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Introduction

(Thisintroduction is not a part of |EEE Std 399-1997, |EEE Recommended Practice for Industrial and
Commercial Power Systems Analysis.)

This Recommended Practice, commonly known as the “Brown Book,” is intended as a
practical, genera treatise on power system analysis theory and as an engineer’s reference
source on the techniques that are most commonly applied to the computer-aided analysis of
electric power systemsin industrial plants and commercial buildings. The Brown Book is a
useful supplement to several other power system analysis texts that appear in the references
and bibliography subclauses of the various chapters of this book. The Brown Book is both
complementary and supplementary to the rest of the Color Book series.

One new and important chapter has been added: Chapter 16, entitled “DC auxiliary power
system analysis.” All the other chapters in this new edition have been revised and updated—
in some cases quite substantially—to reflect current technology.

To many members of the working group who wrote and developed this Recommended
Practice, the Brown Book has become a true labor of love. The dedication and support of
each individua member is clearly evident in every chapter of the Brown Book. These
individuals deserve our many thanks for their excellent contributions.



The Brown Book Working Group for the 1997 edition had the following membership:

Chapter 1.
Chapter 2:

Chapter 3:
Chapter 4.

Chapter 5:
Chapter 6:

Chapter 7:
Chapter 8:
Chapter 9:
Chapter 10:

Chapter 11:
Chapter 12:
Chapter 13:
Chapter 14:
Chapter 15:

Chapter 16:

L. Guy Jackson, Chair

Introduction—L . Guy Jackson, Chair; George A. Terry

Applications of power system analysis—L . Guy Jackson, Chair;
George A. Terry

Analytical procedures—M . Shan Griffith, Chair; Anthony J. Rodolakis

System modeling—Stephen S. Miller, Co-Chair; Mark Halpin; Co-Chair;
Matt McBurnett; Anthony J. Rodolakis; Michael S. Tucker

Computer solutions and systems—Glenn E. Word, Chair; Anthony J. Rodolakis

Load flow studies—Chet E. Davis, Co-Chair; James W. Feltes, Co-Chair;
Mark Halpin; Anthony J. Rodolakis

Short-circuit studies—Anthony J. Rodolakis, Chair; William M. Hall;
Mark Halpin; Michael E. Lick; Matt McBurnett; Conrad St. Pierre

Stability studies—Wei-Jen Lee, Co-Chair; Mark Halpin, Co-Chair;
Matt McBurnett; Anthony J. Rodolakis

Motor-starting studies—M . Shan Griffith, Co-Chair; Mike Aimone, Co-Chair;
Anthony J. Rodolakis

Harmonic analysis studies—Suresh C. Kapoor, Chair; M. Shan Griffith;
Mark Halpin

Switching transient studies—Carlos B. Pinheiro, Chair

Reliability studies—Michael R. Albright, Chair

Cable ampacity studies—Farrokh Shokooh, Chair

Ground mat studies—M . Shan Griffith, Chair; Anthony J. Rodolakis

Coordination studies—A. Elizabeth Ronat, Chair; Mike Aimone;
Michael E. Lick; John F. Witte

DC auxiliary power system analysis—K enneth Fleishcher, Co-Chair;
Scott Munnings, Co-Chair; Ajkit K. Hiranandani; Gene A. Poletto

Others who contributed to the devel opment of this document are as follows:

J.J. Dia

A. D. Patton George W. Walsh

C. R. Heising David Shipp Erzhuan Zhou



The following persons were on the balloting committee:

\Y

MikeA. Aimone
Michael R. Albright
Robert J. Beaker
Reuben F. Burch IV
Chet Davis

James W. Feltes
LandisH. Floyd
Jerry M. Frank

Dan Goldberg

M. Shan Griffith
William M. Hall
Mark S. Halpin

L. Guy Jackson
Suresh C. Kapoor

Don O. Kova
Wei-Jen Lee
Michadl E. Lick
Matt McBurnett
Richard H. McFadden
Reg Mendis

Steve S. Miller
Daleep Mohla
William J. Moylan
R. Scott Munnings
Andrew T. Morris
Ed Palko

GeneA. Poletto

Brian Rener
Rasheek Rifaat
Milton D. Robinson
Anthony Rodolakis
A. Elizabeth Ronat
Donald R. Ruthman
Vincent Saporita
Lynn F. Saunders
Stan Shilling

David Shipp
Farrokh Shokooh
Conrad R. St. Pierre
Erzhuan Zhou
Donald W. Zipse



When the |EEE Standards Board approved this standard on 16 September 1997, it had the
following membership:

Donald C. Loughry, Chair Richard J. Holleman, Vice Chair
Andrew G. Salem, Secretary

Clyde R. Camp Lowell Johnson Louis-Frangois Pau

Stephen L. Diamond Robert Kenelly Gerald H. Peterson

Harold E. Epstein E.G. “Al” Kiener John W. Pope

Donald C. Fleckenstein Joseph L. Koepfinger* Jose R. Ramos

Jay Forster* Stephen R. Lambert Ronald H. Reimer

Thomas F. Garrity LawrenceV. McCall Ingo Rusch

Donald N. Heirman L. Bruce McClung John S. Ryan

Jim |saak Marco W. Migliaro Chee Kiow Tan

Ben C. Johnson Howard L. Wolfman

*Member Emeritus

Also included are the following nonvoting |EEE Standards Board liaisons:

Satish K. Aggarwal
Alan H. Cookson

PaulaM. Kelty
IEEE Sandards Project Editor

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

Vii






Contents

Chapter 1
OVEIVIBIV ...ttt b et bbbt bt e b e s e b e s e b e s e eh s e e st s b e st b et e b et e b e neebeneebeneebenea 1
1.1 Scope and general iNfOrMELION .........c.ecerreiiriereneninereee e 1
1.2 History of power SyStem SIUAIES .......cc.cciieirieerieee e 1
1.3 Applying power system analysis techniques to industrial and
COMMENCIal POWES SYSLEITIS ...ttt et s 2
1.4 Purposes of this Recommended PractiCe .........ooeorereerrennineereee e 2
15 REFEIENCES. ...ttt et 5
Chapter 2
Applications of POWEr SYSEM ANAYSIS.......ciuiiriiririirieirees e 7
2.1 INETOQUCTION ...ttt sttt sttt b et et b et b e b e b ebenr b e 7
2.2 LB FIOW BNAIYSIS ....c.eieieiieeiirieisteetesest ettt eb e e 7
2.3 ShOrt-CIrCUIT @NAIYSIS......c.eiveuerieerieietereet ettt s b e e b s ene e 8
2.4 StEDIlITY BNEIYSIS ..ottt bbb e 8
2.5 MOLOr-Starting @NAIYSIS .......ceiueerieririerieiereete ettt b e e eb e ene e 8
2.6 HarmONiC @NAIYSIS.......coueuirieirieinieieeteneet ettt b et e bbb 9
2.7 Switching tranSientS @NAYSIS ........coeeuirerrerieie ettt r e ereseene s 10
2.8 REi@DIIty GNAYSIS....ceiveuirieierieirieese ettt 10
2.9 Cable ampaCity BNAlYSIS. ... ..ot 10
210 Ground MAaL BNEIYSIS.....c.coueirreriereriereriete sttt b e e b e b e ebeseene e e 11
2.11 Protective device coordination @NalYSIS.........ccueerirerireeenieereeseeeseeeseee s 11
2.12 DC auxiliary power SysStem @nalYSiS........ccvueeruereruereriineerenieieseeieseee e 12
Chapter 3
ANBIYLICE PrOCEAUIES ..ottt n e 13
130 A [ L oo (B 1o o FOU TSSOSOV P PO PTRPRRO 13
3.2 FUNGAMENTEIS ....c.ecvieieeie ettt 14
3.3 Bibliography......c.ccoieiieice e 40
Chapter 4
SYSEEM MOUEITING ...ttt bbbttt st b e 43
A1 INEFOTUCTION ...ttt ettt ettt b et b e b s b e ebese b e ene e 43
A2 MOTEIING -ttt b et b e e bbb b nnen e 43
4.3 REVIEW OF DASICS ....ecueieeuiiiiiteieie sttt s eb et s b e 44
4.4 Power NEIWOIK SOIULION ......coviiiiiiciiiecte et 49
45 IMPedance digraM ........occoierieereeiereeie ettt b e bbb seebesnene e 53
4.6 Extent Of the MOUE ..o e 54
4.7 Models of branch @ements.........cociiciieinc e 55
4.8 Power system data develOPMENT ..ot 71
4.9 MOdElS Of DUS El@MENTS.......coviiieiieiereete et 80



(O I =< 1= (< (1= TR 99

I =1 o [0 o = o Y2 SR 100
Chapter 5
Computer SOlULIONS @NA SYSLEMS........oceeiieie e e e e s e 103
5.1 INrOQUCTION ...ttt ettt 103
5.2 Numerical solution tEChNIQUES..........cccueiueeiierieie e 104
5.3 COMPULET SYSEEIMS.....uviiiiiiiiiiie sttt sttt ae st esaeenbe s snseenneesanas 122
5.4 Bibliography ......cccooieicece e e e 129
Chapter 6
L 0B FlOW SIUAIES.......coeeceieceiricee e 133
6.1 INErOQUCTION ...ttt ettt 133
SIS VES (< I 0 == (o] o [ 134
LG T [ g o1 = = 137
6.4 Load flow Solution MEhOUS............cceiiriiiiree e 140
6.5 L0ad flIOW @NaAlYSIS....ccuicieie ettt 149
6.6 Load flow Study EXamPle........ccveeeieiee et 151
6.7 Load flOW PrOgramS........cccieieiee ettt sttt e e s ae s esneeaesaeeaennean 162
6.8 CONCIUSIONS.....coieirereetireeiereeie ettt sttt r et et r e r e 162
Chapter 7
ShOI-CIFCUIT SEUJIES ...t et 165
7.1 INtrodUCtioN @NO SCOPE.....cveuirietrieerie sttt sttt sttt et 165
7.2 Extent and requirements of short-Circuit StUAIES...........eovveirerineinencere e 166
7.3 System modeling and computational teChNIQUES...........ccooeivieiireiinenneere e 168
7.4 Fault analysis according to industry standards ...........coceceveereineinennense e 172
7.5 Factors affecting the accuracy of short-circuit StUIEs.........ccoevrerenennennernee 179
7.6 COMPULEr SOIULIONS .....oeeuiieiiieiesiee sttt bbbt 182
TT EXAMPIE ot e bbb 187
T = 1= 010~ TS 203
7.9 Bibliography......c.cooiciieie bbb 206
Chapter 8
SEADHTLY SEUAIES. ...ttt bbbttt 209
S0 T (oo [0 Tox o] o 1P 209
8.2 Stability fFUNAMENTAIS.........eeieeerieirieee s 209
8.3 Problems caused by iNStability ..o 216
8.4 System disturbances that can cause iNStability.........cccoeereiineineineeeeee 216
8.5 Solutions to stability ProbIEMS. ..o e 217
8.6 System Stability @NAYSIS.....ccciveirieirieiereree e 218
8.7 Stability studies of industrial POWEr SYSLEMS........ccceireirerireiesee e 223
8.8 Summary and CONCIUSIONS ........cccoueirieiirieririerete st 228
8.9 BibliOGraphy ......c.cceiiiiieircee s 229



Chapter 9

MOLOr-Starting SEUAIES..........ocueeieieee ettt s reenr e e reenreens 231
0.1 INEFOAUCTION ...ttt ettt b e sa e s b b e e neas 231
9.2 Need for motor-starting StUdIES.........cccueieeiieiiee e 231
9.3 RECOMMENUALIONS. ... .cueeeeiieieeeeieeieeiere ettt ettt b e bbb e sr s 235
9.4 TYPESOf SIUTIES ..ottt ettt et e sae e e sreeeesnean 237
0.5 Datar@QUITEMENLS .....ccuiiueeieeeesie e sieereesteeee s e e sreetesre et e ere e teeseesseeaeesaeeneesreeeesnean 238
9.6 Solution procedures and eXamMPIES..........ccoceieeverieie e 241
S ST 0011 07 PR PS 259
0.8 REFEIBNCES. ... ittt ettt b bbb e e 263
9.9 Bibliography .......ccuocieeceee e e e 263

Chapter 10

HarmoniC analySiS SLUAIES.......cc.ecveeiecieiecie et neene 265

0 8¢ R 1 oo U Tod i [ o 1T SURPRPPR 265
O T2 = T (o | {011 T S 266
10.3 Purpose of harmOniC SLUAY ..........cceeiieieicice e 267
10.4 GENEral tNEOIY .......coieiee et aeeaeenes 268
10.5 SysteM MOUEING.......ccieieeeciece et e e sre e ens 276
10.6 EXample SOIULIONS......cc.oieeiecieieciie ettt ne s 290
10.7 RemMedial MEBSUIES .......coueieiieieeeeeee ettt et sttt sbe b e seeeas 302
10.8 HarmoniC StANAAIGS..........coeruerieieieireeeetere ettt s 307
10.9 REFEIENCES. ..ottt ettt b e bbb b e e neas 309
10.10 Bibliography......cccceeeeieeie ettt ettt sttt enaenreens 309
Chapter 11
SWiItching tranSIENt SEUAIES .........ecueeiee et nre e 313
11.1 Power system SWitChing tranSIENtS ........ccveevivieiiieece e s 313
11.2 Switching tranSient SLUdIES.......cc.ecueeeiieecieeeeese e 338
11.3 Switching transients—field MeasuremMents...........cccovvveevercesecceseee e 359
11.4 Typical circuit parameters for transient StUAIES...........ccceeveeievecie v 363
115 REFEIENCES. ..ottt e ettt b e bbb e e e 367
G = 11 o] To o =" ] Y P 367

Chapter 12

RETADIHTTY SIUAIES......eieeieeeiee e s s 375
122 DEFINITIONS......oouiitiiiitiite et ettt b e sb et e e e 375
12.3 System reliability INAEXES........ccvviecicece e 377
12.4 Dataneeded for system reliability evaluations.............cccccevveieeievecceceec e 377
12.5 Method for system reliability evaluation ...........cccccevveie e s 378
12,6 REFEIENCES. ..ottt b ettt b et b b e seeeas 380

Xi



Chapter 13

Cable ampPaCity SEUAIES ........cccveiiieece et te e e nre e 383
50 R 1 11 oo U ToX i [ o [OOSR URURPPR 383
13.2 Heat flOW @NalYSIS.....cocueieee et 384
13.3 Application Of COMPULEr PrOGraM.......ccueeveeieieeerie e reseeseeae e eae e re e e s e eneeens 386
13.4 Ampacity adjustment FaCLOrS ..........ccveveiieiiceece e 388
G T ST = 1 0 o] = T 399
13.6  CONCIUSION ...ttt sttt b et st ettt besbe b sb et e e saenean 403
13,7 REFEIENCES. ..ottt e ettt b e bbbt sae e e 404
G = 11 o] ToTo =" ] Y 404

Chapter 14

GrouNd ML SEUdIES .....c.eeeeeeeeeeee ettt ettt b e bbb b b e e b s 407
7 50 R 1 oo U ToX [ o [OOSR PR 407
14.2 Justification for ground mat StUdIES........c.eccvieeeeiiecee e 407
14.3 Moddingthe human Doy ..........cccoeoveiiiccice e e 407
14.4 Traditional analysis of the ground mMat ...........ccccceeceeveiie v 410
145 Advanced grid MOdEliNg ........cccovrieiiriisi e e s 415
14.6 Benchmark problems ... ..o s 418
14.7  InpUt/OULPUL tECHNIQUES........oeeeecee e e 420
14.8 Sample ProblEM ........cooiiiee e ens 420
T4.9 CONCIUSION ...ttt sttt ettt st e et ettt besbe bt sbesbeseeseenean 420

T4.10 REFEIBINCE ...ttt et ettt ettt eb e bt saesbesbesbeseenbe e seen 423

14.11 Bibliography .....ccccceeie ettt ettt st et enaenreens 424

Chapter 15

COOrdiNaLioN SEUdIES .......ceeieeeeeee ettt ettt be bbb b b e e b s 429
15.1 TNEFOQUCTION ...ttt ettt e ettt b e bbbt e e e 429
15.2 BasiCS Of COOMAINGLION. .......eueeeieieireetcet et 430
15.3 Computer programs for COOrdiNatioN............cccveverceererieesese e 435
15.4 Common structure for COMPULEr ProgramMS.......ccecverueeeeseeeiesieeieseeeesseesesseesseenes 436
15.5 How to make use of coordination SOftWare...........ccoerverierierieieeeeeerere e 441
15.6 VerifyiNg the reSUILS......cccooveceee e 443
15.7 EQUIPMENE NEEAS.......ccie ettt sttt e s re e sneeneens 443
15.8 CONCIUSION ...ttt sttt et sttt e besbe b sbesbe e saenean 444
T I = 1] o] To o =" ] Y P 444

Chapter 16

DC auxiliary power SyStem analYSiS........cccuevieiriieerieieese e sresseeseesae s eaesreesee e esesreenneenes 445
16.1  TNEFOQUCTION ...ttt ettt sttt b s bbb e e eas 445
16.2 Purpose of the recommended PraCtiCe ........cvvvevvieereiiee s 445
16.3 Application of dc power SyStem analySiS.......ccevveeererieereriie e 445
16.4 AnNalytiCal PrOCEAUIES .......ccueiueeiiiciiecieees ettt s re e sneeneens 446

Xii



Y £S =: 11 0070 T 1= T T TSRS 446
Load flow/voltage drop StUAIES..........cccveeericeee e 461
SNOM-CITCUIT SEUIES ...t 464
International guidance on dc short-circuit calculations...........ccccoeveeieceecieceeenee, 466
T o]TaTo ] "] 2 466
................................................................................................................................... 469

Xiii



IEEE Recommended Practice for Industrial and
Commercial Power Systems Analysis

Chapter 1
Overview

1.1 Scope and general information

This Recommended Practice, commonly known as the IEEE Brown Book, is published by
the Institute of Electrical and Electronics Engineers, Inc. (IEEE) as areference source to give
plant engineers a better understanding of the purpose for and techniques involved in power
system studies. The IEEE Brown Book can also be a helpful reference source for system and
data acquisition for engineering consultants performing necessary studies prior to designing a
new system or expanding an existing power system. This Recommended Practice will help
ensure high standards of power system reliability and maximize the utilization of capital
investment.

The IEEE Brown Book emphasizes up-to-date techniques in system studies that are most
applicable to industrial and commercial power systems. It complements the other |EEE Color
Books, and is intended to be used in conjunction with, not as a replacement for, the many
excellent texts available in thisfield.

The IEEE Brown Book was prepared on a voluntary basis by engineers and designers func-
tioning as a Working Group within the IEEE, under the Industrial and Commercial Power
Systems Department of the Industry Applications Society.

1.2 History of power system studies

The planning, design, and operation of a power system requires continual and comprehensive
analyses to evaluate current system performance and to establish the effectiveness of alterna-
tive plans for system expansion.

The computational work to determine power flows and voltage levels resulting from a single
operating condition for even a small network is al but insurmountable if performed by
manua methods. The need for computational aids led to the design of a special purpose
analog computer (ac network analyzer) as early as 1929. It provided the ability to determine
flows and voltages during norma and emergency conditions and to study the transient
behavior of the system resulting from fault conditions and switching operations.

The earliest application of digital computersto power system problems dates back to the late
1940s. Most of the early applications were limited in scope because of the small capacity of
the punched card calculators in use during that period. Large-scale digital computers became

Copyright © 1998 IEEE. All rights reserved. 1



