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The IEEE thanks the General Electric Company for permission to reprint two tables as Table 11.2
and Table 11.6 in this guide.

Abstract: This guide applies to station service systems that supply electric power to auxiliary loads
for electric power generating stations. The discussions and recommendations in this guide provide
the practices, criteria, and range of system parameters that relate to the service system require-
ments and assist in the application of existing engineering documents. This guide is not a handbook
of design data; however, it explains what is good practice for the many different types of electric
power service systems for generating stations.
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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 consensus development process, approved by the American National Standards Institute, which brings
together volunteers representing varied viewpoints and interests to achieve the final product. Volunteers are not
necessarily members of the Institute and serve without compensation. While the IEEE administers the process and
establishes rules to promote fairness in the consensus development process, the IEEE does not independently
evaluate, test, or verify the accuracy of any of the information contained in its standards.

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

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

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

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

Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as they relate to
specific applications. When the need for interpretations is brought to the attention of IEEE, the Institute will
initiate action to prepare appropriate responses. Since IEEE Standards represent a consensus of concerned
interests, it is important to ensure that any interpretation has also received the concurrence of a balance of
interests. For this reason, IEEE and the members of its societies and Standards Coordinating Committees are not
able to provide an instant response to interpretation requests except in those cases where the matter has previously
received formal consideration. At lectures, symposia, seminars, or educational courses, an individual presenting
information on IEEE standards shall make it clear that his or her views should be considered the personal views of
that individual rather than the formal position, explanation, or interpretation of the IEEE.

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

Piscataway, NJ 08854

USA

Authorization to photocopy portions of any individual standard for internal or personal use is granted by the
Institute of Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright
Clearance Center. To arrange for payment of licensing fee, please contact Copyright Clearance Center, Customer
Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission to photocopy portions of
any individual standard for educational classroom use can also be obtained through the Copyright Clearance
Center.
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Introduction

This introduction is not part of IEEE Std 666-2007, IEEE Design Guide for Electric Power Service Systems for
Generating Stations.

This guide is primarily tutorial in nature as it is intended to provide guidance in the design of electric power
service systems for electric power generation plants. The guidance and direction given in this guide is, for
the most part, general in nature and is applicable to all types and sizes of electric power generating plants.

This guide does not provide unique and specific design direction and guidance for special systems in the
various types of electric power generating plants, but rather provides the basic framework upon which any
required unique and specific designs can be built. An electric power service system consists of a main
auxiliary power distribution network, which may supply many subsystems such as electric trace heating
systems, dc systems, Class 1E power systems, etc. It is recommended that the reader consult industry
standards that address these specific subsystems in more detail as appropriate during the design process.

This design guide was prepared by the Working Group on Auxiliary Systems, which is part of the Station
Design Subcommittee of the Energy Development and Power Generation Committee of the IEEE Power
Engineering Society.

This revision includes primarily editorial changes needed to maintain consistency with phraseology and
terminology changes that have been made in other referenced standards and documents and to correct

typographical errors in the 1991 edition of this guide. It also includes only relatively minor technical
changes.

Notice to users

Errata
Errata, if any, for this and all other standards can be accessed at the following URL: http:/

standards.ieee.org/reading/ieee/updates/errata/index.html. Users are encouraged to check this URL for
errata periodically.

Interpretations

Current interpretations can be accessed at the following URL: http://standards.ieee.org/reading/ieee/interp/
index.html.

Patents

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 or patent applications for which a license may be required to implement an IEEE standard or for
conducting inquiries into the legal validity or scope of those patents that are brought to its attention.

Documents

iv Copyright © 2007 IEEF.. All rights reseryg9=nt Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 22:15:25 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 666-2007


http://www.avadocuments.com/doc/ieee-666-2007
http://www.avadocuments.com/doc/ieee-666-2007

Participants

At the time that this guide was approved, the Working Group on Auxiliary Systems had the following

membership:
J. E. Stoner, Jr., and Thomas R. Sims, Co-Chairs
J. C. Appiarius Steve Graham Joe Jancauskas
Aldean Benge Ed Heneberry Ken H. Sebra
John Gardell Tom Higgins Shanmugan Thamilarasan

The following members of the individual balloting committee voted on this guide. Balloters may have voted
for approval, disapproval, or abstention.

Steven R. Brockschink Russell E. Lowe Thomas Sims

Keith Chow G. Michel James Stoner

James R. Frysinger Kenneth Sebra Malcolm V. Thaden
Randall Groves D. B. Seely Shanmugan Thamilarasan
Joseph R. Jancauskas Gerald Vaughn

When the IEEE-SA Standards Board approved this standard on 22 March 2007, it had the following

membership:
Steve M. Mills, Chair
Robert M. Grow, Vice Chair
Donald F. Wright, Past Chair
Judith Gorman, Secretary

Richard DeBlasio Richard H. Hulett Greg Ratta
Alexander D. Gelman Hermann Koch Robby Robson
William R. Goldbach Joseph L. Koepfinger* Anne-Marie Sahazizian
Arnold M. Greenspan John D. Kulick Virginia C. Sulzberger
Joanna N. Guenin David J. Law Malcolm V. Thad
Julian Forster* Glenn Parsons acom v, Fhaden
Kenneth S. Hanus Ronald C. Petersen Richard L. Townsend
William B. Hopf Tom A. Prevost Howard L. Wolfman

Narayanan Ramachandran

*Member Emeritus
Also included are the following nonvoting IEEE-SA Standards Board liaisons:

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

Jennie Steinhagen
IEEE Standards Program Manager, Document Development

Matthew Ceglia
IEEE Standards Program Manager, Technical Program Development

Documents

Copyright © 2007 IEEE. All rights reserved. Documé&nt Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 22:15:25 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 666-2007


http://www.avadocuments.com/doc/ieee-666-2007
http://www.avadocuments.com/doc/ieee-666-2007

Contents

1 OVEIVIBW ...ttt ettt ettt ettt et e et et ea et e e st e e bt e st e s bt e et e e bt ee e e bt eaeeee e emteebeemeesbeembeabeensesbeenseeneenteane 1
2. 1o o< RSP SRRRUU 1
3 SYSEM PRILOSOPIY ..ottt ettt ettt e ettt e et e e teessbeesseeesseebaeesseesseeseesnseenseens 3
3.1 L€ 1 1<) | D OO OEOUOUPST R SORRPPTI 3
32 Basic design CONSIACTALIONS ......ccuuiiiierieeieeiieeie et esee et et e sbeete e aesebeenseeseseeseeseesnseensnesseens 3
3.2.1 SAEELY ettt ettt ettt ettt ettt ettt ettt et bt bt eteebeeaeeaens 3
322 REHADIIILY ...ttt ettt ettt see s 4
323 08 ettt e et bbbttt e h et a et e bt et be bt e b ententeeae 4
32.4 OPETALION .uviiirieiieeieeitieete et e sveesteestaeesteessteesseesseeesseesseesssaesseessseeseasssesnseesssensseenes 4
325 Equipment appliCation .........ccvievieeeieeciieiieeieesieeeteeeesteeeeseaeebeeseeeeseessaeeseeseenes 4
3.2.6 IMAINECNAIICE ...ttt ettt ettt sttt bttt et ea et e e sb e eseesbeesaesbeesbesbeentenaeans 5
3.2.7 Plant @XPansion ......cccueeiieerieenieeieeete et e st e eie et e ete et eesbe e e e eaaeebaessaeebe e saeebeesee e 5
33 General Planning GUIAE ........ccueecvieiieiiieiiecie ettt aeesteeeaeebeessbeebeessaesbeeaeenee 6
3.3.1 L0ad QNALYSIS ...veeevieeiieiieeieeiee ettt ettt ettt e be et et e e steeenae e taeebeennee e 6
332 Development Of PIanS ......cc.cecviiiieeie ettt eae e e 7
333 Evaluating alternatiVes.........cccvieiieeieeriieeieeie et eeecteesee e seeeeteesaeesereeeeesnneennees 23
334 Preparing equipment SPECIfiCatioNS .........cceevvreiiereenieeiieee et 24
3.3.5 Evaluating the Dids.......cceevieiiiiiieie e 25
3.3.6 Reviewing and finalizing deSigN.........cceevvveriiiiriieeieeiieiie e 25
34 Transmission system and generating unit COnSiderations...........cceccveevveereesieereeneeesieennennnes 25
34.1 TranSMISSION SYSLEIML......ueerveeruieereereeesieesieesteesteeseesseesteessseeseessseesseesseessseesseesssens 25
342 (€131 1S) 221 (o) SO P RUPOTSRRPRTRI 26
343 UNIE CONNECTIONS ..ottt ittt ettt ettt ettt bbb etesbeese et eseenaeene 28
344 Station service transformer CONNECIONS .........couereerierierienieninieneeiene e 28
345 TranstormMer AULY .......cocveeriieiii ettt esaesneeeneees 29
3.5 L3 10) T U0 Yo 1 o) 1 7O 29
4. Startup and ShutdOWN TEQUITEIMENES .........eeeieeiieriieeeeeiieste et estee e eteesereeeeesseeesseessaesssesnseesssesseensnes 31
4.1 GENCTAL. ...ttt ettt e a ettt et b et b e bbb e b e bt ettt e e e 31
42 POWET TEQUITEIMENLS ....evvieiiieiieeieeiieeteeieeste et esteesteesteessteesseesseessseeseenssesnseesssessseesseesssennses 31
4.2.1 ContinuOUS CAPADIIILY ...veeuvieiieiiieiie ettt ettt ae e e sebeeaeeeene s 31
422 Short-time overload capability.......c.ccccevviieiieiiiiiiieiecie e 32
423 Transient overload Capability.........cccvecieeviieiiieniiieieerie e 32
424 Margin for 10ad GroWth.......cooviiiieiie s 32
4.3 QUALTLY OF POWET ..ottt ettt ettt et esaee e beestbeenbeensaesnsaenseessseenseessnennnas 32
4.3.1 SoUICE aAVAIIADIIILY ..veeivvieiieiie ittt ae et staesaaeeaee e 32
43.2 FrOQUENCY ...viiiiieiiece ettt et seae e e beebeeseeseseenseesnse s 33
433 PRASINE ... ettt et et et e b e be et e eabaenneeenre s 33
434 Phase Balance.........cooovuiiiiiiiieii e 33
435 WAVETOTIIL ...ttt sttt 33
4.3.6 VOItaZE CONIIOL ..oiviiieniieiieeieeeiteee ettt ettt te et e et e et essaeenbeesaeessbeensaesnnes 33
4.4 Startup/shutdown power supply arrangements ..........ccueerveervveereeriveenieesieesieesseeesseesseesessseens 34
4.4.1 Auxiliary loads transformer and generator load-break switch/
ENETALOT CITCUIL DTEAKET ...vvieuviiiiieiieciie ettt s e e e e s 35
4.4.2 Station Service tranSTOrMET ........oouiiieriiiieriiiieicee e 35
443 Station service transformer and auxiliary transformer ...........cocceeeveevveecieriiennneenne 36
444 Auxiliary transformer and OnSite POWET SOUICE.......c.eevvrerueerveerieerreereenireeveeenens 37
Documents
vi Copyright © 2007 IEEF.. All rights reserygd=nt Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 22:15:25 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 666-2007


http://www.avadocuments.com/doc/ieee-666-2007
http://www.avadocuments.com/doc/ieee-666-2007

4.5  Auxiliary equipment SUpply arrangements ...........ccccoeverierierenienie e 37

45.1 Equipment separation for reliability .........coccoooeiiiiiiinienieeee e 38
452 Equipment separation for protective SyStems ..........cceecvereeiereeieneenieneeeeseeenne 38
4.6 Auxiliary Bus transTers.........cieiieieiieiee e 38
4.6.1 ManUAL trANSTET ......coueiuiriiiereiceee ettt 39
4.6.2 AULOMALIC trANSTET ..c.oviiiieiieiiitiiierter ettt s 39
4.6.3 Unit conditions during startup/shutdown transfers............cccceceveeienieiineecennnne 42
A s (0] 1 1 Ay ] 1<) 0 F SRR 43
4.7.1 Turbine-generator auXiliary SYStEIMS ......cecveeieriieriiriieierieeie st 43
4.7.2 Burner management SYSTEIMS .......ccoeerueerierieiniienienieeniee et 44
4.73 Electrical protection SYSTEIMS ........c.eecuiruieieriereieieeeieieete ettt ens 44
4.7.4 Instrumentation and coONtrol SYSTEIMS .......ccueeierieiiirieierieeie e 44
4.7.5 MiSCellan@ous SYSTEIMS. .....cc.eeuieruieiiieeeie st et iete ettt ettt st e st eeneenes 44
4.8 DC, dc/ac, and ac/dC POWET SOUITES ......ccueerueeuiereiriieiesieeniesteete it etesteeeeseeeeeseeeneeseeeneeseesneans 44
4.8.1 STOTAZE DALLEIY ...ttt sttt ettt et s e e sae e e saeeneens 45
4.8.2 Battery Char@er... ..o e 46
4.8.3 IVETEOT ... e e 47
4.8.4 Uninterruptible power supply (UPS) ....cooiomiiiiiee e 47
4.8.5 Motor-generator (M=) SEL .........cccuirieririeririiee ettt ettt 49
4.9 ONSILE AC POWEE SOUICTES ...eveeueenereneeeeeneerueeseeteeseenseeseanseeseanteeseensesseesesseensesseensesseensenseensesseenes 50
49.1 Diesel-engine ZENEIatOrS. .....cecueeuieiireiereeetieieeteete et eteetee e eseeeeseee e st eneesseenteeneenes 50
492 Gasoline and gas-engine ZENETAtOrS ..........ccceeruerueeiertieierieeiereeeeeseeeeenee e seeeeeenes 51
493 Turbine-driven GEeNETAtOTS. ........ceeiuiriereeeiereeiieste et cete ettt ettt eeeenes 51
o O 2 310) § 04 1 5) 1 USSR 51
5. NOMINAL SYStEIM VOILAGE. ....c.veeueiiieiiitiee ettt ettt e sseeee et etesbeeneeneeens 55
5.1 GEINETAL. c..ceeiiiieieet ettt b et ettt ettt et b e e 55
5.2 NOIMAIVE TETETEICES ... .eoveruirtirtiterieteieiteiteit ettt ettt ettt s st b et et eaeeaennes 55
53 DETINITIONS ..ttt ettt ettt s b ettt sae e n e 56
5.4  Preferred nominal SYStEM VOItAZES ......ccueruieiiiruieiieieie ettt 57
5.5  Acceptable VOItage TaNZES .......ceoueiuieieriieieie ettt ettt ettt ene e enean 57
5.6 EQUIPMENE TATINZS ...eouveitieitieieie ittt ettt ettt et e sttt et e e e sbeessebeeneenteeseenseeneesaeeneensennean 58
5.7  Effects of voltage variation in utilization eqUIPMENt..........cccereereriererieieeiene e 58
5.7.1 GeneTal EFFECES ..o 58
5.7.2 INAUCHION MOLOTS ....evevitiieierieteeeee ettt e 58
5.7.3 SYNCRIONOUS MOLOTS ...oueieiiiiieiieiieie ettt ettt ettt et see e e seeeneens 60
5.7.4 Incandescent lamps ...........ooeeieiiiiiiieee e 60
5.7.5 FIuorescent 1amps .........cceeoueiieie i 60
5.7.6 High-intensity discharge 1amps .........ccocoeoiiiiiiiiieeeee e 61
5.7.7 Infrared heating ProCESS........ooveieriirierie ettt 61
5.7.8 Resistance heating deviCes........oeeruiriiiiiieiiiiee e 61
579 ELECLION tUDES .....eoviieiiiiiiieicitetetnt ettt ettt ettt 61
I (O O o T T3 1 ) OSSPSR 61
5711 SOLENOIAS ..ottt ettt 61
5.7.12  Solid-State SQUIPIMENLE .....c.eeiuieeieiieiieie ettt ettt s e ee e 62
5.7.13  Control relays and magnetic StArters..........ceoueruereeriieieriereeriesieesee e eee e eeee e 62
5714 TranSTOTIETS .....coueruiriietinienieteiieieeiteteeten ettt ettt sttt sttt eae et sae e nes 62
5.8  Basic design CONSIACTATIONS ......eeiiiuieieitieieiteet ettt ettt ettt et et s et e e e e seeeneas 62
5.8.1 GNETAL. ...ttt ettt sttt 62
5.8.2 Medium-voltage distribution SYSteIM ........ccceieeririeiiiniee e 62
5.83 Low-voltage distribution SYSTEIM ........ccceveeieriieiiriieiieie et 63
6. Fault CONSIACTALIONS .....coueruiriiriinierierieictcteeetee ettt ettt st st st be s saen e 65
Documents
Copyright © 2007 IEEE. All rights reserved. Docurﬁjént Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 22:15:25 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 666-2007


http://www.avadocuments.com/doc/ieee-666-2007
http://www.avadocuments.com/doc/ieee-666-2007

6.1 (€15 1155 2 LTRSSt 65

6.2 NOIMAIVE TETETEICES ... .eoviruirtiiiterieieteiteiteitete ettt ettt ettt s st e e et eaeeuenes 65
6.3 AC fault CUrrent—ac COMPONENL ........ccuiruieriieeieriertieeeeeree et eie st ete st enee st eeeseeeneeseeeeeseeeneans 67
6.3.1 Rotating maching reactance...........cooceevuereerierieiesieieee e 67

6.3.2 Generator CONIIDULION .......coveieieieieieiere ettt ettt 69

633 Synchronous motor CONIIDULION .......c.eeceeririerieeieiieieie e 70

6.3.4 Induction motor CONLIIDULION ......c.evveveiiieieiiiccicecceeeceee e 71

6.3.5 Transmission SyStem CONtIIDULION ......ccuevuieruiriieiiitieiieiiee e 71

6.3.6 ORI SOUICES ...ttt sttt sttt ettt ettt se et b ettt eaeenesaenaen 71

6.3.7 Total aC WAVETOITI ....cviiiiiiiiiiciciecee et 71

6.4  AC fault current—dc COMPONENL........ccuieiiiriiiiiiee ittt enee e 72
6.4.1 Symmetry and aSYMIMELIY ........cceeiieierenieie ettt see e e see e seeeneens 72

6.4.2 Inductive circuit CharacteriStiCs ........c..couereeeriririnienieieieieeresee et 73

6.4.3 Initial MAGNITUAR ...ttt 75

6.4.4 Effect Of TeSIStANCE. ....c.coutiireiriiieriercctctccte ettt e 75

6.4.5 DIC OFFSCL ...ttt ettt ettt ettt 77

6.5 RMS value of total asymmetrical CUITeNt ...........coeeiiiieieiieieceee e 78
6.5.1 MUltiplying fACLOTS ....ecveeuiiiieieetiee ettt ettt st 78

6.6  Fault types and Magnitides..........cooeiuieiiiieiirieee et 79
6.6.1 TYPes Of FAULILS ...couvieieiieee e 79

6.6.2 Magnitudes from symmetrical component theory ...........cceccevvevenieiinieneeee 79

6.7  Protective devices and equipment short-circuit ratings .........c.occeeeereerereeienieeneeeeeeeene. 81
6.7.1 CIrCUIL BIEAKETS .....evevitiiericeeiecteeee sttt ettt 82

6.7.2 FUSES . e 82

6.7.3 ] £SO 83

6.7.4 Other EQUIPIMENLE ....o..eeiieiieieeieee ettt ettt et sae et s e e st et e s beenbeeneenes 83

6.8  Fault calculation t0O0IS ........ccceiriiiiiniiniriiecceer ettt e 84
6.8.1 Single-1ine diagram.......ceeueeiiiiieiieeeeee e 84

6.8.2 Selection of fault I0CAtION ....c..ccuevueiiiririiiierecctcctee e 84

6.8.3 TYPE OF TAULL. ... 85

6.8.4 Impedance diagram .........ccooeerieiieiiniieeee et 85

6.8.5 Per-Unit SYSEIM ...c.eeiuieiiiiieieeiiese ettt 86

6.8.6 TTANSTOTIMETS ...ttt ettt ettt ettt 87

6.8.7 Equivalent impedance..........cc.eeouerieiiriee et 91

6.8.8 SYStEM X/R TALIO ..ottt ettt ettt ettt et sae e 92

6.8.9 Symmetrical fault current determination ...........c.ceeveeevereeiieneeeeneeeree e 92

6.8.10  MUILIPIICIS .. ettt st ettt et s et eneenes 93

6.8.11  Assumptions and lMIitations...........ceoerueeriirieienieiee e 93

6.9  AC fault calculation ProCedure...........ooeiiiiiiieiieiee et 94
6.9.1 Fault DULY TYPE 1 ..o 94

6.9.2 Fault DULY TYPE 2 ..ottt s 97

6.9.3 Fault DULY TYPE 3 -ttt 98

6.9.4 Fault DULY TYPE 4 ..ot s 99

6.10  DC system fault CUITENT .........oiuiiiiiiieiieee ettt esae e 103
6.10.1  Sources of dc fault CUITENt .........ccceiviririiiiiieiccceee e 104

6.10.2  Circuit ProteCtION ...eeeieeieieieieieitiete sttt ettt ettt e e st ese e eneeneas 106

6.10.3  Total dc fault CUITENL......c..cceririririiteccciee et 106

6.10.4  DC fault calculation procedure.............ceieeierieienieert e e 106

6.11  BiblIOZIAPIY .ueeeiiiiieie et ettt ettt e ae ettt te st naeen 107
Annex 6A (informative) Short-circuit current calculation eXamples ...........ccooeeieririeriiieneiee e 109
6A.1 Short-circuit current calculation for a @enerator.............oceeeeevieieriiiene e 109

6A.2 Example of a short-circuit calculation for a power system with several voltage levels.. 113

Documents

viii Copyright © 2007 IEEF.. All rights reserygd=nt Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 22:15:25 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 666-2007


http://www.avadocuments.com/doc/ieee-666-2007
http://www.avadocuments.com/doc/ieee-666-2007

7 N A1 00 0 LTt o) NSRS 127
7.1 GEINETAL. ..ottt ettt bbbttt et e 127
7.1.1 PUIPOSE. ..ttt e 127
7.1.2 Plant operating characteriStiCs .........oueruerierierieiereeieseeee ettt 127
7.13 DeSiN fRALUIES .....eevieiieiieiieie ettt et neen 127
7.1.4 Planning a protective SYSTEIM .......cueruirierieierieeierieeiieie et e e 128
7.2 SYSEM AITANZEIMIENE......ceutieeuiieieeiitieiteite ettt ettt etb et eabeebeesbte e beesbeesabee bt e sateenbeesaeeeanes 128
7.2.1 Basic relaying features .......c.oeveiieieriiie e 129
7.2.2 Zones of protection and coOOrdination .............ceeeerueerereerienierieeeese e 130
73 Types and characteristics of protective deviCes. .........covrieririereiiereiiereeee e 131
7.3.1 GNETAL. ...ttt ettt ettt ettt 131
7.3.2 Overcurrent protection TElaYs .......c.oceeeereererieere et e e eeens 135
733 Overcurrent relays with voltage restraint or voltage control .............ccccoeeeene. 136
734 GIOUNA TRIAYS ..ottt ettt ettt eneens 136
7.3.5 Directional Te1AYS ......eeiueieieiieiieeet et 137
7.3.6 VOIAZE TELAYS ...ttt ettt et 137
7.3.7 Differential CUITENt TElAYS .....c.eervieeieiieieee et 137
7.3.8 Pressure and gas-sensing relays ..........occoveeieririenenieneee e 137
7.3.9 FUSES . et 137
7.4  Principles of relay appliCatiOnS .......cceieeieriieieiieierie ettt 138
7.4.1 GONETAL. ..ottt ettt ettt 138
7.4.2 Transformer ProteCtion ........cccveiuieieriieiere ettt ettt 138
743 IMOLOT PIOTECTION ..eeieieetieiieeteete ettt ettt ee ettt e et e st e eeeeeesseesesaeenseeneans 142
7.4.4 Switchgear, substation, and motor control center protection............cccceeceereenenne. 146
7.4.5 (1) (S5 03 (0] <107 1 () H TSRS 148
7.5 L2 10) 1 e a 21 011 | 2RSSR 152
8. SYSTEM GIOUNAING ...ttt ettt ettt et et e e et ea e e e sae et e eeeetesneeseeseensenseeneeneeenes 153
8.1 FOTEWOT ....couiiiiiieiieiectet ettt ettt ettt ettt sae e nes 153
8.2 GEIMETAL. ...ceeiiiiecet ettt ettt ettt et sae 153
8.3 NOIMAIVE TETETEICES ... .eviuiiititeteicteitcitetcete ettt ettt s sttt se et eneas 153
84 DETINILIONS ..eviiiiiieiiiieierteetet ettt ettt ettt et ettt sa e s et ae et eaeebesnenaens 154
8.5 Transient OVEIVOITAZES ......eeeiiieiieitieiet ettt ettt et et se e e e e e eneenes 155
8.5.1 480 V SYSTEIMIS .eeuveeurieiteeieetee et ee ittt ettt et sbt e et esbe e s te e bt e sateesbeesateebeesabesanee e 156
8.6 Selection of grounding Method............occveiiiiiiiii e 157
8.6.1 UNGrounded SYSTEIMIS ......cueeruiiueeiertieieeteeeeeteeie ettt et eee s te et e e neesaeeneas 157
8.6.2 Ground-fault damage ..........cooerieiiiiiee e 158
8.6.3 Ground-fault relaying considerations ............cceeeeeereeiereniene e 159
8.6.4 Grounding resistance ValUe..........ccooieriiiieriiiieieeiee e 160
8.7  Grounding equipmMENt CONMNECTIONS .....eoueervieierireierteeieteete et ee et eee et e e saeeeeseeeneesreenseneeens 161
8.8 Ground-fault current calCulations ...........ccocevuerierierieieiiieiereeese e 164
8.8.1 Resistance-grounded SYStEM ........ccuieiiiiirierieee e 164
8.8.2 High-resistance grounded SYSteM ..........cccoeieriiiieiienieierieieee e 164
8.9 Standby generator GrOUNAING.........ceeiieieririeie ettt ettt see e seeeee s 164
8.9.1 SOlid ZrOUNAING.....c.eiiuieiiiiieiiieee ettt enee e 164
8.9.2 Ungrounded and high-impedance grounding ............cccceoevieiinieninienceeeee. 165
8.9.3 GENETAL. ...ttt ettt ettt ettt 165
810 SUIMIMATY ..ttt ettt sttt at e e b e st st e st e et esaeesbeenaeennee s 165
8.10.1  Solidly grounded SYSteIM.......cceeiuirieriieiieiieiee et 165
8.10.2  Resistance-grounded SYStEIM ........ccuieuiriierierieiere ettt 165
Documents
Copyright © 2007 IEEE. All rights reserved. Docu njlé nt Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 22:15:25 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 666-2007


http://www.avadocuments.com/doc/ieee-666-2007
http://www.avadocuments.com/doc/ieee-666-2007

8.10.3  High-resistance grounded SYSteIM ........cceevuieierieiieniiiere e 165

8.10.4  Ungrounded SYSTEIM .......cocueiuiruieriieiieieet ettt ettt sttt e e ee e eneas 166
T8 O N 3 10) T 102 621 o) USRSt 166
9. Transformers and vOltage regUIAtION ..........ccuerieiiriiieieeieeeee ettt 169
9.1 GEIMETAL. ...ttt ettt ettt et a ettt et e nae 169
9.2 Scope—SyStem CONTIGUIATIONS ... .eeuvereeeeietieeiete ettt ettt sttt et e e eeereeneeseeeneens 169
9.3 NOIMAIVE TETETEICES .....eviuiiitintetineeieiieitettete ettt ettt ettt s et se e ene et eaens 169
9.4 Definitions (AlS0 SEE 3.3.2.4.1) wieviieiie ittt e ae e eaaeenren 170
9.5 VOIEAZE TANZE ...ttt ettt ettt ettt ettt e e s e et e es et eaeeteemee et emeesaeeneenseeneenaeneeenee 170
9.6 Specification of tranSfOrMErS.........ccviieiiirieiiri et 170
9.6.1 GENETAL. ...ttt ettt ettt 170
9.6.2 Specification CONLENL...........ecuieieiieiert ettt 170
9.63 Rating in Kilovoltamperes ............ooiiiieiiiieiieeeeee e 171
9.6.4 Service CONAILIONS ....cveviuieuieieiieiiriri ettt ettt et eve s 174
9.6.5 Voltage ratings and tAPS.......eeouerueerereeieseeeee et 174
9.6.6 InSulation 1EVEL.......cocooiiiiiiniiniiiiccc e 175
9.6.7 CONNECTIONS ..euvenrenrentenienteiieiteie ettt sttt st ettt ebe bttt sbesa et esn e essenneseeneeseeaenae 176
9.6.8 Impedance and freqUENCY ........cceeieriirieie ettt 178
9.6.9 Terminal fACIIIEIES ....eoverviririiriiiecececee et 179
0.6.10  SUIEZE PIrOtECLION ...oueieieieieiieieetceteei ettt ete ettt ettt st e st ee et et este et enaeeneesneenean 180
9.6.11  Short-circuit capability and related conditions .............cceceeeeerieieneesenieeeeee, 180
9.6.12  S0oUNA IEVEL ...viiiiiriiiiiecc ettt e 182
9.6.13  Evaluation 0f JOSSES ...c.couerueiiieieieiieinieriitetctetetet ettt 183
9.6.14  Accessories and Protective deVICES.......covurveruerierieienieeiesee et se e eee e 183
0.0.15 TS cueueuiieiiieiitet ettt ettt enen 185
9.6.16  Tank and foundation reqUIrEMENLS ..........ceecuerrreriererriereeieneeeee et 186
9.6.17  ShippiNg rEQUITCINENLS ......eeruieueetieiieteeeieteeieente et eeesee et eneesseeteeseentesseeneeeneenees 186
0.7 VOltage reQUIALION. ......eciiieieieie ettt ettt ettt et et et e s e teseeeeesnenneens 186
9.7.1 GONETAL. ...ttt ettt 186
9.7.2 Voltage range of medium-voltage bus.........ccoceeveiiiiiiiiieceeeeee e, 186
9.73 Voltage range of low-voltage bus.........ccoeieiiiieiiiieee e 187
9.74 Voltage range Of ENEIatOrS ......cceeveiueeiertieiereeiete ettt 187
9.7.5 Voltage regulation of unit auxiliary transformers............cccocerveeenenieniesenenne, 187
9.7.6 Total voltage regulation consideration .............ccoeeeeereerenieeseneee e 187
9.7.7 Transient voltage regulation due to motor Starting...........cccceecvereevereeeneneeenne 187
9.7.8 Methods for iIMProVEMENt ..........ceeeiiiriere ettt 188
2R 3 1o) 102 621 o) 1} OO SPRSSURRRRPIE 189
10. Equipment Used for Load Switching and Fault ISolation............ccccooeeiiiieiinieiieecccee e 191
LO.T GENETAL. ..ttt ettt ettt sttt sttt ebe e s 191
10.2  NOIMAtIVE TETETEIICES .....eoveuirvitinierienieieereteeeit ettt ettt ettt et st sae e s e eneenens 191
LU BN 1] Y.< PRSPPI 192
10.3.1  Circuit arran@ements.........coeeeueeruerierieetieteetiesteeeeeeeeteeseeseeeaesseentesseeeesseeneesneeneas 192
10.3.2 L0ad GrOUPINZ.....ieiieeieiiiiieie ittt ettt et ettt s et et e st e s e aeeneeeas 193
10.3.3  FUtUIE 10adS....couiiuiiiiiiiiiieiciciccteeet ettt sttt 193
10.3.4  MOLOT SIZES..c.ueouiuiieriiieieeeteieeit ettt ettt ettt sa et s be et ne et eseeaeeaeeuee 193
10.3.5  Controls and INterIOCKS ........ceeveririirierienieiiiiienese e 194
10.3:6  DULY oottt ettt 195
10.3.7  MALETIALS .ooveiiiiiiii ittt e sttt 196
10.3.8  MOtOT CONLIOLLETS ....eviuiiiriiiiieicieiieiitentctctet ettt ettt 196
10.4  Secondary Unit SUDSTAtIONS. .......cerueiuieriiiiieiieetiet ettt ettt sttt ee et et e e seeeee e eens 198
Documents
X Copyright © 2007 IEEF.. All rights reserygd=nt Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 22:15:25 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 666-2007


http://www.avadocuments.com/doc/ieee-666-2007
http://www.avadocuments.com/doc/ieee-666-2007

10.4.1 (€15 115 ¢ LSRR 198

10.4.2  Standard cONfigUIAtIONS .........ccueeiieruierierieie ettt 200

10.4.3  CONtINUOUS TALINES ..eveeueeenietietierieeieereesieeseeeeeeeeeseeteeseenaeeseeneesneessesseensesneeseeneenes 200

10.4.4  Breaker coOrdination SYSTEM ........ccceeeeruereerierieeeieieeeeeieeeceee st sreenee e eeeeeeenee 201

10.4.5  AC circuit breaker fault-interrupting ratings ...........coeceeeevereerenienenieseeeeeee e 202

10.4.6  DC circuit breaker fault interrupting ratings..........cocceveeeereeienesiene e 206

10.4.7  Electrical protection, control, and interlocks ...........ccocoveeriririinieiineeeee 207

10.5 Combination starter panels (motor control centers [MCC]).....ccoooeeverieniinieienceneeceieeees 207
10.5.1  Description of @qUIPIMENL. .......cceeruieiirieieieeeeeeie ettt eneenes 207

10.5.2  Protection and CONMIOL.......c.ccoueruerieiiiriininienicteieteeecetee ettt ere e 210

10.5.3  INEETIOCKS ..eviviiiriiiiicietcieete sttt sttt ettt 212

TO.5:4 WITINZ ceveiiiiiiitiiieitetcc ettt ettt ettt et sa et be e st eneenes 212

10.6 Panelboards.........cocevieiiriirienieicicieteeer sttt ettt s 213
10.6.1  GENETAL...cuiiiiiiiiriiiciccce ettt st 213

10.6.2  Panelboard ratings........cccoeoveruieierieiereeieee ettt sttt eneenes 213

TO.7  FUSES ettt et st et et 215
TO.7.1  GENETAL...cviiiiiiiiiiccece ettt st 215

LR N o) o) V(7 1510 s SRS SPR 215

10.8  Insulation levels of eqUIPIMENt ........cccoieiiieieiiiiee et 216
10.9  Equipment layout and inStallation ...........ccccoeoeririeiinieiieee e 216
LI O 4 U ) ' TSRS 216

10.9.2  GIOUNAING ...veeuiitieiieie ettt ettt ettt et et ae st esbeeseesteeseeaeeneeeeeene 216

L0.9.3  SAFCLY .ottt s 217

10.10  Shipping and STOTAZE.......eeueruieriieeierieeit ettt ettt et ettt e sttt e et e ee e es e be e eesteeneesseeneesaeenean 217
1011 MAINEENANCE .....cveiuiriietirterienteteeteteitettett ettt sttt ettt et et eae bt s besae st b e sae st e s ennenesaesaenen 217
TOTT.T GENETAL...cviiiiiieiccccc ettt st ere s 217
10.11.2  Frequency Of INSPECLION ......ccueeierieeiirteeiesie et eeee e eece e neeeeesee s e e s eeeeneenes 218
TO.11.3  ACHVITIES toveviteiereeeeetcteteteit ettt ettt ettt sttt eaeeneenes 218
TO.11.4  SPATE PATLS..c.ueiiiiiiieeiteiite ettt ettt ettt e sbe st e b e e s bt e bt e sbeeebeesaeeeas 219
LO.11.5  ACCESSOTIES ..uveurenrenieiieiieieeiinieeie sttt ettt ettt ettt ettt ea et eae et be e e 219

10.12 BIDHOZIAPRY ...ttt ettt ettt st e ettt et e e et enean 219
11. Electric motor characteristics and appliCations ............ccereriererieniieieie e 221
L1.1 GONETAL. ...ttt st ettt sa e sa s 221
11.2 NOIMAtiVE IFETEICIICES . .c.veviviriieiiteeieiieiteiteie ettt sttt et ettt eae et e e s ese e eannen 221
11.3  Large polyphase aC MOLOTS .....cc.eeiiruieiirieeieriieie sttt ettt sttt te et et e e e e eneeneas 222
11.3.1  INAUCHION MOLOTS ..c.vetiiintieieiieieiieiieitetc ettt ettt er s s eneenes 222

11.3.2 MultiSPEEd MOLOTS ...o.veeuiieeieiietieie ettt ettt e e neeenee e 228

11.3.3  Wound-rotor induction MOTOT .......cc.eoveueeiriririnienieneeeeteeerteresre e seeeeeneneeneerennes 228

11.3.4  Synchronous motors (salient pole type)........ccovveeererieneiiieieeeseee e 230

11.3.5  AC adjustable-speed driVeS .......cccoeoieririereeiereee e 236

11.4  Integral horsepower (Meditum) aC MOTOLS .......ecuieierireierteeierteeteeteee st eeeetee e nee e seeseeas 239
11.4.1  General purpose ac motor classification............ecceveeriereriereniereeeseee e, 239

1142 RatiNG SIIUCTUIEC ....cvietieiieiieieitieie ettt ettt ettt e sttt e e e st eeeeneeaeeaeeneas 239

11.43  Polyphase motors—NEMA design and code letters..........ccocevuenirienincenencenen. 242

11.4.4  Temperature rise for integral horsepower (medium) ac motors ...........cccecueueeee. 244

L1.5 DG MOTOTS ...ttt st et et e eae e s s s anesneeas 245
11.5.1  DC MOLOT EYPES -eeuveentieieeriiieieeeite ettt ettt ettt st sbt sttt e st sbeesiaeebeesaeeeas 245

11.5.2  DC motor performance relationships..........cccooeeereeiinieiinieeeee e 246

11.6  AC MOtOr APPLICATIONS ...eouvieiieieiiieiteeitete ettt ettt ettt te st e e e st entesae e e seeeneesneeneens 247
11.6.1  Motor selection fACtOTS .......cc.ccueveieiriiririiietecieteee ettt 247

11.6.2  Pump drive appliCations. ........ccuoieeieiieieiieesie et 247

11.6.3  Fan drive appliCations.........cccevuirieririeieeiieie ettt 251

Documents
Copyright © 2007 IEEE. All rights reserved. Docun%‘ént Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 22:15:25 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 666-2007


http://www.avadocuments.com/doc/ieee-666-2007
http://www.avadocuments.com/doc/ieee-666-2007

11.6.4  Coal pulverizer appliCations ........ceeeeiereeriereeiere ettt 253

11.6.5  Horizontal and vertical motor application considerations ............c.ccecceveereenenne. 254

11.6.6  Motor operated valve applications for integral horsepower ac motors ............... 254

11.7  DC MOtOr aPPLICALIONS ....eeutieieeieiieiteieete ettt ettt ettt e st te st te s e e eneeeeeneeneeeneenean 257
11.7.1  Power plant appliCations ..........ceeeeriireriieieeese e 257

11.7.2  Control 0f dC MOLOTS ...c..eveuteieieiieiiiirieeeeerestee ettt et ere s 257

11.8  Starting large aC MOTOTS .....eeuiruieiieeieie ettt cete ettt ee et e et eeeeste et e eesseeteeseeneeeneeeeeneenean 258
11.8.1  Full VOItage StArtilg ........cecueiuieiieiieieeeeeie ettt 258

11.8.2  Reduced voltage Starting.........ceecueruierierieieeeeie ettt eee e 259

11.8.3  Motor modifications for Starting............ccocceeeererierieiere e 259

11.8.4  FrequenCy Of STAItS ......cooueiieieiieiese ettt ettt ettt ene e e eee e 259

11.9  Effects of system operating conditions on motor characteristics ..........ccceeerveveereeneenenen. 260
11.9.1  Voltage and freqUency Variation.............ceceeeereriereneenie e 260

11.10 Effects of motor operation on the POWEr SYSLEM .........cccveeereirrierieieniieieeiie e 269
11.10.1 Motor starting voltage diP........cceeeerieririieieeiere et 269
11.10.2  Motor short-circuit CONtIIDULIONS .......coverveuveirieririinerentereecreeereeee e 270
11.10.3 Bus transfer or fast reapplication of power (reclosing) for large ac motors........ 270

11.11 Motor protection reQUITCIMENLS .........eeuteeeruereertereeeeerseeteeseeneeeneenseeseensesseesesneensesseensesseenees 272
11.11.1 Protection of MOtor WindiNGS .........ccceceerierirrieriieierieiere e 273
11.11.2  Protection related to mechanical problems...........cccccoceeriririeiierinieeneeeeee 275
11.11.3  Synchronous Motor ProtECtION.........cevueruerreereierieeeieie et eee ettt see e eee e 275
11.11.4 Bus transfer ProteCtion.........coeoueiieieriieiereeie sttt 275

11.12 Effects of special requirements on motor characteristics ...........cooceveerveneerieneesenereee e 276
11.12.1 Low-voltage starting and/or high starting torque ...........ccccoeceverreienieneecennne 276
11.12.2 Capability of accelerating high inertia load............ccooceririiiiiiiineieeee 276
11.12.3  LOW Starting CUITENE.....c.eeueeiertieieeeeeeesteeeesteetesteeneeseeeneeeseeeeseeeeesbeeneenseeneeseeenes 276
11.12.4 High ambient teMPETature ...........ccccereriereriereeeiere et 276

11.13 Effects of exceeding specified motor capabilities ...........cocceveeriririinieiieierceee e, 276
11.13.1 Mechanical 0Verload............ccoceiririninininenieicieteeetre et 277
11.13.2  Continuous operating VOItaAZE ........cccevueeiierieieiiieeceeeee et 277
11.13.3  Operation outside specified frequency variation .............cecceeeevereeiereneeneeenens 277
11.13.4 High ambient teMPErature ...........ccccereriereriereeiere et 277
11.13.5 Starting voltage below specified minimum .............cocceveeriiieiinienenieeeeee 277
11.13.6 Excessive frequency of Starting ..........cooeevereeienieene e 278

11.14 MOOT ENCIOSUIES....c.eeuiruirtititeteteteeteit ettt sttt ettt eat bt st ettt e e ean st enesaeenen 278
11.14.1 Enclosure defInitions ..........cccceeeeirinerenienienienieieteeee ettt see e 278
11.14.2 Motor enclosure application in power plant environment .............c.cceeeveereeennne 278

L1.15 MOtOT DEATINES ....uveneieniitieiiieiiete ettt ettt ettt ettt ettt et eseesaeeee s aees e e b e entesbeeneeeseeneenaeenean 279
11,16 MAINTENANCE .....coveiuiriietiterientetciieteieeiteit ettt sttt et eat bt s bt e st b nae e e e ennenesaesaenen 280
11.17 Relationships used in ac motor performance and system calculations............cccceeceevenuennee. 280
11.17.1 Induction motor equivalent CIrCUIL..........cceeririerrrcere et 281
11.17.2  Induction MOLOT tOTGUE ......eevireieieeuiereertieteetteteetcete et e e eeeeee st eneesbeeneeseeeneeeneenes 281
11.17.3 Motor and driven equipment acceleration ..............cocoeevuererieneeieneeieseee e 282

12. Cables and Other CONAUCLOTS ......c.eeciruiriiriririiieictetee ettt e b ettt ebe e e 285
L2.1 GENETAL. ..ttt ettt ettt s 285
12.2 NOIMAtIVE TETETEICES .....eoviruiriitinierieieieereiteieeit ettt ettt ettt st st sbe e e ene e eneenens 285
12.3  INSUlated Cable ......ccooiiiiriiiiiiiicieiccce et e 286
12.3.1  Service CONAIIONS ....c.ceueruiriiriiieieieiieiirierteet ettt ettt st ee et eaee 287

12.3.2  Cable application CIIteIia ........cceeeeruereeieiieiesie ettt ettt e 287

12.3.3  Cable terminOlOZY ... ..coouiiieriiiieieeieie ettt e 288

12.3.4  Cable COMPONENLS......cccuiriieieiiieieeiieieeteeteetee ettt e e see e s eebe e st eteeseeneeeneenees 289

12.3.5  Cable CharaCteriStICS .....cceruirterrerieeeiieiiiiiniieente sttt eaees 290

Documents
xii

Copyright © 2007 IEEF.. All rights reserygd=nt Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 22:15:25 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 666-2007


http://www.avadocuments.com/doc/ieee-666-2007
http://www.avadocuments.com/doc/ieee-666-2007

12.3.6  Cable SyStem deSIZN.....ccueeuieiiriieieeierieetiee ettt ettt ene et neeeneenes 290

12.3.7  Installation PractiCe........ceecerierierierieeieeie sttt ettt st 297

12.3.8  Design guides and PractiCes........oouerirrrrrrerriereeienieeienieeieseeeeeseeeseeseesneeneeeneenes 298

12.4  Nonsegregated Phase DUS........couiiiiiiiiiiieereee et 298
12.4.1  Conductors and eNCLOSUIES ..........cceceererieriiiieieeeiee et 299

12.4.2  Temperature limitations on ambient Qir...........ceeeeerreiereeierereee et 300

13. Physical and environmental @SPECLS ........c.eeueerierierieriieieeieeteete ettt ettt eae e te sttt see e saeenean 303
L B € 1< 1 T | TSP 303
13.2  Service tranSTOIIETS ... ....eiuieiieiieeiete ettt et sttt et e s e e eee et e s s eeeeneenean 303
13.2.1  Unit auxiliaries transformers ...........ccceeouereerieieneecere e 304

13.2.2  Station service (Startup) tranSformers ..........ccooceevrreeereriere e 304

13.2.3  Unit substation (load-center) transformers ...........cocceeevreieecienieesieeseesve e 304

13.2.4  Lighting tranSfOrmers ........ccceeruiriererieie ettt s 305

13.3  SWICHZEAL ...ttt ettt et a et sttt n et n e e naeenean 305
13.3.1 Medium-voltage switchgear (greater than 600 V) ..........cocoevieiiiieninineeee, 305

13.3.2  Load centers (unit substations) (600 V O 1€SS) ......cc.ccveeriercrreriesieeiiesiieeieenens 306

13.3.3  MOtOr CONLIO] CENERTS ...uvieieutietieie ettt ettt ettt see e eesee et e e enes 306

13.3.4  Panelboards..........oocuiiuieiiiieeee e e e 307

13.4  Space, growth, and Cable ENEIY ........cceeiirieiieiee e 307
L3401 SPACE .ttt sttt sttt sttt en 307

13.4.2  GIOWLE coceiiiiiiieree ettt st r e e ene s 307

L0 3 T O 1o (<7 U5 SRS 308

13.5  Ambient tEMPETATUIE .......eouieiiitieiieeieie et etete ettt et et e ste s ee sttt esbeeseenteeseenteeneeneeeneenaeenean 308
13.5.1  EqQUIPMENE TALINZS ...eetieniietieieetieie et sieeee et et eteete st eeeeeeeeesaeenaesbeeneesneenseeneenes 308

L BT 23 (< v (o ) TSRS 309
13.7  Expected life and reliability .........cooeeeeiiieiieieieee e 309
13.7.1  Mechanical failures ...........coeouiririirieiiee e e 309

13.7.2  Chemical failures .........cccoeieiiieieie e 310

13.7.3  Common event failures ..........oocceieeieriiiere e 310

L T =5 0 Ted (01 3 (SRS 310
13.8.1  NEMA ENCIOSUIES ....cteeuiietieiietieieeieerte sttt ettt ettt et et e e st e saesreeneesneeeeeneenes 311

13.8.2  Hazardous (classified) 10CatIONS ........ccuervierieiiieiiecie et eveesiee e 311

13.8.3  DiviSiON 2 LOCATIONS ...eeeuvieiieiieiiesiieie ettt ettt ettt et estesee e see st e aeseeeneeeneenes 312

13.8.4  Station Battery SYSEEIMN.....cceeiuireierieeierieeierte ettt ettt et e st esee e s e e eneenes 313

13.8.5  Hydrogen and welding gas StOrage ........cceeeerueruierieriierieniieiese e 314

13.8.6  Ash-handling 1oCations ..........cccerieiiiriiieie e 314

13.9  INdOOT VEISUS OULAOOT .. .coueieiiiiieiieitieie sttt ettt ettt ettt e e st e e et e et e et eneeneeemeenaeenean 314
13,100 FLOOGINE ..ttt ettt ettt ettt s e et et e s bees e et e es e nbeeneeneeemeeaeenean 314
I3.11 INOISE ettt ettt ettt ettt ettt ettt ettt b bt st sae bt besa et e s e st et ebeebesaesaenen 315
I3.1 1.1 PIANMING c.oeitieiiiiiee ettt ettt ettt et et e e e ees 315

LT B (< o (0] 1< o5 1o 4 TSRS 316
13.12.1  UNPIotected AICAS ......cecuiruiereeiuieieeiieieetieteeteeteeeee et e e st ete s ee e e st eeeeneeneeeneeneas 316
13.12.2 Flammable liquid hazard ............ccccoeoiiiiiiieeeeeee e 316
13.12.3  Control rooms and CONSOLES.........eeuieiuirieiiirieieeiee ettt 316
13.12.4  Coal-handling areas ..........cccceeeeieriieiieieiee ettt 317

13.12.5  TranSfOrmMer ar€as ........ccceerueruieiieniieie ettt ettt ettt et e s aeseeeneas 318
13.12.6 Steam turbine (hydrogen-cooled) generators. ..........ccceveeuerierieneeneeeene e 318
13.12.7  COOING LOWETS ...ttt ettt ettt ettt ettt beese et esee bt e e enseeneenaeenean 319

JEC T B T 231 ) U0 -1 o) ) PR RRSURURSRPR 319

Documents
Copyright © 2007 IEEE. All rights reserved. Docuﬁjliént Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 22:15:25 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 666-2007


http://www.avadocuments.com/doc/ieee-666-2007
http://www.avadocuments.com/doc/ieee-666-2007

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 22:15:25 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 666-2007


http://www.avadocuments.com/doc/ieee-666-2007
http://www.avadocuments.com/doc/ieee-666-2007

IEEE Design Guide for
Electric Power Service Systems for
Generating Stations

1. Overview

This design guide applies to station service systems that supply electric power to auxiliary loads for generating
stations that produce electric power.

There are numerous industry standards, regulations, and guides for equipment and components of these systems.
The discussions and recommendations contained herein provide the practices, criteria, and range of system
parameters that relate to the service system requirements and assist in the application of the existing engineering
documents.

This design guide is not a handbook of design data, but it explains what good practice is for the many different
types of electric power service systems for generating stations. It is anticipated that this guide will assist those
who establish the criteria for the design of generating station auxiliary loads and their electric power service.

2. Scope

While this design guide applies to all types of power generating stations, it is particularly applicable to stations
in which the electric power service system is required to perform continuously. When electric power for
auxiliary loads is supplied from the power grid, the service system begins at the point where the tap from the
power grid terminates, either at a station service bus or at the terminals of the transformer that supplies the bus.

When service to auxiliary loads is from independent generators or electric storage batteries that are not normally
operated as power supplies to the power grid, the station service system includes the generators and storage
batteries. The service system includes all of the electric power using devices it serves, such as motors,
resistance heaters, rectifiers, etc.

This guide contains a listing of typical power plant auxiliary loads and criteria for their power service and
examples of single-line diagrams for a typical plant. It also includes tables of typical power service parameters
to illustrate the range of typical values for each parameter, and it identifies the approximate effect of the
minimum and maximum value of each parameter on the load. Each clause, as appropriate, has a bibliography
of U.S. industry codes and standards and other reference documents that provide detailed guidance in the
design and specification of station service system components.
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3. System philosophy

3.1 General

An electric power generating station can only produce power if its auxiliary loads are functioning. Upon loss of
supply power to these auxiliary loads, a unit may be idled or damaged. The electric power supply system for
auxiliary loads generally costs less than 5% to 10% of the total plant cost. Additional costs incurred during a
long-term outage due to nonproductive investment, repair of major equipment, and incremental cost of
replacement power can exceed the total cost of the auxiliary system.

Power system engineers who plan and design an auxiliary system must be aware of the need for a well
planned, well engineered, and reliable auxiliary system. They must consider a wide range of technical points
during the planning process while using operating experiences and field reports, either acquired personally or
by those who will eventually operate the system, to ensure that all possible aspects of the design have received
attention. In this clause, basic design considerations (see 3.2), a general planning guide (see 3.3), and
transmission system and main generation considerations (see 3.4) are presented to assist the engineer in planning
and designing the auxiliary system.

This clause is devoted to the more basic and general philosophies that should be addressed in the design of an
electric power service system. Expansion on these philosophies is undertaken in subsequent clauses that provide
more detailed guidance on issues such as

a) Typical power plant auxiliary loads and their power service requirements

b) Typical power service parameters including how and why they should be considered

c) Typical power service components and their design requirements

d) Typical power system design requirements and limitations

3.2 Basic design considerations

Many factors are considered in the overall planning and design of an auxiliary system for a generating station.
These factors influence the design and operation of a generating unit and may be stated as design criteria.
Some of the factors are discussed in the following paragraphs. Where appropriate, examples of design criteria
are given. It should be noted that some of the criteria overlap. A safety criterion, for example, may also be an
equipment application criterion. Thus, the example criteria given may be classified differently by different
designers. In all cases, a number of criteria should be developed. The criteria given below are merely examples
and are not intended to be all inclusive.

3.2.1 Safety

Safety is of primary importance in the design of an auxiliary power supply system. Industry standards and
codes for equipment capabilities should be met. Whereas the safety and design life of the equipment may be
compromised under certain conditions, the possibility of harm to plant personnel and the public must be
considered and avoided.

Safety considerations are implemented by establishing criteria such as the following:

a)  When all generating units are out of service, power is to be maintained for lighting, communication,
heating, ventilation, control power, elevators, lubrication, plant security, and like loads for safe
shutdown of the unit under normal and emergency conditions. This may be done by uninterruptible
power systems supplies (UPSs) or other alternate ac or dc sources, depending upon the critical nature of
the load.
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b) Power supplies and critical loads should be divided between unit auxiliary buses so that the failure of
any one bus or power supply will not prevent the safe shutdown of the unit.

c) All electrical equipment enclosures should be permanently grounded by direct connection to the
station grounding system.

3.2.2 Reliability

Since the unit will not function without adequate auxiliary loads, the reliability of the auxiliary system directly
affects plant performance. Interruptions that reduce the output of a unit, either partially or completely, should
be avoided where possible. The system should be designed so that reserve capacity and alternative power
supplies minimize the effects of service component outage. System design should minimize the effects of
service component failures or malfunctions on the uninterrupted portion of the system.

The following are examples of possible reliability design criteria:
a) The failure of one start-up source should not prevent any unit from being started or shut down.

b) Any unit should be able to carry a full load with one of its unit auxiliary transformers out of service.

The reliability of the auxiliary power supply system should be consistent with the importance of the unit to the
power system, contractual requirements, warranty considerations, overall costs, industry codes and standards,
and regulatory requirements.

3.2.3 Cost

Capital operating and maintenance costs of the auxiliary power supply system and associated equipment are key
factors in the design. Costs for installation, operation, expandability, and maintenance should be evaluated over
the life of the equipment as part of determining the total cost of each plan. Although the worth of expandability
and future capability of the system is usually difficult to quantify, it is very important because future load
additions may require expensive modifications that may be avoided or minimized by considering them properly
in the initial design.

3.2.4 Operation

Auxiliary power-supply systems that are flexible and simple to operate can contribute greatly to system
reliability. Direct radial systems are simple. However, designing for additional reliability can suggest
interconnecting buses or providing ties between buses. Interconnecting auxiliary buses usually results in a
complex switching scheme that may be difficult or expensive to protect. Ties between buses may result in
switching errors that cause equipment damage or unit trips.

Since designing for additional reliability often results in a more complex system, the operation of these systems
should be considered to determine the true increase in reliability.

The following are examples of operating criteria for reliable designs:

a) The unit will normally provide power for its auxiliary loads through transformers connected to the
generator bus.

b) The protective relaying will function to isolate system faults by removing a minimum number of
components from service.
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3.2.5 Equipment application

Equipment selection and application within an auxiliary system are subject to a number of industry
application guides, manufacturing standards, and safety standards. To assure safe, economical, and dependable
operation, the equipment should be applied in accordance with the recommendations of the appropriate guides
and standards. As many of the major pieces of equipment used in the auxiliary system are expensive, the
application and protection of the equipment should be coordinated. The following are examples of design
criteria that apply to equipment application:

a) The auxiliary power system steady-state voltage regulation should not exceed industry standards.

b) Voltage dip when starting any large motor should not prevent the motor from starting or damage the

motor.

This voltage dip should not cause malfunction of energized loads, such as stalling of running motors, or
cause dropout of relays or contactors.

¢) The transformer impedances should be coordinated with the switchgear ratings. Fault currents
should be determined with maximum loads, maximum transformer primary voltages, and minimum
source impedances while assuming negative manufacturer’s tolerances on impedances.

d) The horsepower rating of the motors should be coordinated with the requirements of the driven load
(see Clause 11).

e) Any motor, NEMA frame size 440 or larger, should be capable of accelerating its load with 85% of rated
motor nameplate voltage at the motor terminals (see ANSI C50.41 [Bl]l). This criterion can be more
restrictive than criterion b) of this subclause. An alternate criterion might specify that these motors be
capable of accelerating their loads with less than 85% rated voltage applied, thus allowing more
flexibility in specifying parameters such as transformer impedances.

f) The harmonic content of bus voltages and of currents flowing through transformers and cables

should be within industry standards or analyzed and considered in the equipment specification.

3.2.6 Maintenance

The design of the auxiliary power supply system should include provisions for preventive maintenance. The
equipment should be located so that it is accessible for inspection, removal, teardown, and repair, and the work
space should be well lighted, adequately ventilated, and safe for personnel. In some cases, additional power
circuits or components may be desirable to provide back-up service to certain auxiliary loads that permit in-
service repairs without reducing unit output. This could be expressed as one of the design criteria given in
3.2.2. A cost/benefit analysis of this form of service should be made during the design of the auxiliary power
supply system.

3.2.7 Plant expansion

Over the life of a plant, loads may be added for environmental protection, improvements in plant efficiency,
safety, reliability, and other changes in operating conditions. These future loads should be anticipated during the
initial design, though their details may not be known. Some designers may choose to build as large a system as
is feasible to maximize reserve capacity (i.e., transformers are sized to the maximum short-circuit and voltage-
regulation limits). An alternate design would provide for future switchgear, transformers, and other equipment
that might be required.

The following are examples of design criteria for plant expansion:
a) The overall design should provide for flue gas desulfurization equipment.

b) The unit auxiliary and station service transformers should have a specified reserve capability.
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¢) The unit auxiliary and station
ratings.

service transformers should have provisions for future forced-cooled

d) A specified number of spare switchgear cubicles should be provided.

e) Space should be provided in the

physical design for connection of future transformers to the generator

and startup source overhead conductors.

The numbers in brackets correspond to the numbers of the bibliography in 3.5.

Approaches may vary, but the planner is encouraged to make allowances for expansion, which, as history
indicates, is inevitable. Where economics dictates a minimal initial system, the design should include physical

space to accommodate some expansion without major difficulty.

3.3 General planning guide

There are many general system considerations, concepts, design principles, and operating philosophies that, if
evaluated during the planning stage, can result in a more reliable, flexible, and economical auxiliary system.

Some major factors to be evaluated are

discussed in 3.2. In this subclause, these factors are discussed in more

detail as they apply specifically to auxiliary system planning. A planning guide flow chart is presented in Figure
3.1. Many of the items included will not be applicable to particular units; however, some apply to all plants.
Where experience or other factors dictate, the planning guide should be modified.
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Figure 3.1—Planning guide flow chart

3.3.1 Load analysis

An initial step in the design of a power supply system is the analysis of the auxiliary loads to be served. The

electrical system that serves these auxil

iary loads should have capacity and availability equal to their functional

requirements. During the initial design stages, firm data on the auxiliary loads may be difficult to obtain. In
these cases, estimates based on previous designs may be used. The load analysis should evaluate the following:

a) Physical arrangement. Data on

cable lengths, special load requirements, and alternative locations for

auxiliary load buses and equipment.
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b) Load levels. Data such as the horsepower, power factor, and demand factor of the load should be
obtained to determine capacity ratings of power supply circuits and equipment.

¢) Load characteristics. How the loads can and will be operated can influence the auxiliary system design
(i.e., low speed start of two-speed motors, number of required switching operations, required startup
loads, running and shutdown loads, variable frequency drive system harmonics, etc.)

Additional details of load analysis are presented in Clause 4.

3.3.2 Development of plans
3.3.2.1 General

All acceptable plans or schemes should be developed within the established design criteria. No one plan may
completely satisfy all design criteria at a reasonable cost. An optimal plan, however, can be found. This plan
should consider the following criteria as well as the design criteria.

a) Operating experience. Examination of design and operating experience on existing plants will provide
useful information in establishing acceptable plans for the auxiliary power system. Information on the
performance of past designs can be used to avoid the pitfalls of designs that have performed less than
satisfactorily. Data on past operating experience can provide information on expected load demand
factors, desired bus voltage regulation (which may be more restrictive than equipment limits), special
switching features, etc.

b) Accepted industry standards. The schemes to be evaluated should conform to accepted industry

standards. This provides some correlation between the auxiliary power system designer and the equipment

manufacturer. Industry standards can be obtained from the American National Standards Institute (ANSI),
the Institute of Electrical and Electronics Engineers (IEEE), the National Electrical Manufacturers

Association (NEMA), and other technical or environmental organizations.

3.3.2.2 Assigning loads to buses

In assigning loads to buses, the following criteria apply:

a) Multiple loads providing the same function for a unit (e.g., multiple induced-draft fans) should have
separate power circuits and should be supplied from a minimum of two buses. This will enhance the
possibility of being able to operate the plant (even at reduced output), or minimize mechanical system
transients due to the outage or trip of any one pewerand-shert-eirenit-or-auxiliary bus.

b) The thermal and short-circuit loading on buses should be balanced to the extent practical to simplify
certain equipment design, to minimize the number of different equipment ratings, to reduce system
losses, etc.

¢) The large motor loads should be distributed onto multiple buses to reduce the motor contribution of fault
current on any one bus. This allows better balancing of the bus fault levels. In addition, there may be
economic advantages in having the larger motors on one power circuit or bus, so that lower rated
switchgear can be used for the remaining power circuits and buses.

d) Special purpose critical loads should be served by power circuits and buses having two separate and
independent power supplies. The physical location of these load feeders also influences the overall bus
and load configuration to assure that the failure of any one power-supply circuit will not cause the
failure of other power supply circuits.

e) Distribute harmonic generators, such as variable frequency drive systems, to reduce harmonic distortion
on any one bus. Note that the effect of harmonic voltage and current distortion on system components
(i.e., connected motors, relaying, meters, controls, generators, etc.) should also be considered.

These and other criteria are discussed in more detail in subsequent clauses.
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3.3.2.3 Establishing nominal voltage levels

Various nominal voltage levels are evaluated during the auxiliary system planning phase to identify the best
plan. Some of the factors evaluated in this analysis are

a) Total bus loads

b) Required short-circuit duty

c) Steady-state voltage regulation
d) Motor starting voltage dips

e) Economics

f) Cable sizing
These factors are interrelated and will be discussed in more detail in subsequent clauses.

3.3.2.4 Establishing alternate schemes

A number of schemes may be found acceptable in planning for any single auxiliary power system. Typical
schemes are discussed below to illustrate variations.

3.3.2.4.1 Nomenclature

A simplified single-line diagram of major components for a typical auxiliary power system is shown in Figure
3.2 as a reference for nomenclature used in the remaining figures. The auxiliary power system shown in Figure
3.2 receives its power from two sources: the unit source and the station source. The unit auxiliary buses primary
power supply is through a unit auxiliary transformer (UAT) that connects via a tap to the generator bus
between the generator circuit breaker and the unit transformer (UT)._Some generating facilities refer to the UT
as the generator step-up. The two terms are synonymous for the purpose of this guide. The unit must also have
a supply of power for startup. This is supplied via the station service (startup) transformer (SST) or the UT, if a
generator breaker is used. This startup source also may be used as a standby or spare power source and
sometimes may be used to supply station auxiliary loads during unusual running conditions. The primary of the
SST is connected to the high-voltage power system at a point that can be electrically close to or remote from the
UT high-voltage connection.

The nominal voltage ratings of the auxiliary buses are usually 2.4 kV, 4.16 kV, 6.9 kV, or 13.8 kV. These
voltage levels are referred to as medium voltage. A line-up of metal-clad switchgear forms each auxiliary
(medium-voltage) bus, with individual circuit breakers feeding each of the large motors and/or unit
substations or load centers. Sometimes fused contactors or fused load-break switches are used for individual
feeders._ When using fused contactors, special care should be taken in coordinating the protective device
selectivity for downstream relays that must coordinate with the fuse. In some cases, the maximum operating
voltage for fused contactors is rated for lower maximum operating voltages than circuit breakers. This should
be considered in the overall system design.

Unit substations typically consist of a step-down transformer, a bus, and circuit breakers as an integral unit. A
load center consists of the same components, but it may not be an integral unit and is therefore a more general
term. The nominal voltage rating of the unit substations or load centers is usually 480 V or 600 V. Large low-
voltage motors and motor control centers are individually connected to the unit substation through circuit
breakers. Motor control centers supply small motors and other loads through combination starters and molded-
case circuit breakers. The motor control center will have a supply breaker at the unit substation. The main
breaker at the motor control center is optional. This optional breaker is usually justified when the motor control
center is physically remote from the unit substation; because it may be desirable or required to have a local
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device to disconnect the source for safety during maintenance or when required by codes.

Other nomenclature will be defined as new equipment is introduced during discussions of other schemes.
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Figure 3.2—Simplified single-line diagram for unit connected power system

3.3.2.4.2 Typical scheme

After establishing the design criteria, analyzing the load to be served, and establishing acceptable nominal
voltage levels, the designer can develop the single-line diagrams. A typical system for an 880 MW coal-fired unit
is shown in Figure 3.3 and Figure 3.4. This system is a four bus, unit connected, power supply system. Note that
the unit auxiliary buses are divided into two sets of duplicate buses, with each set of buses being supplied from
a different UAT. The duplication of loads, which are segregated to different buses and different UATs, may
avert an extended unit outage upon loss of any one bus or UAT. Figure 3.4 is an extension of Figure 3.3
and gives the details of the 480 V system, which is also arranged with reliability in mind. Additional reliability
may be provided at either the 4.16 kV or the 480 V level by providing alternate supplies to these buses.
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Figure 3.3—Expanded single-line diagram for 880 MW coal-fired unit
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Figure 3.4—Expanded single-line diagram of the 880 MW coal-fired unit

3.3.2.4.3 Station service (startup) transformer (SST) connections

The connection of an SST is an input to the determination of the transmission substation bus arrangement.
However, it is rare that this input would change the basic transmission bus arrangement (i.e., straight bus to ring
bus). This bus arrangement is determined primarily by the transmission planning engineer to satisfy utility
power system stability, reliability, operation, maintenance, and cost. Figure 3.5 through Figure 3.10 illustrate
the most common connections; however, other arrangements and variations do exist.

a) Figure 3.5 shows a straight bus. This may be the simplest of all arrangements. It offers relaying
simplicity and cost savings at reduced reliability. Any line fault with breaker failure, or any bus fault,
will result in interruption of station and transmission line service_and total loss of ac to the plant.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 22:15:25 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 666-2007


http://www.avadocuments.com/doc/ieee-666-2007
http://www.avadocuments.com/doc/ieee-666-2007

Ao % .
Figure 3.5—Straight bus

b) Figure 3.6 shows a main and transfer bus. For this arrangement, the SST is connected directly to the
transmission bus. Any fault on an adjacent bus section or line with a failed circuit breaker results in loss of
power to the SST. An alternative connection might have a breaker for the SST to remove a faulted SST
from the bus.
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c¢) Figure 3.7 shows two ring bus connections. The ring with separate SST bay position is secure
against line faults, unless breaker failure occurs. The ring without separate SST bay position is exposed
to faults of the line to which it is connected; however, it saves the cost and area required for an additional
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breaker. Both connections are exposed to the possibility that the bus might split if a fault should occur
while a breaker is out for maintenance. This may isolate the SST, and the resulting phase angle across
the split system may prevent reclosing._This could also be a factor in transferring station service buses
between the SST and UAT. Note that the UT and SST are connected to the ring without sharing a
common breaker. This avoids the possible loss of both power feeds as the result of a single failed breaker.
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Figure 3.7—Ring buses

d) Figure 3.8 shows a breaker and 1/3 bus. This bus arrangement offers more security than the ring bus
because, for certain faults, breaker failure will not cause the SST to be tripped. Two possible SST
connections are shown: one without a bay position and one with a bay position. The economies of
connecting the SST with a transmission line should be evaluated against the exposure to transmission
line interruptions. Note that the UT and SST are connected to the system without sharing a common
breaker. This avoids the possible loss of both power feeds as the result of a single failed breaker.
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Figure 3.8—Breaker and 1/3 buses

e) Figure 3.9 shows a breaker and 1/2 bus. This arrangement provides a degree of reliability similar to the
breaker and 1/3 bus. Again, without bay position and with bay position for the SST are options to be
evaluated. Note that the UT and SST are connected to the system without sharing a common breaker. This
avoids the possible loss of both power feeds as the result of a single failed breaker.
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Figure 3.9—Breaker and 1/2 buses

f) Figure 3.10 illustrates step-down techniques that can be used to connect the utility high-voltage power
system to the station auxiliary buses. The single step is a common arrangement where voltage ratios are
acceptable._Figure 3.10 also illustrates the connection of the SST to an intermediate voltage bus.
This is required in some cases where the voltage transformation ratio between the available high-
voltage transmission bus and the station service bus is very high. This is fairly common with 345 kV,
500 kV. and higher voltage connections.
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Figure 3.10—Step-down techniques
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3.3.2.4.4 Unit auxiliary transformer (UAT) connections

Figure 3.11 through Figure 3.18 illustrate several possible arrangements for the UAT. Since most generating-
unit power systems are custom designed, these examples should not be considered all inclusive and are
provided to demonstrate basic concepts. Each example arrangement is discussed in more detail below.

a)  Figure 3.11 shows three-winding auxiliary transformers with dual auxiliary voltages and common
auxiliary bus. The windings of the UAT and SST may be of the same or different MVA ratings and
impedance. Where multiple UATs are used, the MVA and impedance of each UAT are usually the
same. The SST may be sized for startup load only or to provide an alternate power supply in the event
that a UAT is out of service. The common bus that is served from the SST can be used to serve loads that
are common to more than one unit in a multiple unit plant. The SST can also be used for another unit,
as indicated by the dotted line to Unit 2. This arrangement may afford some economic advantages as
well as space savings although the units lose some flexibility in that only one unit can be started at a time
or only one failed UAT can be spared._ When the SST is shared, there is also a concern that, should
there ever be a multi-unit trip, the total station service load of multiple units would exceed the SST’s
capability. Another variation is to have two double-winding secondary SSTs sized so that the loss of
one SST does not preclude the startup of the generating unit.
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Figure 3.11—Three-winding auxiliary transformers with dual auxiliary and
common service bus

b) Figure 3.12 shows three-winding auxiliary transformers with split auxiliary buses. This arrangement is
similar to that of Figure 3.11, except that each secondary winding is connected to serve two
auxiliary buses rather than one. This scheme has the advantages of lower continuous current per bus and
additional isolation for faults. The disadvantage is that the arrangement will require additional room for

the bus locations and extra breakers. These additional costs may be offset partially by using lower
continuous-current rating for certain equipment.
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Figure 3.12—Three-winding auxiliary transformers with split auxiliary bus
¢) Figure 3.13 shows two-winding auxiliary transformers with split auxiliary buses. The scheme is similar to
Figure 3.12 except for the two-winding transformers. One of the obvious disadvantages of this scheme is the
increased cost to serve the same amount of auxiliary load. However, this scheme may improve the overall power
system availability to the one shown in Figure 3.12 due to the two- winding transformers.
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Figure 3.13—Two-winding auxiliary transformers with split auxiliary bus

d) Figure 3.14 shows dual three-winding auxiliary transformers with dual auxiliary voltage. This
arrangement might be used for large auxiliary systems. The MVA ratings, impedance, and voltage are
different for each winding of the transformers. Use of different voltages allows segregation of the larger
motors to the higher voltage bus for improved regulation and equipment MVA fault capability while

providing a more economical voltage for smaller motors. The three-winding transformers save
space, which may be critical.
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Figure 3.14—Dual three-winding auxiliary transformers with dual auxiliary voltage
e) Figure 3.15 shows a two-winding auxiliary transformer with dual auxiliary voltage, intermediate
auxiliary transformer, and common auxiliary bus. This scheme is unusual but might be used for a large
system serving multiple units. The auxiliary transformers supply voltage to an auxiliary (medium
voltage) substation. The 13.8 kV buses serve large motors. Smaller motors are supplied from the 4.16
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kV buses. Note that alternate sources are provided from other units with appropriate switching. The
common buses supply loads common to all units. The disadvantage of this scheme is its complexity. It
illustrates how quickly a system can become complex when multiple supplies are provided. The
economic advantages and overall system reliability depend on each application._In this design, the
starting of 4 kV motors should be closely evaluated due to the additional system impedance caused by
the second transformation.
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Figure 3.15—Two-winding auxiliary transformer with dual auxiliary voltages,
intermediate auxiliary transformers, and common auxiliary bus

f) Figure 3.16 shows a three-winding UAT—delta tertiary SST with split auxiliary buses and dual
auxiliary voltages. This scheme is similar to the other three-winding auxiliary transformers split
auxiliary bus arrangements because it has one 13.8 kV winding serving two buses and one 4.16 kV
winding serving two buses. The SST arrangement is significant in that the 13.8 kV SST supply is
served from the delta tertiary of a system autotransformer. By serving the 13.8 kV direct from the
tertiary, one transformation is eliminated, and only a step-down to 4.16 kV from 13.8 kV is required.
Using the system autotransformer in this fashion exposes it to more faults and exposes the unit power
system to system operations considerations. This could degrade the reliability of both power systems.
While this connection represents cost savings in some cases for an integrated utility, there may be
economic factors to consider in a deregulated environment. In some cases, this is viewed as a low-
voltage (13.8 kV in the example figure) supply. The transmission provider may well have higher
capacity and energy charges for station service delivered at 13.8 kV compared to a higher transmission
voltage supply to an SST.
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Figure 3.16—Three-winding UAT—delta tertiary SST with split auxiliary buses and dual
auxiliary voltage

g) Figure 3.17 shows a three-winding UAT with generator load-break switch or generator breaker. The
significant feature of this arrangement is that a generator load-break switch or generator breaker is used
for synchronizing the generator to the transmission system, and for disconnecting it from the
transmission system. This allows the SST to be eliminated as the switch or breaker is opened during unit
startup with the auxiliary loads served through the UT and UAT. By eliminating the SST, there is no
need to transfer the auxiliary loads from the SST to the UAT after unit synchronization. The load-
break switch or generator breaker can be used with any number of combinations of UAT arrangements,
as the effect is to eliminate the need for the SST for starting the unit. However, if the SST is eliminated,
ties to a neighboring unit are required for an alternate source. This could require larger switchgear or an
additional UAT. If a load-break switch is used. then generator faults may result in the tripping of the
high-voltage breaker, resulting in temporary loss or transfer of station service until the load-break
switch can be opened and the high-side breaker closed.
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Figure 3.17—Three-winding UAT with generator load-break switch or generator breaker

h) Figure 3.18 shows the supply from station service only. In this scheme, the UAT is eliminated, and the
auxiliary loads are served completely through the SST. In this example, a number of SSTs are used,
and, similar to the scheme with a generator breaker or load-break switch, there are a number of possible
SST arrangements. The significant point is that the UAT is eliminated as well as the need to transfer
auxiliary loads from a UAT to a SST and vice versa. In considering the economics of this scheme, the
cost of additional losses and space for the transformer should be evaluated. Note particularly that the
UT must carry total generator output rather than generator output minus the auxiliary loads. Thus, the
additional load losses through the UT and the additional UT capacity should be evaluated versus SST
capital costs and losses. Note also that this example shows multiple UTs that have been applied for
increased reliability._This connection does have the advantage that station service buses do not see
voltage swings associated with the generator terminal voltage. The generators are normally operated to
maintain fairly constant transmission scheduled voltages. In order to accomplish this task, the generator

terminal voltage is varied within its allowable range; and if station service is supplied via a UAT, then the
generator voltage variation is directly reflected into the station service system. Feeding the station

service system from the switchyard SST may reduce some of the complexity in determining the
optimum _transformer taps to use in the station service system. If widely varying system voltage

conditions occur, then transformers with load tap changers may need to be considered.
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Figure 3.18—Supply from station service only

Once the alternative schemes have been considered, the designer is then ready to begin evaluating them in
order to select the optimum design.

3.3.2.5 Reliability and availability considerations

Design of plant auxiliary electrical systems also requires the assessment of the required total plant system
reliability and availability. Many newer power generation project contracts require warranted generation output
availability per year and documentation to validate such contractual commitments. This generation output
availability requirement translates into setting up an overall plant availability goal. The availability goals of the
various mechanical, heating-ventilation-and-air-conditioning (HVAC), and electrical systems, when combined,
impact the overall plant availability goal. This translates into design considerations that need to be
implemented to meet the stipulated availability goals. Such design requirements would require consideration of
auxiliary system configurations such as alternate power sources to critical auxiliary loads, double ended
substations, etc. Guidance for meeting the required availability goals with regard to failure rate assessment, mean
time between failures, and discussion of alternatives to achieve reliable distribution design should be

obtained from IEEE Std 493" [BS8].
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3.3.3 Evaluating alternatives

If more than one plan is given consideration, a method of evaluation must be developed. In addition to costs,
there are several other factors that may influence the selection of a particular plan. Some of the more important
factors are discussed in 3.3.3.1 through 3.3.3.8.

3.3.3.1 Preliminary cost analysis

After the alternative plans have been developed, the quantity of schemes that appear attractive may be
cumbersome. It is helpful to reduce the number of alternatives to a manageable size, or perhaps to one plan, for
detailed design consideration. Evaluating preliminary cost data for each scheme is an effective tool in this
reduction process.

3.3.3.2 Reliability

Mathematical techniques for analyzing reliability indices can be used to determine relative reliability levels. The
analysis should include a review of system performance for single failure and multiple failure criteria. Not only
should the probability of such failures be studied, but also the effect on the auxiliary system should be
determined. The frequency of failure, modes of failure, outage times, and repair times should all be evaluated.
Systems may then be designed to withstand single, double, or multiple failures and continue to function. As
evaluation techniques and the necessary reliability databases improve, mathematical reliability analysis should
become a standard part of the investigation. If a mathematical analysis is not used to evaluate reliability, some
subjective evaluation should be used. The critical items in the systems should be identified, and their relative
reliabilities should be noted. In this way, perhaps some weight can be placed on the different reliabilities, which
should help in selecting a preferred scheme.

3.3.3.3 Flexibility

The auxiliary system design requires a high degree of flexibility to accommodate design changes that will be
made later. Thus, margins on equipment ratings, space for additional equipment, and capacity to account for
increased load should be given serious study.

3.3.3.4 Maintenance

While maintenance is largely the responsibility of plant personnel, the auxiliary system designer can take
certain steps to improve system reliability. For example, the scheme might permit some of the maintenance to
be performed with the unit carrying load. This could be accomplished by providing spare capacity for certain
loads or alternate feeds to the loads. If the designer specifies the equipment to be purchased for the auxiliary
system, then the expected maintenance of the competitive systems should be evaluated. This information may
also influence the on-site spare parts purchasing policy for the plant.

Another issue to be considered in the plant design is the ability to maintain continuity of service to buses that are
used during normal operation and maintenance outages such as lighting, cranes, welding receptacles, etc. One
solution is to power these loads from a dedicated outage motor control center (MCC), which can be switched
between two supplies, providing an opportunity to maintain the supply buses.

3.3.3.5 Expandability

Most auxiliary systems experience some expansion or load growth after the initial design. Some causes for
increased loads are as follows:

a) Larger mechanical loads than anticipated

b) Coal- and ash-handling facility modifications associated with fuel supply economics (fuel switches)
or environmental reasons
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¢) Efficiency and availability improvements (i.e., balanced draft conversions)

d) Unit cycling requirements, such as electric drives for existing turbine-driven load (i.e., boiler feed

pump)
e) Environmental, such as precipitators, flue gas desulfurization, selective catalytic conversion

f) Increased output rating of units resulting in station service load increases

In any case, expansion is almost inevitable, and the designer is well advised to make allowance for future
changes. The exact amount of margin to be provided is a matter of engineering judgment for the designer, as it
may vary among companies. For example, some companies provide for a future load growth of X%, where the
determination of an amount (X) of future load growth capability depends on several factors including costs and
the probability of the modification.

3.3.3.6 Performing detail design calculations

Design calculations allow a complete technical evaluation of the plans under study to determine the merits of
each compared to the design criteria. These calculations should include short-circuit and continuous current,
steady-state voltage profiles and transient voltage dips during motor starting, etc. Once the final plan is
chosen, these detail calculations provide equipment characteristics for equipment specifications such as
transformer MVA rating and impedance, breaker ratings, etc._The designer should specify plans for the
operation of motor loads into the motor service factor rating (see 11.4.2.4). This is an integral input into the
equipment specifications.

3.3.3.7 Detailed cost analysis

There are several components of costs that should be evaluated, as well as several methods of economic
evaluation that are appropriate. The details of these evaluation techniques are beyond the scope of this
document. There are, however, many excellent texts on the subject.

The costs to be evaluated include, for example, capital, maintenance, and operating costs. Note that
maintenance costs and operating costs are distinct. The maintenance costs refer to the costs associated with
items such as annual maintenance, repairs, and replacement parts for the system equipment. The operating
costs refer to the costs associated with items such as losses or replacement power. The operating costs may also
include a cost comparison for purchasing station service power at various transmission voltage levels. This can
be a significant factor when station service power is taken from a point in the transmission grid other than the
location where the generator’s output is injected into the transmission grid. These separate cost components
may individually influence the overall economic evaluation of the plans.

3.3.3.8 Choosing a scheme

After evaluating all plans for reliability, flexibility, maintenance, expandability, and cost, a final scheme is
chosen.

3.3.4 Preparing equipment specifications

The equipment specifications can be written based on the detailed design calculations of the chosen scheme. The
specifications should assure that all requirements determined in the detail design calculations, and any special
requirements, such as operating duty cycles, are met by the manufacturer. The form of such specifications is
beyond the scope of this text, although many IEEE documents provide guidance in preparing the
specifications.
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3.3.5 Evaluating the bids

The details of the bid evaluation process are also beyond the scope of this text, but it is the next step in the
design process. The methods of evaluation may vary widely, but the results should reflect evaluation
techniques similar to those used in 3.3.3.

3.3.6 Reviewing and finalizing design

Once the equipment for the auxiliary system has been specified and purchased, the manufacturers can
supply the designer with design documents for the equipment. At this point, the design should be reviewed,
using the design data for the equipment, to determine if there are any equipment changes that may impact the
auxiliary system design. For example, a large motor may have an inrush current that exceeds specifications.
This may result in unacceptable voltage drop during starting. Major changes are generally infrequent, but the
designer should check the design data for possible changes.

3.4 Transmission system and generating unit considerations

The power system discussed in this subclause encompasses the power transmission system and the generating
unit.

3.4.1 Transmission system
3.4.1.1 Voltage variations

The maximum and minimum expected voltages to the primaries of the station service transformers are
necessary data in determining the voltage regulation requirements of these transformers. These expected
voltages are obtained from the transmission planning engineer who analyzes the transmission system by
running a series of power flow simulations. For a more accurate representation, these power flows should be run
including the station service load. If the station service load is neglected, then regulation should be calculated
through the transmission system (see 3.4.1.2). The minimum system voltage, maximum system impedance, and
maximum station service load determine the minimum voltage. The maximum system voltage, minimum
system impedance, and minimum station service load determine the maximum voltage.

This analysis is important in determining the station service transformer impedances and tap requirements.
Large voltage variations may necessitate the use of load tap changers or transformer thermal load limits that are
lower than their top ratings. Also, transformer overexcitation limits should be considered, especially when
applying taps below nominal voltage.

3.4.1.2 Representation of transmission system as short-circuitimpedance

For station service voltage regulation purposes, it is usually adequate to represent the power system as a
voltage source behind a short-circuit impedance. The maximum and minimum power system short-circuit
impedances can be obtained by investigating combinations of line and unit outages. This is usually done with
a digital short-circuit program. For maximum short-circuit contribution from the transmission system, the
maximum transmission system voltage and minimum transmission system impedance are used. The station
service transformer is typically the only component that can be changed to limit the fault contribution from the
transmission system. Therefore, for a given station service load, transformer tap setting, system voltage, system
short-circuit impedance, and auxiliary bus short-circuit rating, the required transformer impedance(s) can be
determined. Of course, this impedance should also satisfy voltage regulation requirements as noted in 3.4.1.1.

As a first evaluation criteria, a near-zero transmission system impedance (infinite bus) might be used. If

acceptable, an infinite bus assumption should be used because fault current exposure of the auxiliary system
equipment will be reduced as transmission system growth occurs over time.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 22:15:25 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 666-2007


http://www.avadocuments.com/doc/ieee-666-2007
http://www.avadocuments.com/doc/ieee-666-2007

3.4.1.3 Phase-sequence and phase-angle difference

For three-phase power systems, phase sequence identifies the order in which the three voltages reach their
positive maximum values relative to a fixed reference point. When interconnecting individual equipment
and/or power systems, the phase sequence of the two must be equivalent. Proper care is required when dealing
with phase-sequence-sensitive equipment such as motors, generators (proper rotation), transformers (proper
phase shift), certain types of protective relays, etc. Thus, when designing a new or modifying an existing
power system for a generating station, the phase sequence of the system and equipment must be considered in
conjunction with the phase-angle difference described below.

A difference in phase angle between the unit and the station power supplies can result in severe duty on
equipment such as transformers, motors, and breakers during the transfer of station load buses from the station
service transformer to the unit auxiliary transformer and vice versa. Phase-angle differences are both steady state
and transient in nature. Transient phase-angle differences in the auxiliary power supply can be caused by
disturbances on the utility power system or, more frequently, by an automatic transfer from the unit
transformer to the startup transformer. Auxiliary bus transfer is discussed in 4.6. The steady-state phase- angle
difference between the unit auxiliary transformer and the station service transformer is caused either by the
transmitting of power through the power system or by three-phase transformer winding connections.

The generating unit and station service transformer(s) may be connected to the transmission system at two
different electrical points although they are at the same physical location. An example of this might be a unit
transformer connected to 500 kV and the station service transformer connected to 115 kV. These two
transformers may be connected at the generating unit by an autotransformer or step-down transformer, or they
may be connected only by virtue of the interconnected transmission system. The maximum angle difference
between the generating unit and the station service transformer(s) for the worst power flow is determined by
the transmission planning engineer by running power flow cases. The power system should be designed and
the equipment purchased to be capable of tolerating the maximum angle determined because this angle cannot
be judiciously adjusted to zero.

The phase-angle difference due to transformer winding connections (i.c., wye-delta, delta-zig-zag, etc.) must also
be examined. In cases where two systems are to be paralleled, such as during parallel transfer (see 4.6), the
phase-angle difference between the two sources should be near zero. Even in the case of radial systems, it is
good practice to maintain a zero phase difference at each voltage level, where practical, in the event these
systems are inadvertently interconnected or some form of automatic throw-over scheme is added. Note that this
may require the use of transformers with nonstandard phase connections. An example of correct and incorrect
connections is given in Figure 3.19.

3.4.2 Generator

The main power generator is beyond the scope of this guide; however, its operating range must be factored into
the auxiliary system design.

a) MVA rating. The MVA rating of the generating unit has a direct influence on the design of auxiliary
systems. In general, the larger the main generator, the larger the power consumed by the auxiliary
system. In the past, coal-fired unit auxiliary power systems consumed 5% to 8% of generator output.
However, with the rapid increase in stringent environmental laws, the power consumed by auxiliary
power systems has risen in some coal-fired units to 10% to 12% of the generator rating. The increase in
the auxiliary system capacity has also resulted in the design of the auxiliary system becoming more
complex._In simple or combined cycle combustion turbine-based plants, the station service load is
usually 1.5% to 5.0% of the generator rating.

As the MVA rating of the unit increases, the desired reliability of the unit increases accordingly. This is
because the larger units are intended for base load operations and because the initial cost of the unit and
energy replacement costs are very high.
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Figure 3.19—Phase shift due to three-phase transformer winding connections

b) Voltage rating. As stated in IEEE Std C50.13™-2005 [B5], “Generators shall be thermally capable of
continuous operation within the confines of their reactive capability curves over the ranges of £ 5%
in voltage-netmere ., but not necessarily in accordance
with the standards of performance estabhshed for operanon at rated voltage....” This implies that the
auxiliary power supply system connected to the main generator bus should allow a + 5% generator bus
voltage swing.

For cases where this is true, it may necessitate increasing the number of auxiliary buses or the use of
transformers with load tap changers. An alternative to this is to determine the required generator bus voltage
swing. This requires a study of unit transformer regulation, tap settings, power system reactive power
requirements, transmission system voltage schedules, and the coordination of these with the unit auxiliary
loads, station service, and load-center transformer tap settings. The results of this type of study may indicate that
the station auxiliary system equipment voltage requirements limit the allowable voltage swing of the generator.
This could impact the ability of a generator to supply reactive power, in vars, to the transmission system
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3.4.3 Unit connections

A primary decision to be made for the unit connection is whether or not to use a generator breaker or load-
break switch (see Figure 3.14). This decision may not rest solely on the auxiliary power supply system
requirements. However, it does have a major impact on the auxiliary power system design. The most
significant impact of applying a generator breaker or a generator load-break switch is the possible elimination
of the station service transformer. In the event that the station-service transformer is retained, it could serve as a
third source of power to the auxiliary system. In the absence of the station service transformer, the auxiliary
system under unit startup or similar conditions is fed through the unit transformer, and the alternate source is
from neighboring units. Consequently, the power from the transmission system to the auxiliary system flows
through two transformers: the unit transformer and the unit auxiliary transformer. Thus, voltage regulation and
the short-circuit contribution from the system will be dependent on the relative strengths of the transmission
system and the tap setting of the unit transformer. The tap of the unit transformer is normally set for the
operation of the transmission system and not to supply the auxiliary loads._One other consideration is making
sure that the generator bus has a ground reference when the generator breaker is open. This can be
accomplished with a set of instrument voltage transformers on the bus that are carrying enough load to provide
the reference signal.

3.4.4 Station service transformer connections

The station service transformer connection requirements are influenced by the factors discussed in 3.4.4.1 and
3.442.

3.4.4.1 Transmission system nominal voltage

The transmission system supply voltage is usually greater than or equal to 115 kV. The transformations
necessary are dependent on this nominal voltage and the availability of transformers to step this voltage down
to the auxiliary power system voltages. For example, for a transmission system of 500 kV, it may be more
economical to step-down the voltage to an intermediate level, such as 115 kV or 230 kV, and then step-down
the voltages to 6.9 kV, 4.16 kV, or 2.4 kV. Another option is to use the tertiary of an existing autotransformer
as the source of the desired voltage (see Figure 3.16).

3.4.4.2 Transformer type

The extent to which the type of transformer (i.e., two or three winding) affects the design is dependent upon the
design and operating philosophies of individual utility companies. For example, some utilities prefer to have
balanced winding loadings on three-winding transformers. Under such conditions, the secondary voltage is
limited to one choice. Dual auxiliary voltage systems would require two-winding transformers for this
restriction. Other utilities have successfully utilized three-winding transformers with secondaries at unequal
loads and voltages.

Another design factor is the manufacturers’ impedance tolerance. The standard tolerance is £ 10% and

+ 7.5% for three-and two-winding transformers respectively (see ANSI IEEE Std C57.12.00™ [B6]). The
difference in tolerance can have a significant effect on the preliminary design phase of the auxiliary power
systems.

In the preliminary design, the exact impedance of the auxiliary transformer is initially unknown. In order to
calculate the transformer impedance, the manufacturer’s impedance tolerance is appropriately taken into
account for short--circuit and voltage regulation calculations. A difference of 2.5% in impedance tolerance may
be critical under certain design conditions and may warrant a change. For example, the change may
materialize in the preference of one type of transformer to another, the reduction in auxiliary bus load, or the
change in design boundary constraints.
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3.4.5 Transformer duty

The unit auxiliary transformer and station service transformer are subject to experiencing special duties.
Depending on the design of the power system, these transformers may be exposed to synchronizing surges,
large inrush currents due to transfer of the auxiliary loads and starting of larger motors, etc. Since a unit
auxiliary transformer is connected to the generator bus, it can be exposed to severe through-fault conditions that
cannot be isolated from the generator if a generator breaker is not used or fails to operate. It should therefore
be designed to handle the fault decrement of the generator resulting from the trapped flux in the machine. In
addition, the unit auxiliary transformer has the exposure to overvolts per hertz events caused by improper
generator voltage and/or speed or sudden loss of load (full-load rejection).

These special duties should be quantified and made part of the transformer specification. They are addressed in
more detail in Clause 9.
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4. Startup and shutdown requirements

4.1 General

Auxiliary loads for a power station generating unit and its prime mover (turbine or engine) require electric
power service during startup and shutdown periods. This service is normally supplied from off-site sources
through the transmission system and, in the case of a large or multi-unit plant, through its own switchyard.
This supply, with its related equipment, is identified as either the station service system or the startup/
shutdown source._Another method is backfeeding through the unit transformer and the unit auxiliary
transformer when a generator breaker or load break switch is used as shown in Figure 4.1 (in 4.4.1). After a unit
generator has been synchronized to the system and partially loaded and transfer from the station service
transformer to the unit auxiliary transformer has taken place, service to its auxiliary loads is supplied normally
from the unit generator terminals through a unit auxiliary transformer. This supply is identified as either the unit
auxiliary system or the normal source.

Station service systems should be suitable for supplying continuous load, short-time overload, and transient
overload requirements of the unit auxiliary loads. They also should provide margin for future load growth.
Quality of power is an important consideration that should meet criteria for frequency, phasing, and voltage
control.

Power from the station service system is essential during unit startup and shutdown periods in which the unit
generator cannot supply its auxiliary loads. The station service system typically provides power to loads for
Iubrication and sealing oil during and after coastdown, removes residual heat, purges the boiler, maintains
condenser vacuum, and provides service to other critical components and protective systems._For combustion
turbine plants, the station service system provides power to the starting system, which is typically either a static
start device or a starting motor.

Onsite power sources, either storage batteries or engine-driven generators, are used to provide standby or
alternate electric service to critical equipment in the event that both the normal and startup/shutdown sources fail
during operation. When this occurs and the power system is completely shut down or blacked-out, the design
bases of the plant may require that the unit be restarted (called a black start) from a power source that can be
manually initiated. Generators driven by hydraulic turbines, gas turbines, or diesel engines are used for this and
other emergency shutdown tasks until the startup source is restored. Due consideration should be given to size
and cost. If these sources require stored electrical energy for startup, such as field flashing, controls for diesel
generators, or ignition, it is usually obtained from storage batteries.
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4.2 Power requirements

Power requirements for unit auxiliary loads at startup (or shutdown) are dependent on the size and type of unit
and the degree of reliability. The design should include considerations for continuous load, short-time and
transient overload, and a margin for future growth.

4.2.1 Continuous capability

The continuous capability should supply maximum power requirements of all electrical auxiliary loads in any
combination in which they may be used during plant operation from the station service system. Where more
than one unit is supplied from a common station service system, consideration should be given to the
possibility that a unit in normal operation may trip from full load and transfer its shutdown auxiliary loads to the
common station service system during the startup of another unit’s auxiliary loads. Instead of designing a
system to supply auxiliary loads requirements for two units, it may be acceptable to impose engineering or
administrative load limitations. The system should also be able to react in the event that station load is
suddenly lost.

4.2.2 Short-time overload capability

Certain auxiliary loads served by station service systems may be required, for limited periods, to carry loads
greater than those existing at plant full load. Examples are circulating water pumps filling the system before full
syphon conditions are established, induced-draft fans handling cold air, motor-driven startup boiler feed pumps
that will be replaced by turbine-driven pumps at a more advanced stage of startup, electric boilers not used
during full-load operation, and the starting systems for combustion turbines. Affected equipment or
components of the service system should be capable of carrying these overloads for appropriate periods
without producing voltage profiles or temperature rises outside prudent limits. While reviewing equipment load
requirements that are greater during starting than at full-load operating conditions, equipment whose load
requirements are lower during starting should also be noted. A typical example would be the forced-_draft fans
of a unit, which operate substantially below nameplate rating during startup. Incorporating both types of load
in a common portion of the system may reduce the overall supply requirements.

4.2.3 Transient overload capability

Station service systems should have the capability of supplying electrical auxiliary loads during the starting or
restarting of the largest load. When the largest load is a motor driving high-inertia loads, such as an induced-
draft fan, the starting transient duration may be up to 60 s. Voltage profiles during such transients are not
required to satisfy criteria established for continuous operation or short-time overload, but they should be
adequate to assure that no running motor will stall and no motor-starter contactor will drop out. Acceptable
equipment operating voltage ranges should be confirmed with the manufacturer. If load-tap- changing (LTC)
transformers are used in the power system, it should be assumed that these tap changers do not operate fast
enough to apply significant correction during such transients.

The system should be capable of supplying unit auxiliary loads required during an automatic transfer of the
buses from the normal to the startup/shutdown source, where applicable. Voltage profiles immediately
following such transfers should meet the same criteria as those established for the motor-starting transient.
Within approximately 60 s, the profiles should meet criteria established for continuous operation. If
transformers with LTC are used, it should be assumed that significant correction is not applied until after the 60 s
period.

4.2.4 Margin for load growth

Station service system design should allow for auxiliary loads that may be added after the plant is placed in
service. An acceptable margin for future loads should be considered in transformer and feeder cable capacity and
space should be provided for switchgear and motor control center additions. Short-circuit withstand capability
of switchgear buses should be sufficient to avoid transformer voltage regulation problems and allow for future
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growth. This last margin generally will be created by increasing transformer impedance at the expense of
voltage regulation. For that reason, it is often impractical to make large allowances for future load growth.

4.3 Quality of power

Quality of power is a term used herein to designate system characteristics such as availability, frequency,
phasing, wave form, and voltage control. The design should consider the effect these characteristics have on
satisfactory operation of the system and its components._For the purposes of this guide, availability is
considered as a measure of power quality.

4.3.1 Source availability

Availability of station service may affect the availability of a generating unit. Replacement power costs,
incurred when an otherwise serviceable generating unit cannot be started, may be a significant item. In
addition, a shutdown of the unit without power to run the auxiliary loads may cause equipment damage, the
repair of which will delay restart and incur replacement power costs. For these reasons, the cost of an alternate
power source may be justified, particularly in a multi-unit station. This alternative power source may be the
station service system, an onsite source, or both. The basis of selection should include a review of the reliability
of the transmission grid, outage costs, and onsite source equipment costs.

4.3.2 Frequency

When a transmission system is supplying power through the station service system, the frequency at normal
operation is maintained at approximately 60 Hz + 1%. Exact tolerances are dependent on utility system
operating conditions and procedures. Continuous operation outside of these tolerances may significantly affect
output of larger unit auxiliary loads (reduced pressures and flows) and may cause vibration problems in the
turbine blading. When the power supply is from an onsite ac source, frequency is usually maintained at 60 Hz
with a tolerance within £ 3%. Exact tolerances are dependent on the specific generator and the type of governor
control used; however, operation of equipment beyond its volts per hertz rating can cause equipment damage.

4.3.3 Phasing

When an alternative source is available continuously to accept a transfer of the auxiliary loads bus from the
normal source, its frequency and phasing should match that of the normal source. Excessive phase-angle
differences may result in significant transfer of power from one source to the other during parallel operation.
Phase-angle differences relating to auxiliary loads bus transfers, parallel source operation, and related
equipment damage are described in more detail in 4.6.

4.3.4 Phase balance

Phase-to-phase voltages should be balanced within 1% without derating and up to 5% with derating. Percent
unbalance is defined (see NEMA MG 1 [B15]5) as 100 times the maximum voltage deviation from the average
voltage divided by the average voltage. The reason for this requirement is that, at normal operating speed, the
motor phase current unbalance will be 6 to 10 times the voltage unbalance. This phase current unbalance
produces winding currents significantly in excess of those present under balanced voltage conditions. The
increased currents will cause a higher-than-normal temperature rise in the motor and may require the derating
of the motor nameplate horsepower to prevent long-term damage. Under a condition of 5 % voltage unbalance,
the motor derating factor may be as large as 75% of the nameplate horsepower. An additional effect of voltage
unbalance is that the locked-rotor and breakdown torques will be decreased, and the motor may no longer be
adequate for its intended application. The above applies specifically to induction motors. Situations in which
larger unbalanced voltages exist, or in which synchronous motors are supplied by unbalanced voltages, should
be stated in the motor specifications.
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4.3.5 Waveform

The voltage waveform should be sinusoidal with a deviation factor not exceeding 0.10 (NEMA MG 1 [B15]).
Deviation factor is defined as the ratio of the maximum difference between corresponding ordinates of the wave
and of the equivalent sine wave when the waves are superimposed in such a way as to make this maximum
difference as small as possible.

4.3.6 Voltage control

Startup/shutdown source voltages should furnish a range of voltage that ensures acceptable operation of the
auxiliary loads. The normal source is usually a transmission or distribution system voltage that will be
transformed onsite to a lower utilization voltage. ANSI C84.1 [B3] establishes voltage ratings and recommends
that source voltages should have a sustained value of between 9895% and 105% of the nominal voltage,
corresponding to Range B. It should be noted that these values are recommendations only, and the required
range is a function of the specific design of the auxiliary service system and the specific operating ranges of the
equipment. Most auxiliary equipment will operate within a + 10% tolerance of their nominal voltage rating.
The compromise made between increasing transformer impedance to lower short-circuit availabilities and
decreasing transformer impedance to raise operating voltages will also affect the required source voltage range.
Proper selection of transformer impedances and tap settings, in conjunction with a station design that
minimizes voltage drops, should result in selection of a range within the normal operation of the source voltage.
When a range of voltage is required that is wider than the capability of the source, it may be necessary to
reconsider the single-line design before employing load tap changers in the transformer stepping the voltage
down to utilization level. Both system and auxiliary equipment utilization voltages are addressed in greater
detail in Clause 5.

5 The numbers in brackets correspond to the numbers of the bibliography in 4.10.

Source voltages may have transient values outside the above range. Transient overvoltages caused by lightning
or switching should be limited by appropriate surge protection to prevent damage to transformers, switchgear,
and utilization equipment on the system. Transient under-voltages produced by faults on the transmission or
station service system are of short duration (because of rapid fault clearing) and have little effect on utilization
equipment.

Transient undervoltages caused by starting large motors are frequently of sufficient duration to warrant careful
study. The magnitude of such transients depends on the ratio of the source impedance to the motor locked-
rotor impedance. The source and feeder voltage regulation will be adversely affected by other running loads
and by transformer and cable impedances between source and motor.

Transient undervoltages caused by sudden transfers of large blocks of load from the normal to the startup
source may be unacceptable if the voltage difference between the new source and the residual bus exceeds 1.33
per unit (p.u.) This may occur if the dead-bus time of the transfer exceeds 4 to 6 cycles. Dead-bus time is the
time in which the auxiliary load’s service bus is completely without power. Slower transfers may require load
shedding to maintain the voltage within acceptable limits. Voltage transient conditions caused by bus transfers
are described in more detail in 4.6.

In general, the startup source should have a short-circuit capability greater than 30 times the magnitude of its
steady-state load. In this case, the startup source is assumed to be the high side of the station service
transformers. Therefore, a total demand of 50 MVA would require that the source have a minimum short-
circuit capability of 1500 MVA. If this requirement can be met, the transient undervoltages may be acceptable,
and a narrow range of sustained source voltages may permit acceptance of a lower short-circuit capability.
However, it should be emphasized that the above statement is a general guideline only. The actual MVA and
impedance values of the station service and unit auxiliary loads service systems should always be used for
calculating the electrical system performance of the final plant design.
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