, and it is the principle determinant of the current
magnitude. Load impedance is also predominantly resistive, with the result that load current
tends to be nearly in phase with the driving voltage.

A short circuit may be thought of as a conductor that shorts some of the impedances in the
network while leaving others unchanged. This situation is depicted in Figure 2-2. Because Z;
and Z,. become the only impedances that restrict the flow of current, the following observa-
tions may be made:

a)  The short-circuit current is greater than load current.

b) Because Z; and Z, are predominately inductive, the short-circuit current lags the driv-
ing voltage by an angle approaching the theoretical maximum of 90°.
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Figure 2-1—Equivalent circuit used to calculate load current
in a normal circuit
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Figure 2-2—Equivalent circuit used to calculate short-circuit current

The change in state from load current to short-circuit current occurs rapidly. Fundamental
physics demonstrate that the magnitude of current in an inductor cannot change
instantaneously. This conflict can be resolved by considering the short-circuit current to con-
sist of two components:

— A symmetrical ac current with the higher magnitude of the short-circuit current

— An offsetting dc transient with an initial magnitude that is equal to the initial value of
the ac current, but which decays rapidly

The initial magnitude of the dc transient is directly controlled by the point on the voltage
wave at which the short circuit occurs. If the short circuit occurs at the natural zero crossing
of the driving voltage sinusoid, the transient is maximized. However, the transient is a
minimum if the fault occurs at the crest of the voltage sinusoid. At any subsequent time, the
magnitude of the dc transient is determined by the time constant of the decay of the dc, which
is controlled by the ratio of reactance to resistance in the impedance limiting the fault.
Equation (2-2) can be used to calculate the instantaneous magnitude of current at any time.
For the protection engineer, the worst case initial current includes the full dc transient.
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(R,
i(t) = (z :Z ){sin(ww ©—8)—sin(¢p—0)e () (2-2)

s C

The driving voltage depicted in Figure 2-1 and Figure 2-2 is the Thevenin equivalent open-
circuit voltage at the fault point prior to application of the short circuit. This voltage includes
sources such as remote generators with voltage regulators that maintain their value regardless
of the presence of a short circuit on the system as well as nearby sources whose voltages
decay when the short circuit is present. The amount of decay is determined by the nature of
the source. Nearby generators and synchronous motors with active excitation systems sustain
some voltage, but because the short circuit causes their terminal voltage to drop, the current
they produce is gradually reduced as the fault is allowed to persist. At the same time,
induction motors initially participate as short-circuit current sources, but their voltages decay
rapidly as the trapped flux is rapidly drained. Figure 2-3 shows the generic tendencies of
various kinds of short-circuit current sources and a composite waveform for the symmetrical
ac current decay. Figure 2-4 depicts the most realistic case of the decaying symmetrical ac
current combined with the decaying dc transient. From this figure, a generalized short-circuit
current may be described in the following terms:

— High initial magnitude dc transient component of current, which decays with time
— High initial magnitude symmetrical ac current, which diminishes gradually with time

—  Symmetrical ac current lags driving voltage by a significant angle, approaching 90°

2.4 Protective device currents

It is the general practice to recognize three magnitudes of short-circuit current in applying
protective devices. These magnitudes are fundamentally time-dependent and can be thought
of as three points on the generic curve in Figure 2-4.

The first point is the initial magnitude and is considered by protection engineers to be the
magnitude of current to which fast-acting protective devices respond. Instantaneous relays,
fuses, and low-voltage circuit breaker trip devices are characterized as fast acting. In some
instances this initial point includes the dc transient; in other instances, it does not. Whether
the dc transient is recognized is determined by whether the protective device in question
responds to dc quantities. For example, instantaneous relays operating on the induction
principle, and static devices with dc filtering, respond only to the symmetrical ac component
of this initial current, while fuses and plunger and hinged-armature relays sense the total
magnitude of current. How the dc transient is treated is also subject to some interpretation.
One traditional, conservative approach is to treat the initial current as though the magnitude
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Figure 2-3—Generic components of fault current categorized according to
decrement

16 Copyright © 2001 |IEEE. All rights reserved.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 05:16:41 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 242-2001


http://www.avadocuments.com/doc/ieee-242-2001
http://www.avadocuments.com/doc/ieee-242-2001

IEEE
SHORT-CIRCUIT CALCULATIONS Std 242-2001

WAAA-

VAV VIV

Figure 2-4—Typical fault current sinusoid with both ac and dc decrement

exists 0.5 cycle into the fault and, for typical systems where the X/R ratio is 25 or less, the
root-mean-square (rms) total current does not exceed 1.6 times the symmetrical rms current.
Some protection engineers choose instead to calculate an approximate asymmetry factor
using the formula

-2n
Asymmetry factor = A 1 + 2e*F (2-3)
The second point is traditionally considered to be the magnitude of current at the time when
time-delay overcurrent protective devices (e.g., overcurrent relays, delayed-action low-
voltage trip devices) make their final measurement and operate. General practice assumes
that the dc transient will have disappeared entirely by this time and to recognize only the rms
symmetrical current.

The third current magnitude commonly calculated by protection engineers is the long-time
current. Some protection engineers use the term “thirty (30) cycle current” because it is an
estimate of the current that exists long after inception of the fault. This magnitude is used to
evaluate performance of extremely long-time devices, such as generator backup overcurrent
relays or second- or third-zone distance relays.

Determining the rates of decay of current to calculate these three time-based currents in exact
form is difficult. The procedure that protection engineers have evolved is to represent the
system using different impedances that result in short-circuit current magnitudes that are
approximately close to the theoretically correct values. Table 2-1 summarizes common
practices in this regard.
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Table 2-1—Short-circuit impedances for protective device application and

evaluation
Tmpedance Instantaneous Time-delay Long-time
currents currents currents
Remote system equivalent R +jX R +jX R +jX
Local synchronous generators R +jX"d R +jX'd R +jX
Synchronous motors R +jX"d R +jX'd infinite
Induction motors R + jX;, infinite infinite
Passive components R +jX R +jX R +jX

For conservatism, the usual practice is to employ saturated or rated-voltage reactances for
rotating machines. These reactances are denoted by , on machine data sheets, e.g., X<y, .
Direct axis quantities are indicated by 4, while " and ' indicate subtransient and transient val-
ues, respectively. Full data sheets are not always available for induction machines, and in this
instance using locked-rotor reactance X, is common practice.

While including both the resistive and reactive components of impedance is classically cor-
rect, protection engineers sometimes employ the shortcut of ignoring resistance because the
X/R ratio of impedances is typically quite high. This shortcut is especially common in higher
voltage applications and when hand calculations are employed to arrive at answers quickly.
Analysts are cautioned that in lower voltage systems, however, X/R ratios are low and to
ignore resistance may lead to calculation of unacceptably high current magnitudes.

Earlier, the distinction was made between short-circuit currents calculated to evaluate the
application of interrupting devices against their ratings and calculations needed to assess pro-
tective device performance. Many engineers bring these calculations together, using so-called
momentary application calculations instead of performing a separate instantaneous calcula-
tion. Likewise, 5-cycle-to-8-cycle interrupting duty calculations are frequently used instead
of doing a separate calculation of time-delay currents.

NOTE —Some of the impedances given in Table 2-1 differ slightly from prevailing practices employed
in calculating short-circuit currents for interrupting device evaluations. Such discrepancies suggest that
the calculations are not exact and room for judgment exists.

In addition to time considerations, short circuits vary by topography. In some instances, all
three phases of the power system are involved in the short circuit while, under other
conditions, the fault may consist of only one phase shorting to ground. It is possible for
phase-to-phase faults to occur; and, in yet other instances, the phase-to-phase fault may also
involve a current flow to ground. Any of these four geometric variants may or may not be
bolted faults, that is, short circuits in which the conductors are shorted together with
essentially no external impedance. In the real world, most faults involve some external
impedance (and in fact arcing introduces external resistance), but protection engineers
usually consider bolted faults as the worst case for determining fault current magnitude.
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At times, determining the minimum currents available to system protective devices is neces-
sary. No generally accepted procedure exists for determining minimum currents. One
approach is to perform a system calculation considering only the electric utility source and
any synchronous generators, with the latter represented by their synchronous reactance’s
(X,p, with allowance for presumed fault-point arcing represented by fault resistance.

In addition to short circuits, protection engineers may be called upon to evaluate performance
of protective devices under other abnormal system conditions, such as open conductors.

2.5 Per-unit calculations

Power system calculations can be done using actual voltages and currents or using per-unit
representations of actual quantities. While performing a calculation in actual quantities
makes sense occasionally, the vast majority of calculations are done in per-unit. The discus-
sion in this chapter assumes a familiarity with the per-unit method; but, to avoid confusion,
definitions of important parameters are given in Table 2-2. The table presents strict (textbook)
definitions and defines all per-unit values on a single-phase basis. Equivalent three-phase val-
ues are usually used in practice, but an understanding of the mathematics presented in
Table 2-2 relies on a careful interpretation of base values as single-phase quantities.

Table 2-2—Per unit base parameters

Parameter Strict definition Common usage
(single-phase basis) (three-phase basis)
Frequency Steady state operating frequency Nominal system frequency
Voltage System line-to-neutral voltage ata | Nominal line-to-line voltage
chosen reference bus; voltage at
other buses related by turns ratios
of transformers
MVA Any defined arbitrary reference, 10 or 100 MVA, 36
per phase
Base current Base voltamperes divided by base Base 3¢ kVA/(Line-to-line kV x ﬁ )
voltage
Base impedance Base line to neutral voltage divided | (Line-to-line kV)z/Base 36 MVA
by base current

2.6 Short-circuit current calculation methods
2.6.1 Symmetrical components method of analysis

A variety of methods are commonly used for calculating short-circuit current magnitudes. All
of these methods are ultimately traceable to the method of symmetrical components, and an
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understanding of symmetrical components permits a quick adoption of any of the short-hand
procedures. The symmetrical components method of analysis is also completely general, can
treat any form of fault or phase unbalance (with or without external impedances), and has
become the one universal language among protection engineers. In the interest of exactness,
only symmetrical components are treated in this chapter. The bibliography in 2.12 references
papers and texts that discuss derivative approaches.

Almost all protective device short-circuit currents today are calculated by computer. It is well
beyond the scope of this recommended practice to address the methods by which computers
model electrical systems. Furthermore, each computer software program has unique features
for which an adequate program users manual is the best reference text. A thorough under-
standing of symmetrical components should lead to comprehension of the intention of the
computer software writer and maximize the functionality of most commercial programs.

2.6.2 Mathematical notation

Two mathematical symbols are used in this chapter. Most engineers recognize j as the square
root of —1, but it also is used in power engineering as a mathematical operator that forces an
angular shift of 90° upon whatever quantity to which it is applied. In treating three-phase
power systems, also having an operator that introduces a 120° angular shift is convenient.
This operator is conventionally known as a.

With either operator, the convention considers the positive direction of phase rotation to be
counterclockwise. This convention is depicted in Figure 2-5.

A
=
~_ Direction of rotation
N\,
\

\

\

|

o~ ™~
e ™~
- \
c ™~

B
Figure 2-5—Phase designation and rotation conventions

2.7 Symmetrical components

The method of symmetrical components was first described in an AIEE paper by Fortescue
[B5]!. This paper proposed a general theory for analysis of multi-phase systems. Fortescue’s

IThe numbers in brackets correspond to the numbers of the bibliography in 2.12.
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original thesis applied to a general n phase system, and its application on the more common
three-phase systems is a simplification.

Phasors are complex time-dependent quantities used in analyzing linear systems that are
described by both magnitude and angle. The voltage and current phasors on a three-phase
power system can be represented by three sets of balanced three-phase symmetrical compo-
nent phasors (voltage and current) when the symmetrical component phasors are defined
according to a set of rules. Positive-sequence phasors (denoted by ;) are equal to each other in
magnitude, are 120° apart, and have the same phase rotation sequence as the power system
being represented. The negative-sequence phasors (indicated by ,) are equal to each other in
magnitude and are 120° apart, but the phase rotation sequence is opposite to that of the power
system under analysis. Zero-sequence phasors (which traditionally carry () are equal to each
other in magnitude and are 360° apart; phase sequence rotation is the same as the power
system.

For the three-phase application, phase-to-neutral voltages are defined in terms of the symmet-
rical components of voltage:

Ve =V +Va+Vy

ag
Vi = @V +aV,+V, (2-4)
Ve = aVy +a’Va+ Vg

and conversely, the symmetrical components of voltage can be derived from the phase-to-
neutral voltages,

al

1 2
V., = g(Vag+ang+a Vi)

(2-5)

vV, = %(Vag+ @ Vig+av,,)

1
Vi = §(Vag + Vet Vi)

Similar equations can be written relating phase currents and the symmetrical components of
current. The subscript convention used in Equation (2-4) and Equation (2-5) is that 1, 5, and
indicate positive, negative, and zero sequence, respectively, whereas ag’ bg> and cg denote
phase-to-ground.

Relating the sequence component current and voltage phasors are sequence component
impedances. These impedances are not physical impedances, but as shown in 2.7.1, deriving
values for them from known physical parameters of equipment is possible. Thus, for each of
the three symmetrical components, drawing a system equivalent circuit is possible. By appro-
priately interconnecting these sequence impedance networks, making relatively simple
network calculations, and then applying the fundamental relationships [Equation (2-4)],
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answers can be calculated for almost all unbalanced conditions on the original three-phase
system.

When the base quantities are properly chosen, symmetrical components can be applied to a
system of any frequency. However, using this analytical procedure in a single system to deal
with multiple frequencies, as in harmonic or transient studies, is not strictly correct.

2.7.1 Sequence impedance representation of electrical apparatus

In order to use symmetrical components as a tool in analyzing systems and the performance
of protective devices, constructing system models using symmetrical component representa-
tions is necessary. This step entails two considerations: It is necessary to determine, first, how
each component of the actual power system should be represented in symmetrical component
terms and, second, how these components are related together. Representation of system
components is conceptually simple although some portions of the system may require time-
consuming calculations.

The representation of electrical apparatus in symmetrical component terms involves determi-
nation of appropriate positive-, negative-, and zero-sequence impedances.

2.7.1.1 Generators

Positive-, negative-, and zero-sequence impedances are usually provided as identified values
on the generator manufacturer’s data sheet for the machine. If negative and zero are not
readily available, a couple of guidelines may be used to approximate values.

The negative-sequence reactance of a synchronous generator is defined in Park’s equations as
the mean of the direct and quadrature axis subtransient reactances. For smooth rotor
machines (i.e., 3600 r/min machines on 60 Hz systems), the direct and quadrature reactances
are nearly equal; and in the absence of better data, the negative-sequence reactance may be
assumed to be equal to the subtransient reactance.

Zero-sequence reactance is also defined in Park’s equations, but the definition is more com-
plex. For most machines, its value is on the order of one half of the subtransient reactance.
When looking into the terminals of a generator (in the figurative sense), the actual zero-
sequence impedance is a combination of the zero-sequence impedance of the generator plus
the zero-sequence representation of the generator’s neutral grounding device. Neutral
grounding devices are treated separately.

Positive-sequence reactance is also usually available from the generator manufacturer’s data
sheet, but normally several values exist from which to choose. As noted in Table 2-1, the
value to be used in a calculation of short-circuit currents depends upon the intended use of the
result of that calculation.

The definitions given in Equation (2-5) for positive-, negative-, and zero-sequence voltage
and current phasor sets also suggest another important consideration in the representation of
synchronous machines in symmetrical component terminology. Positive-sequence voltages
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correspond to actual system voltages and currents, whereas negative- and zero-sequence volt-
ages are physically fictitious. Generators are a source of voltage on the power system, and the
only sequence to include a voltage source is the positive sequence.

Induction generators are finding their way more commonly into both industrial and utility
applications. Induction generators should be treated as induction motors for fault
calculations.

2.7.1.2 Motors

Motors can be thought of as closely related to generators, and the impedances used to
represent them in symmetrical components are derived similarly to those of generators. For
synchronous motors, negative-sequence impedances values are readily available from
manufacturer’s data sheets; or if no better data are known, the value of the subtransient
reactance may be used. For induction motors, however, negative-sequence values are harder
to obtain. A common assumption, which is usually satisfactory, is that the negative-sequence
reactance is equal to the locked-rotor reactance for induction motors.

As for generators, the zero-sequence impedance seen looking into the terminals of a motor is
a combination of the zero-sequence impedance of the machine and the zero-sequence imped-
ance of the neutral grounding devices. Consequently, because the neutral of motors is almost
inevitably ungrounded, an infinite zero-sequence impedance for motors would be seen.

Table 2-1 also lists positive-sequence impedance values for motors. As for generators, the
magnitude of impedance may vary depending on the use intended for the calculated values.

2.7.1.3 Transmission lines

Determining impedances for transmission lines is more challenging and generally involves
making calculations from the physical parameters of the line and its conductors. The
algorithm and equations given in this subclause describe the procedure, and experienced
protection engineers find understanding the theoretical basis for this procedure helpful. All
the equations given in this subclause are for 60 Hz systems; impedances for systems at other
frequencies can be determined by ratio or by modifying the formulae. Alternatively, computer
programs are available to calculate line impedances.

The first consideration is that the positive- and negative-sequence impedances of transmission
lines are equal. A transmission line is a passive component that responds in the same way to
positive- and negative-sequence excitation. Because sequence impedances are the
relationships between respective sequence voltages and currents, calculation of one
impedance suffices for both needs.

The positive-sequence reactance of a transmission line can be thought of as the impedance
that would relate voltage and current when the three conductors or a transmission line are
shorted together at one end, while excited by a positive-sequence source of voltages at the
other end. This impedance can be calculated using the following equation:
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X, = j0.1737 1oglo[%]g/km (2-6)
where

GMD is the geometric mean spacing between phase conductors (e.g., the cube root of the
product of the three-phase spacings) (m),
GMR is the geometric mean radius of the phase conductor (m).

GMD should be calculated for the specific spacings of the array of conductors making up the
transmission line, while GMR is a parameter for the conductor that is available from the con-
ductor manufacturer.

Positive-sequence resistance can be read directly from conductor tables.

Calculating the zero-sequence impedance of a transmission line is more challenging. The
concept can be viewed as follows: All three phases of a transmission line are shorted together
to ground at the source end, while all three conductors are shorted together and to both
ground and the overhead ground wire (OHGW) at the other end. When a single phase source
of voltage is then applied at the source end, a current flows. The ratio of the single-phase driv-
ing voltage to the resulting current flow is the zero-sequence impedance of the line.

Physically, current flows from the faulted conductor into both ground and the OHGW as
depicted in Figure 2-6a; the current flows from the source out through the phase conductors
and returns through a complex path consisting of the OHGW and the earth. From this physi-
cal picture, it is apparent that the zero-sequence impedance should, therefore, consist of three
branches as indicated in Figure 2-6b: the zero-sequence impedance of the phase conductors,
the zero-sequence impedance of the static wire return (OHGW), and the zero-sequence
impedance of the earth return.

Values can be calculated for the various branches of Figure 2-6b using the following

equations:
1
R, = 3(R,)Q/km (2-7)
_ GMD,
X, = j0.1737 loglo[m]ﬁ/km (2-8)
R, = 005928 Q/km (2-9)
X j0.1737 1 De Q/k 2-10
m = JY OgIO[GTDz] m (2-10)
D, = 6584 |~ m @2-11)
f
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Qverhead Ground Wire (OHGW)

~==—— Return current

Insulator flashover
— == Fault current

-==—— Return current

Earth circuit

Figure 2-6a—lllustration of insulation flashover on open wire line showing
return current flowing through OHGW of transmission line and through earth

R aw

R, = TQ/km (2-12)
, GMD,

X, = j0.1737 loglo[GTRz]Q/km (2-13)

where
R, is the resistance of the phase conductor (€/km),
GMD, is the geometric mean spacing of all conductors —phase and static (OHGW) wires
(m),

GMR, is the geometric mean radius of k static (OHGW) wires (m),
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k is the number of static (OHGW) wires,
r is the earth resistivity (typically 100) (2-m),
R, is the resistance of one ground wire (/km),
f is the system frequency.

Z(of OHGW
Z(yof circuit _\NVVV\_ Rg + ng

— | o
Rao +jXao —/WW\—'Rm +jXm

Zoof earth return

O

Figure 2-6b—Zero-sequence equivalent circuit that accounts for
self impedance of transmission line and the impedances of
earth and OHGW return paths

2.7.1.4 Cables, busway, and bus duct

Most analysts are satisfied to rely on the impedance data on cables, busway and bus duct that
are provided by manufacturers. Two situations exist, however, where this reliance may not
be adequate. For systems consisting of an array of single conductor cables, Equation (2-6) or
Equation (2-7) should be used, with the spacing between individual conductors accounted for
as the GMD. If multiple conductors exist per phase, care should be taken to evaluate the
impact of the arrangement of conductors and to consider that the GMR of each phase is a
composite of the true conductor GMR and the spacing of the conductors making up the phase.

Zero-sequence reactances for cables, bus, and busway are difficult to determine because they
depend on the return path impedance as shown in Figure 2-6a and Figure 2-6b. Obviously, no
OHGW return exists, but consideration should be given to the cable sheath, shield wire,
conduit, cable tray, earth path, and other conducting paths involving building steel and fluid
piping in the vicinity. An exact calculation is generally not possible. When low-resistance
grounding is used in medium-voltage systems, determining the exact zero-sequence
impedance of a cable or bus system is seldom necessary because it is negligible when
compared to the grounding resistor.

2.7.1.5 Transformers

As a passive device, the positive- and negative-sequence impedance magnitudes for
transformers are identical and are equal to the nameplate leakage reactance provided by the
manufacturer. However, in modeling transformers in symmetrical components, recognizing
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that an inherent phase shift is associated with delta-connected windings is sometimes
necessary. Wye-delta and delta-wye transformers built under ANSI standards are designed so
that high-voltage quantities always lead the corresponding low-voltage quantities by 30°. The
complete positive-sequence model for a delta-wye or wye-delta transformer, therefore,
should include a 30° phase shift. Negative-sequence quantities, however, are shifted in the
opposite direction, and so the negative-sequence representation should include a phase shift
opposite to the shift considered in positive sequence. These relationships are illustrated in
Figure 2-7a. Inclusion of these phase shifts is important only if a rigorous calculation is
needed to determine exact phase currents and voltages on both sides of the transformer,
including phase angles. Analysts often take the shortcut of neglecting phase shifts if the
calculations are restricted to determining information on only one side of the transformer. No
inherent phase shift occurs in wye-wye transformers; therefore, the positive- and negative-
sequence equivalent circuits for these transformers also do not require phase shifts.

Higher voltage %E Lower voltage

3¢

Z, Zy
o—C—))—JVW\/\—o o—@—\N\N\/\—O
30 shift 30 shift
o 0 % o
Positive Sequence Negative Sequence

NOTES

1—The phase shift in positive sequence is in the same direction as in the physical trans-
former: high voltage leads low voltage by 30° for ANSI standard transformers.

2—The phase shift in the negative-sequence circuit is opposite in direction.

Figure 2-7a—Positive- and negative-sequence equivalent circuits for
delta-wye or wye-delta transformer

The zero-sequence impedance of a transformer is controlled by a number of factors. The best
way to determine a magnitude of this impedance is by an actual test, but the following
comments, supplemented by information in some of the references, may be used to predict a
value that is close enough for many applications. First, the zero-sequence impedance seen
looking into a transformer depends upon the configuration of the winding. The zero-sequence
impedance of a delta winding is infinite (an open circuit), whereas the zero-sequence
impedance of a wye-connected winding is a series composite of the zero-sequence impedance
of the transformer and the impedance of any neutral grounding devices that might be present.
Thus, an ungrounded wye winding would present an infinite zero-sequence impedance
because the absence of a neutral grounding connection appears as an open circuit in series
with the zero-sequence impedance of the transformer winding itself (see Figure 2-7b). The
impedance of the transformer itself depends upon several factors in the construction of the
transformer. Three-phase transformers, which are constructed so that a closed, low-impedance
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path exists for the flow of zero-sequence flux within the transformer, have a lower zero-
sequence impedance than transformers without such a path. One such path is the transformer
core. Transformers with core-form construction have lower zero-sequence impedances than
units with shell-form cores. Three-phase transformers with delta windings have the lowest
zero-sequence impedance, and in the absence of actual test data, it is often assumed that the
zero-sequence impedance of core-form transformers with delta windings is about 0.85 times
the positive-sequence leakage reactance of such transformers. The zero-sequence impedance
of shell-form transformers has about the same magnitude as the positive-sequence leakage
reactance of such transformers. Conversely, a three-phase transformer bank consisting of
three, single-phase transformers connected wye-wye has a very high zero-sequence
impedance.

A 3
-

t

[s; O

NOTE—The circuit is open on the side corresponding to the delta winding on
the physical transformer.

Figure 2-7b—Zero-sequence equivalent circuit for
delta-wye-grounded transformer

2.7.1.6 Neutral grounding devices

Neutral grounding devices such as resistors and reactors appear only in zero sequence.
Figure 2-8 shows that if zero-sequence current /; is flowing in each phase conductor, then the
current in the neutral device is 3. Representing the neutral device in zero sequence with a
resistance or reactance equal to three times the actual device impedance accounts for the cor-
rect sequence voltage from neutral to ground.

2.8 Network interconnections

The most critical aspect of using symmetrical components is in interconnecting the system
sequence impedance networks. The form that this interconnection should take is determined
by the type of fault to be calculated. Many possible interconnections exist, and several of the
references in 2.11 include extended discussions of how these interconnections are derived as
well as tables of many of the possible combinations. For this recommended practice,
however, presenting only the four interconnections representing the fault interconnections
most commonly of interest is sufficient.
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___, loc

—+ loa

Zn

B

NOTE—Because zero sequence, by definition, is equal in magnitude and displaced 360° in the
three phases, the current that shall flow in a neutral grounding circuit is 31,. Therefore, to assure
that the zero-sequence voltage drop in the equivalent circuit is correct, the physical impedance
of the neutral circuit shall be multiplied by 3 in the zero-sequence equivalent circuit:

— lob

Vdrop = 3[0 X Zn . 10 X SZn

Figure 2-8 —Zero sequence representation of neutral grounding devices

Each of these interconnections relate how the positive-, negative-, and zero-sequence net-
works should be connected together to represent the desired system condition. The sequence
impedance networks themselves are the one-line diagrams of the system showing the imped-
ances of the respective sequence. An important concept is that positive sequence is defined as
the balanced phasors rotating in the direction of rotation of the actual phase quantities on the
power system; in the vast majority of cases, only the positive-sequence network includes
voltage sources.

2.8.1 Balanced three-phase conditions

Balanced three-phase condition is by far the most common sequence interconnection because
not only can it be used to analyze three-phase short circuits, it also is the correct representa-
tion for balanced three-phase load conditions.

Figure 2-9 is the interconnection for balanced three-phase conditions. Because the system
condition of interest is balanced, nothing of interest takes place in the negative- and zero-
sequence networks of the system and they may be ignored.

The impedance indicated Zyis the fault impedance. In a true bolted fault situation, this imped-
ance is negligibly small. In other cases, this impedance may be the impedance of a load, and
the calculation would represent balanced three-phase load conditions.
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Z7
vWWA o
Y, ’f
22 -
YWWA )
0
Zo
YWwWA )
O

Figure 2-9—Sequence interconnections for a balanced three-phase fault,
which involve only positive-sequence quantities

2.8.2 Phase-to-phase short circuits

Faults involving abnormal conduction from one phase to another without involving ground
may be represented using the interconnection of Figure 2-10. The zero-sequence network is

not involved and may be ignored.

Z1
VWA o |
V¢
a Zf

Lo |
WA o

Z0

AW o

O

Figure 2-10—Sequence interconnections for a phase-to-phase fault
not involving ground

As for the three-phase condition, Z; would normally be the fault impedance, but it could also
be a phase-to-phase load impedance if the problem of interest is the response of the system to

a phase-to-phase-connected single-phase load.
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An interesting and often useful relationship develops from Figure 2-10. In the special case of
a zero-impedance phase-to-phase fault, if the negative-sequence impedance of nearby syn-
chronous machines is approximately equal to the positive-sequence impedances of such
machines or if no synchronous generators are nearby at all, then the phase-to-phase fault cur-
rent will be +/3/2 , or 0.87 times the corresponding three-phase fault current. This relation-
ship can be proven by calculating sequence currents in Figure 2-10 for the specified condition
and then converting them to phase currents using Equation (2-4).

2.8.3 Phase-to-ground short circuits

The phase-to-ground short circuit is perhaps the most used interconnection because the line-
to-ground fault is statistically the most common fault geometry. Figure 2-11 shows that to
represent a single line-to-ground condition, the three sequence networks are connected in
series at the point of the fault.

Z1
YWWA o
v
Z5 ©
WA
g
Zo
YWWA o
34
©

NOTE—To account for neutral grounding equipment, 3Z,, has been included. In a solidly grounded
system, Z, = 0.

Figure 2-11—Sequence interconnections for a single phase-to-ground fault

Several important observations exist about the use of this interconnection. First, because the
zero-sequence network contains an open-circuit anywhere the actual system has a delta-
connected or ungrounded-wye transformer winding, examining the zero-sequence network is
necessary only for the portion of the system associated with the fault and bounded by delta-
connected or ungrounded-wye transformer windings. Second, because the positive- and
negative-sequence impedances are equal for almost every device, the negative-sequence net-
work is often not represented in detail. Instead, once a value for the positive-sequence imped-
ance at the point of fault is determined, this value is substituted for the negative sequence
also. From this substitution, the current in the interconnected circuit becomes
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Vv

/= ———— 2-14

(2Z,+Z,+3Z,) ( )
3V]

[, =3[ = ———— = 2-15

8f O (2Z,+2,+32Z,) 2-15)

A second consideration is that on systems where the neutral is grounded through a resistor
designed to limit the fault current to a low value, the magnitude of the resistance in terms of
zero sequence is so large that all other impedances in the network are insignificant by com-
parison. Thus, in these cases, calculating a formal symmetrical component to determine
ground-fault current magnitudes is usually not necessary.

2.8.4 Open phase

Open phase is not a short-circuit condition, but it does fall under the generic definition of a
fault. Figure 2-12 shows that interconnecting the positive- and negative-sequence networks at
the point of the open phase, with the networks complete on both sides of the discontinuity,
enables simplified calculations of the condition.

Zq Zq
V V
Z> o= —° Z5
o AN\
O O

NOTE—The sequence networks on the right and left are the respective Thevenin equivalents
looking in those directions.

Figure 2-12—Sequence interconnection used to model
a single open-phase condition
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2.9 Calculation examples

IEEE Std 399-19972 introduced a composite one-line diagram for a typical power system to
illustrate a variety of analytical principles on a single system (see Figure 2-13 in this recom-
mended practice).

The process of calculating protective device fault levels requires a series of steps. Today, most
analysts choose to perform these calculations using computers, and the procedure outlined in
Item a) through Item h) assumes that computers are used. However, the basic principles apply
to manual calculations although the analyst in that instance should be more careful to decide
up front precisely what information is needed in order to minimize the amount of tedious
work to be done.

a)  State the problem to be solved. The nature of the problem determines the type of cal-
culation to be done and, in turn, dictates what specific data are required. In the
present context, the calculation is of fault currents for protective devices. However,
unlike fault calculations for breaker applications, protective device calculations gen-
erally are not done for every bus. For illustration, the following examples should be
calculated:

1) Example A: Maximum three-phase instantaneous relay current in the 2 Mvar
13.8 kV power factor capacitor feeder on Bus 4.

2) Example B: Phase-to-ground-fault current at the receiving end of one of the
69 kV incoming circuits from the utility (i.e., a fault on the primary bushings of
Transformer T-1).

3) Example C: Phase-to-ground-fault current at the secondary terminals of
1.5 MVA Unit Substation T-5.

b) Collect data. This step entails understanding the interconnection of the various
components that make up the system, as well as collecting data on each of the
components. For example, Figure 2-13 includes information on transformer
connection that is essential in determining ground fault levels. A one-line diagram is
usually an essential tool in correlating system data, and some analysts choose to use
the one-line diagram as the principal tool for recording all the data.

c)  Put aside information that does not apply to the immediate problem. Generally,
power factor capacitors, surge arresters, and surge capacitors do not contribute to the
distribution of fault current as recognized by protection engineers, so these compo-
nents may be ignored.

More generally, however, some information may affect the magnitude of protective
device currents, but not necessarily the currents of interest in the immediate problem;
and in the interest of saving time, ignoring these data may be possible. A good exam-
ple of this type of data is zero-sequence data. Delta-connected transformers establish
boundaries for zero-sequence calculations; and, if the problem statement calls for
ground-fault data in only one area of the system, entanglement with zero-sequence
data in other areas may be avoided. In the illustration, ground-fault data are required
at the 69 kV bus at the secondary of Substation T-5; therefore, the analyst may, if
desired, choose to ignore zero-sequence data elsewhere in the system.

Information on references can be found in 2.11.
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d) Decide on a common base for the per-unit calculations. Base quantities selected for
this sample system are as follows:

MVA base: 100 MVA three phase

KV Base: 69 kV line to line at 69 kV buses

13.8 kV line to line at 13.8 kV buses

4.16 kV line to line at 4.16 kV buses

2.4 kV line to line at 2.4 kV buses

0.480 kV line to line at 480 V buses

Frequency base: 60 Hz

e)  Convert component impedances to per-unit values on the appropriate base quanti-
ties. These per-unit values should be arranged in the fashion required by the computer
software. For a manual calculation, they should be recorded on a one-line diagram.
Computer software usually accepts nominal nameplate parameters and performs this
tedious and exacting task.

f)  Perform the network reduction calculations necessary to arrive at driving-point
positive- and zero-sequence impedance values at each point of interest defined by the
original statement of the problem. Using these driving-point impedances, the
sequence impedance network interconnections discussed in 2.8 should be set up to
calculate per-unit magnitudes of sequence currents. Finally, these per-unit values
should be converted into ampere values. Again, this tedious, time-consuming calcula-
tion is most often done with the computer today.

g)  Set up the sequence impedance connections needed for the desired currents. Again,
many computer programs can do this step automatically, but it is instructive to take
raw driving-point impedances and perform this step by hand. For illustration, the
phase-to-ground-fault current at the secondary of Transformer T-5 [see Example C in
2.9 a) Item 3)] is calculated manually in 2.9.1 and 2.9.2.

h)  Record the calculated currents. This step is often overlooked although it is extremely
important.

2.9.1 Computer model of the example system

For the sample one-line diagram in Figure 2-13, the system data were modeled using a com-
puter program to calculate relay currents. The program used to develop these illustrations
offers graphical output, showing relay currents and necessary system information directly on
segments of the one-line diagram. The practice of displaying current magnitudes, and direc-
tion of flow, on the one-line diagram is especially useful to the protection engineer and was
commonly done even when the primary tools for performing calculations were the pencil and
a slide rule.

Rather than provide sample hand calculations, which are difficult to follow, subclause 2.9.2
indicates only the input data for the system of Figure 2-13. The system can then be modeled
using a computer, and the sample problems can be calculated. Data for the sample
system are presented in Table 2-3a through Table 2-3h.
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Table 2-3a—Sample system input: utility data

Ident Bus kV 3f MVA X/R f-G MVA X/R

UTIL-1 100:UTIL-6 | 69.000 | 1000.00 22.20 765.00 9.70

Table 2-3b—Sample system input: generator data

Ident Bus MVA kV RPM pf T X" f-G %X X/R
GEN-1 50: GEN-1 15.625 13.800 | 3600 0.80 | 11.2 5.70 35.7
GEN-2 04: MILL-2 | 125 13.800 | 3600 0.80 | 12.8 5.80 374

Table 2-3c—Sample system input: motor data

Ident Bus hp kVA Type | RPM pF kV %X | X/R EZ-Code

M-30 51: AUX 200 | 200 IND 1800 048 16.7 | 7.0 >50
M-31 51: AUX 600 | 600 IND 1800 048 16.7 | 120 <50
M-FDR-L | 08: FDR L 9000 | 9000 SYN | 1800 0.80 | 13.80 | 20.0 | 340 Synch
M-T10-1 28: T10 SEC | 400 | 400 IND 1800 048 16.7 | 10.0 >50
M-T10-2 | 28: T10 SEC | 500 | 500 IND 1800 048 16.7 | 5.0 >50
M-T1--3 33: TIOMCC | 300 300 IND 1800 048 16.7 | 120 <50
M-T11-1 29: T11 SEC | 625 625 IND 1800 048 16.7 | 10.0 >50
M-T11-2 | 29: T11 SEC | 465 465 IND 1800 048 16.7 | 5.0 <50
M-T11-3 | 34: T1IMCC | 110 110 IND 1800 048 16.7 | 7.0 <50
M-T12-1 30: T12 SEC | 400 | 400 IND 1800 048 16.7 | 120 >50
M-T12-2 | 30: T12 SEC | 500 | 500 IND 1800 048 16.7 | 5.0 <50
M-T12-3 | 35: T12MCC | 300 300 IND 1800 048 16.7 | 120 <50
M-T13-1 36: T13 SEC | 2500 | 2500 IND 1800 2.30 16.7 | 32.85 | >50
M-T14-1 37: T14 SEC | 700 | 700 IND 1800 048 16.7 | 120 >50
M-T14-2 | 37: T14 SEC | 300 300 IND 1800 048 16.7 | 5.0 <50
M-T17-1 49: RECT 1200 | 1200 IND 1800 0.46 299 | 80 <50
M-T3-1 39: T3 SEC 1750 | 1662.5 | IND 1800 4.16 16.7 | 29.74 | Ind > 1000
M-T4-1 11: T4 SEC 500 | 475 IND 1800 24 16.7 | 120 >50
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Table 2-3c—Sample system input: motor data (  Continued )

Ident Bus hp kVA Type | R/min | pF kv %X | XIR EZ-Code
M-T5-1 17: T5 SEC 850 824.2 IND 1800 0.48 16,7 10.0 <50
M-T5-2 17: T5 SEC 500 500 IND 1800 0.48 16/7 5.0 >50
M-T5-3 22: T5MCC 150 142.5 IND 1800 0.48 16,7 14.Q <50
M-T6-1 18: T6 SEC 850 824.2 IND 1800 0.48 16,7 10.0 <50
M-T6-2 18: T6 SEC 500 500 IND 1800 0.48 16/7 5.0 >50
M-T6-3 23: TeMCC 150 142.5 IND 1800 0.48 16,7 14.Q <50
M-T7-1 19: T7 SEC 1250 1125 IND 1800 2.4 167 26.10 Ind> 1({)00
M-T7-2 19: T7 SEC 2500 2375 IND 1800 2.4 16,7 15.0 Ind > 1(*00
M-T8-1 20: T8 SEC 1750 1662.5 IND 1800 24 16.7 15.0 Ind > 1+00
M-T8-2 20: T8 SEC 2000 1800 IND 1800 2.4 280 26.0 Ind > 1(lOO
M-T9-1 21: T9 SEC 750 727.3 IND 1800 0.48 16,7 12.0 <50

Table 2-3d—Sample system input: transformer data
dent | KVA | %Z, | XIR | %Zg | XR | ot | 10| Tap | Frombus To bus
T-1 15000| 8.00| 17.0f 7.20; 17.0 69 13 69.00 01: 69-1 03: MILL}1

T-10 1500 575| 6.5 5.75| 6.5 13.8 0.4 13.80 25: T1I0 PRI 28:T10 $EC

T-11 1500 575| 6.5 5.50 6.5 13.8 0.4 13.80 26: FDR G 29:T11 $EC

T-12 1500 575| 6.5 5,50/ 6.5 13.8 0.4 13.80 27:T12 PRI 30: T12 $EC

T-13 2500 575| 10.0f 50.0, 10.0 13.8 2.4 13.80 31: FDR P 36: T13 pEC

T-14 1000 575| 5.50/ 50.0 10.0 13.8 0.48 13.8(

0

0

0

0

0

0 32.FDRQ 37: T14 BEC
T-17 1250 450 | 6.0 450, 6.0 13.8 0.48 13.800 O05:FDRF 49: RECT

0

0

0

0

0

0

T-18 1500 575| 591 575 5091 13.8 0.48 13.8( 50: GEN 1 51: AUX

T-2 15000| 8.00| 17.0f 7.40 17.0 69 13|18 69.00 02: 69-2 04: MILL}2

T-3 1725 6.00 | 8.0 6.00| 8.0 13.8 4.16 13.80 05: FDR F 39: T3 SEC

T-4 1500 575 | 6.5 5.50| 6.5 13.8 0.48 13.80 06: FDR H 11: T4 SEC

T-5 1500 6.75| 6.5 6.75| 6.5 13.8 0.48 13.80 12: T5 PRI 17: T5 SEC

T-6 1500 575 | 6.5 5.75| 6.5 13.8 0.48 13.80 13: T6 PRI 18: T6 SEC
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Table 2-3d—Sample system input: transformer data (  Continued )
dent | KVA | %Z, | XIR | %Zg | XR | ot | 0| Tap | Frombus To bus

T-7 3730 5.50 12.0f 5.50 12.0 13.8 2.4 13.800 06: FDR H 19: T7 SEC

T-8 3730 5.50 12.0f 5.50 12.0 13.8 2.4 13.800 15: FDR | 20: T8 SEC

T-9 750 5.75 5.0 5.50 5.0 13.8 0.48 13.800 16: T9 PRI 21:T9 SEC

Table 2-3e—Sample system input: cable data
Ident Config | Cable/@ Size Mtl | Conduit Le(nmg)th kv From bus To bus
C-E1 3lc 1 250 Kemil | Cu PVC 198.12 13.8 03: MILL-1 09: FDR-E
C-E2 3lc 1 250 Kemil | Cu PVC 558.6984 13,8 09: FDR-E 25: T10 PRI
C-E3 3lc 1 250 Kemil | Cu PVC 22.86 13.8 09: FDR-E 13: T6 PR|
C-E4 3lc 1 250 Kemil | Cu PVC 50.292 13.8 09: FDR-E 12: T5 PH]
C-F1 3lc 1 250 Kemil | Cu PVC 99.06 13.8 03:MILL1 05: FDR-F
C-G1 3lc 1 250 Kemil | Cu PVC 207.264 13.8 03:MILL1 26: FDR-Q
C-H1 3lc 1 250 Kemil | Cu PVC 143.5608 13.8 03:MILL 1 06: FDR-H
C-11 3lc 1 250 Kemil | Cu PVC 298.704 13.8 04: MILL 2 15: FDR-I
C-J2 3lc 1 250 Kemil | Cu PVC 188.6712 13|18 04: MILL 2 27: FDR-J
C-J3 3lc 1 250 Kemil | Cu PVC 361.7976 13|18 16: T9 PRI 04: MILL-p
C-J4 3lc 1 250 Kemil | Cu PVC 60.96 13.8 10: EMERG 13: T6 PR
C-J5 3lc 1 250 Kemil | Cu PVC 3.048 13.8 10: EMERG 12: T5 PR
C-J6 3lc 1 250 Kemil | Cu Steel 144.78 138 10: EMERG 27: T12 HRI
C-L1 3lc 1 250 Kemil | Cu PVC 155.448 13.8 04: MILL 2 08: FDR-L
C-M1 3lc 1 400 Kcmil | Cu PVC 155.448 13.8 04: MILL 2 24: FDR-M
C-M2 3lc 1 250 Kcmil | Cu PVC 103.632 13.8 24: FDR-M 31: FDR-H
C-M3 3lc 1 250 Kcmil | Cu PVC 147.828 13.8 24: FDR-M 32: FDR-(
C-T10-1| 3/c 1 250 Kemil | Cu PVC 15.24 13.8 28:T10 SEC 38: 480 T|E
C-T10-2 | 3/c 2 400 Kcmil | Cu PVC 6.096 0.48 33:TI0OMGC 28:T10 SEC
C-T11-1| 3/c 1 250 Kemil | Cu PVC 20.1168 0.48 29:T11 SHEC 38: 480 TJIE
C-T11-2 | 3/c 2 400 Kcmil | Cu PVC 6.096 0.48 34:T11 MGCC 29:T11 SEC
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2.9.2 Computer analysis of the example system

Table 2-3e—Sample system input: cable data ( Continued )

Ident Config | Cable/@ Size Mtl | Conduit Le(nmg)th kv From bus To bus
C-T12-1| 3/c 1 250 Kemil | Cu PVvC 15.24 0.48 38:480TIE 30: T12 SEC
C-T12-2 | 3lc 1 400 Kcmil | Cu PVvC 6.096 0.48 35:T12MCC 30:T12 SEC
C-T5-1 3lc 1 250 Kemil | Cu PVC 6.096 0.48 22:T5MCC 17: TS5 SEL
C-T6-1 3lc 1 250 Kemil | Cu PVC 6.096 0.48 23:T6 MCC 18: T6 SELC
C1A 1/c 2 500 Kcmil | Cu PVC 609.60 13.8 50: GEN1 03: MILL-]

Table 2-3f—Sample system input: current-limiting reactor data
Thru
Ident KVA Amps | Ohms Mtl kv %Z | XIR From bus To bus
CLR-3 | 23903 1000 0.800] Cu 13.80p 3.35 10p 04: MILL{2
Table 2-3g—Sample system input: busway data
Ident Manuf Le(lr;]g)th Amps | kV | R/100 | X/100 | Mtl From bus To bus
BWY-1 | SQD-I-Li | 15.24 1000 0.48 0.0016 0.0010 C 28: T1I0 SEC 41:LgTS
Table 2-3h—Sample system input: transmission line data
Cond/ Size GMD Length

Ident phase | (Kemil L) mtl m) (km) kv From bus To bus

L-1 1 266.8 ACSR | 2.1336 3.0474 69.000 100: UTIL-69 01:69-1

L-2 1 266.8 ACSR | 2.1336 3.0474 69.000 100: UTIL-69  02: 69-2

A computer analysis of the sample system and areas of interest are presented and discussed
from a protection viewpoint. Equipment duty verification and the application of ANSI or IEC
multipliers are not considered.

In a computer analysis of a power system, the mathematical model of the system is developed
from a bus or node structure describing the system. This relationship allows for easy
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