ST, Bas LA

D
OBl e
€339

Fitzgerald & Kingsley’s Electric Machinery
Seventh Edition

[%] StephenFUmans e

Fitzgerald & Kingsley’ s
Electric Machinery,

S TF% & sEAL

PUBLISHING HOUSE OF ELECTRONICS INDUSTRY http://www.phei.com.cn



BRI 83T MBS

=N ] -
(E-EHR) (FETHR)

Fitzgerald & Kingsley’s Electric Machinery
Seventh Edition

[ %] Stephen D. Umans S

T F IF & AR AL
Publishing House of Electronics Industry
Jtx{ - BEJING



nE® T

A LR U Y 28 SO, TE SO B GLIERE B AN REPE AP RE R TR AR HLH AR B A0 B e s il HLRR
W [ AL S AR AL | AT R AL 2 R PEL e LA D S R S L A F S AL R AT E B L A R R A
%, B S 9 B AL S AR R K SC S A S TR RES AL, dqO AR # , SCPR e AL BE A AT 1Y TR R,
RS TR R EGR G BRI A I AY R, /48 TR K REAA R KSR AL R R
HL A BRI R 58778 1 O TR LI N 2 BT T i i S BSR4, 51T MATLAB,
PN T TR ) W S TR (A Wl b B A Y o

A A S 8 S B A TR TR SO B SR sSOH A DG e Ml 27 A i b A 228 T/

CRHARNG S HE A,

Stephen D. Umans; Fitzgerald & Kingsley’s Electric Machinery, Seventh edition
ISBN :9780073380469
Copyright (©) 2013 by McGraw-Hill Education.
All Rights reserved. No part of this publication may be reproduced or transmitted in any form or by any means,
electronic or mechanical, including without limitation photocopying, recording, taping, or any database, information
or retrieval system, without the prior written permission of the publisher.
This authorized Bilingual edition is jointly published by MeGraw-Hill Education ( Asia) and Publishing House of
Electronics Industry. This edition is authorized for sale in the People’s Republic of China only, excluding Hong Kong,
Macao SAR and Taiwan.
Copyright (©)2013 by The McGraw-Hill Asia Holdings( Singapore) PTE. LTD and Publishing House of Electronics Industry.

WAIT A, AL Hh MO = 5 A3 AR T, XA S R A AT ¥ 43 AN A5 LAUAE ] D = el e 48 52 i) ol A% 4%, AL F {HAS
T & BN Sl s, sGE AR BUE AR B TR R Y RS, AR RAOUE R 2248 95 - ok QIR 208 1
W2 F) AT T Tl i R R, I RRAR 22 B AU R A b e A R AN E B P (AN B st e 54 T LXK 8 14
SATBUX AE T ) 8.

JRAL (©)2013 1 Z2 #5558 Q) #0F R 5l S8 Tl B kLT . AB G4 MceGraw-Hill Education
N Al B ThARES , ohR%s # N ISH 8.

WURLEE By TR e S &5 : 01-20134710

EHBERS B (CIP) 8

HLHLY = Fitzgerald : 55 7 M. $E3C/(35) %% (Umans, S.)#. —Jbar. B+ Tk EE, 2013, 10
AT R A sh k&l BRI okt
ISBN 978-7-121-21546-9

LOH- IO 1L O - @SR - EHp -3 v, DTM3
o AR S A CIP B %57 (2013 ) 55 225483 5

g S . RO
STk . B
Ep Fall = 30] i R EP Rl 6 1T A PR 2 =)
W VT =l XU E R 25 T4 PR ]
A& AT . L Tl R A
Abst it e X T A58 173 {546 W4 100036
¥ A 787 x980 1/16 Epsk. 45 4L 1310 T
e W 2013 4E 10 55 1 IRENR
e ffr . 89. 00 JC

FUPIT W S5 L Ml H R P 3 ol ) T, 3 ) W S 5 B e, 5 55 B 8, i S ARAE R A TRBIK R, BX
7 MBI LI - (010) 88254888,

[ AR IE & MR 2 2lts@phei.com.en, PSRRI & HB14 Z dbqq@phei.com.cen.

file %5 #4£k . (010) 88258888



[ Fitzgerald Fl Kingsley ##2T 1952 4E U MUE — ML K, AR —TUR B R, B
15 B A JBCPE X AL DR A o, LA R 07 RSk AT 2 R i ik e AL BB Y 0 A X 1
i, FS—RRHAEITLSKR, EOA TIRZZ4L, G an i #E s T8 i K @A R T %,
il AR M S, AR H, 4 K 3h R GE R A

SRAMT, S HUREPE O A R A . AB R AR A E, TEIR KR i T
LA T e LR R B UCRHT R R S T T I A PR AR AR, RS b e — s kb P Ty B B
", ELRFRX —EA PO B A, ELRTA B AL, BT T X K ik
MBI, 5IA T AKBESS I AL A2 REBH ( FF CRERH ) H AL B L S AL, LA B X 37 5 1)
25 i R 1 R 5

B7SHRUR B BERGHEIE | 1A MATLAB 7E (U 25 >) LA B REoR ST P (¥ BT, MATLABY
FERERARRN T 2N, IHAFARAR, BARBREE AT ER &SRR R,
(FLF5 v B s B A B 2 ol 3 A RO T R A, ZE A TR LY S i vh ST, TRk 43 B
A KRS B RBOE . R MATLAB 55X — 2808 TR, W U224 WTTK Z kit
T ok, X R RA B X IR R B N S L B

K B — AR A5 — R WUR AT AR A4, A Al DA ) 32 S5 T B 3T
TR T RoK i A 2 s ey, S O0R FE 5 RO 3800 Hl HILTE S 3l s i PR
iF, R —TORE LS, ATREAHSAER, HAAERAOT A M A AL,

AR PR E R T 2013 4, SRARAHIE [ MATLAB F21F7, 0] AR 28 5 76 JL 43 %h N 5¢
WS AR, ARREA FEZIE R E SR, RHEEMmEdk, R sinl T8 4
2SS s ML R S s A TG IR PR, LA R E 9T S8R s i 55 . X —4F %5 i S i
FR(BFEEZRTIRE ) ki, iFEXNRELZ8T SMEZITE, Mg — s 80HEE
SR — T RIREEFERT

NZGRTE , BARTEA B Pk £E(H ] MATLAB, (B84 V£ W] %5 Dh A i BB o0 BT TR 7
AR, FERFREA R, KB —sUE, XEFRFMEM, BRI b7 A4 115 7
PH T G iR G TE TR R R [l B B ) .

R, BMERA MR, B R 2 EE AR ) B AR AT LA MATLAB 8 [5) 28 #1045k b
A, XPARLERERRAN B AN e TR A2 A RS T Al A, LASE A AT T A S B

@ MATLAB fil Simulink #§/& MathWorks, Inc. , 3 Apple Hill Drive, Natick, MA 0l780 (http://www. mathworks, com) 9§
R
@ MATLAB “#4: M A< il MathWorks, Inc. ( http://www. mathworks. com) A



() TS ch etk . SRS 2T, AR % ZER 2 AR DL B e 2Ok 3 b T T2
Gl f 250, RO IE SR AR RO AR A R H AR T AR G, SR, MBS 2 AREE, M
R B — B R R E R AR P . B BRI, BEMORAR I o B2 R 45 SR 10 o A rh ik
TR A o) R o AR A R ) A (L

BeAh, EHEATH S BUE T A BB, S RE R BAR DG iy £/ X BB | AP 2 TRHRER
e ARYE P RGX e TR B UM A SR E WL, AN T IR R L ) R AR R Y —
B R AR AL R, YR RATRE A i T2 R B A Xl i
(1 AR TR, BUEAR 2 TR THR P AR SRR A IR . S B NG T A YR 5 L R i) 00T 42
W, ABEEMAR B F¥ 5, HKe B ENE PR T8 LR
i,

AR UAE VT T T S 5 e WL A A 4 BB, sk AR 45 [ 58— R DA Sk IF— B 5 I )
PRI T 7, B, DA EE S R A L T A RRAS & B, B T MHBR OC o o F2f i — 3
A BB AL = BTIR S TSR L 5 — T, MBREE i o — et o HAth R
TSR, B, ARGEIT R EE AR .

o REEMMTANBEC LM TAFAN S & BITA/ S BENY 78, (FHEmEY .

Horp— B4 5 AR XA F VLT B Y e, i, B 7 EE T HRHEL
R UR RN QTG <34 2 == 2

o ARG T 15 AN EIEL, R ERELEEGEE T 111 4, BhAh, BN T RT— iR
rh ) — S | R

o ApLEdt 371 ATRAJE S, A 96 MEF M, HAMILTFFAE, BREHE TR
— I, AN FallBUE b d s T s, PR AT BB A FRE AT

o TES LRI 25 ) BRI B AR 2] ivh, A4 2 Y R T MATLAB (91

o X —RRIH A — &, TEREREARMA TIXE NSRS MHE LAFE,

o S LMANA T X TR RO FE AF T, a7 L4 MATLAB/Simulink {7

REUFN > Rt

o HUBT 1 HT—hrh 4 R 2 HE f

AR B RA P O —FE, X —TRai i iR R, B ERPRTRa s T
REZBNE . BERHAEC M TR OHS, 0] Pk E & T i & B a4E i
TRUNE . B0 B A AR 1) BEAS M & REME M L BE R 2%, 58 3 SN AL e it 4
MIHEARE S, RIGH 4 F45 HX & R 2R Y (ERs ) ML B FIN 4 . A BT STEN FAvER
PR, ERRR SN 3 BEMATA NA RN A, XFEMOEATITRY, M H A S XA H
R NEE Y SRR R

P2 R A T EEXS 25 RS AL (e ) LS T IR A [ B HLIESE 5 &g,
RORALIESS 6 Fihie, EVBALIES 7 =i, ZEREPH LIS 8 it YAH/ BitHd 3L
e 9 Bilit, M T&ERILTEIMIA(EE 9 A NERRIN, THRTHE 6 & X £ 418N f
4.



BLIRIIIE ) | 7 LA S 38 (R U T T AR, T L/ S8 80 T L 0 o s G o 25 54
ML, AR ST A X LR N

e, BOTATREA NG 10 BA SCER AR TP Pbs L8, mAREEIENE. KT
R PERI 2, AT A RIS B A ALY T P B H BN A AR R BT R, O
Rl T PRI N A R R B B A, B SLAEME R C Hh dq0 R AY LR Z b, HIt, 7E
AT IR R T A B AR 2T, K R B LS S s IR, DA 75 2 B B fi] 25
o, HREANE SR,

o E AR EGH R R 2 K48 K5 (University of South Carolina ) fY) Charles Brice #4521 € 1A 4k
IR K2 ( Cedarville University ) () Gerald Brown 282, Al 14008 & 1 a0 431, flife 5
TWZITTF B TR R, AR B RGHAR 2 HoAh W e f&fl]ﬁﬁb\ﬂ%ﬁﬁ@%ﬂldﬁff‘%n:ﬁi\
TIRZREI,

Mukhtar Ahmad — Aligarh Muslim University

Said Ahmed — Zaid — Boise State University

Steven Barrett — University of Wyoming

Tapas Kumar Bhattacharya — Indian Institute of Technology Khamgpur

Kalpana Chaudhary — Indian Institute of Technology, Banaras Hindu University , Varanasi

Nagamani Chilakapati — National Institute of Technology Tiruchirapalli

S. Arul Daniel — National Institute of Technology Tiruchirapalli

Jora M. Gonda — National Institute of Technology Surathkal

N. Ammasai Gounden — National Institute of Technology Tiruchirapalli

Alan Harris — University of North Florida

R. K. Jarial — National Institute of Technology Hamirpur

Urmila Kar — National Institute of TechnicalTeachers’ Training and Research , Kolkata

M. Rizwan Khan - Aligarh Muslim University

Jonathan Kimball — Missouri University of Science and Technology

Dave Krispinsky — Rochester Institute of Technology

Prabhat Kumar — Aligarh Muslim University

Praveen Kumar — Indian Institute of Technology Guwahati

N. Kumaresan — National Institute of Technology Tiruchirapalli

Eng Gee Lim — Xi’ an Jiaotong — Liverpool University

Timothy Little — Dalhousie University

S. N. Mahendra — Indian Institute of Technology, Banaras Hindu University , Varanasi

Yongkui Man — Northeastern University , China

David McDonald - Lake Superior State University

Shafique S. Mirza — New Jersey Institute of Technology



Medhat M. Morcos — Kansas State University

G. Narayanan — Indian Institute of Science, Bangalore

Adel Nasiri — Unwersity of Wisconsin — Milwaukee

Sudarshan R. Nelatury — Penn State

Sanjoy K. Parida — Indian Institute of Technology Patna

Amit N. Patel — Nirma University

Peter W. Sauer — University of Illinois at Urbana — Champaign

Hesham Shaalan — US Merchant Marine Academy

Karma Sonam Sherpa — Sikkim — Manipal Institute of Technology

Ajay Srivastava — G. B. Pant University of Agriculture & Technology

Murry Stocking — Ferris State University

A. Subramanian — V. R. S College of Engineering and Technology

Wayne Weaver — Michigan Technological University

Jin Zhong — University of Hong Kong

A3 2L 2 0T LT TR AS S i R 55 www. mhhe. com/umans7e, 575 i i HL 7 HL 24—
EECUREIAE T b AEEOMRR b, O ORI TR R SR AR B iR A T A R R
PowerPoint ZJ£T i LA X PowerPoint JEX M PRGN, hy 2 MM AL T 45 b FI 2 69 4> 41
W) MATLAB F1 Simulink SC IS

TEX — A BT, FRAYEESE Nettie Umans 25T, Fo— B 2225 Fl b 4 553X — IR
A, Wb RZAR A B TS LR R, TR )

Stephen D. Umans
Belmont, MA
2013

i & 1 v

Sephen D. Umans: T 36 [E BR2 B T B R R TREH 424+ Wi+ 12407, 0
MIT HLHL R G852 50 % EARMFSE 51 MIT B TR A EALREYE: R0, B b S i), 26 [ E
K T AEBERE + IEEE £+ ¥ 3% IEEE i /7 T M2 T4 Cyril Veinott HLHLAER Y



w2 H K

l Milgnelif Cil'('uil.\' 'dnd M'dg"t'ti(' Mul(:‘ri‘dls .............................................................................. 1
ORI+ T BRI AL <o e eemee e e 1

D TrANSfOTIErs «+err+sssesresssrsnsasnnnsasssosmastssesessasshsssnnsssssabatensensdonsaetisssonsssuesssivasessissosesssannise 63
%2 ‘,%: T e e e e e e e e e s s e 63

3 Electromechanical — Energy — Conversion Principles — s++-ssssssessnsmsnmiminiiniiii 122
I WUBLAREESEEAIEEE +or oorvoxavasurns irsviss ivssaassusess sanseussmssssssoss wos e BRSNS SR LT oY SAHS AR 52 122

4 Introduction to Rotating Machines — =+ s«ssssssssesssmmmmmmm sttt 190
AT TERGHLLAEIR oo 190

S Synchronous Machines «=«=+sssrtsrsrmstmmmm ittt 262
55 B [ HIHIL coeeerre e caaiassnsersevesasensans 262

6 Polyphase Induction Machines ««+-««sssssessmmasmssmiitiiit bbbt 344
56 B B AHIRUN AL ce e 344

T DIC MACinEg ++»+sovsas st sseserasnsrasarenssnanns rensmnsossnsssmanessssssomnnessonsnsssinesbsnedaesssssssootns s idssoan s 403
BT B LT HIAIL orer e e e 403

8  Variable - Reluctance Machines and Stepping Motors «««+«ssssssssesssssasimimt st 460
8 B AREEBH AL HEHLZIAIL oo 460

9 Single — and Two — Phase Molors ««««=+«sxsreesmr sttt ettt 510
9B FAHEBIHLAIBIAHERBIAIL coororerrrr e 510

10 Speed and Torque Control ««««+=+==s«seetsmmt ittt et s 553
B 10 5 BB RIS v veeeerremeneeeneen et e e et a e 553
Appendix A Three — Phase CArcuils  ++++«=«=srresersmesemmimmrs ittt e s 635
FRESEE A TSR  coerrerrr oo e e 635
Appendix B Voltages, Magnetic Fields, and Inductances of Distributed AC Windings =~ «r-reereereresemeeeees 651
e M A T Wi R 2 it N L L L PPN 651
Appendix € The dq0 Transformation =««««««««====ssssrrarrert e e e s 664
Bt 5% € dq0 1 L R 664
Appendix D Engineering Aspects of Practical Electric Machine Performance and Operation = +«reveeeresaseeeees 676
M D SCEBREALERE LB ATH TRRIIEE -ovoenvrererarnrmnnrmneietnieriitt e tisensensssisessiaseniesanse 676
Appendix E = Table of Constants and Conversion Factors for SI Units — =srserersssrmesesmnmie e 688
M5 £ F B ST B BRI FE v ee e e 688
THER Sawes somsam s oo ssess /o o i SaVeusn SHasuessu s 78 FARa o3 4N 0 bEaaS 50 V500 45 50T S5 LR TR SRR ST SR BT R ORISR 689



W
T
0 0 a s = oUW oo — fif

o

SIS S R S S

o

£3F

3.2
3.3
3.4
3.5

H 3

T PR FOIRE LA M) o ons vonson sovnas spwsesususs s5snss numins Kuusvesusnsomnensenssss saeonssusnssgumss sas 1
TR BRI nos soress nssm momsms eswoss eomann Basmon £onsn Hosasu NAEESS SRS KR LUR SHOES SHRNE KIS HEESD AL 2
Tt \lﬁ@ﬂ]ﬁﬁ ................................................................................. 11
TRVEAT I B oamen sanmu smsms bisian somsss osmiss Swusn som 08N S4NaRS F9/SH RSP SO SAHTH SREIASS o 19
AT v ee e e e e 29
TR e e e 29
Q7 b S U TSRS e S ——— 34
I e e e 45
1 AR T ZE o 46
B L PR PRETEr 47
L BT T 63
A R BRI v v e 63
CHBRIRGT worornss s 440308 S0A S ARRSSHEIA BRI HHAER RN SRR KDSPA BHEA A PSRN BN PR 65
:{jﬂmugﬁ.bﬁmﬁguﬂﬂ}g#gﬁgﬁ ............................................................ 70
AR R RS EE T B SF R IR v vvreerer e 74
SRS TRLSIEG sswesansonsussmusmonusovsun snass somaps iuess nsssss sevams s Hidus seaswanas 78
HFRAR R RS FlI 2 LG ZH AR R B8 cevvevnernrntten i 87
e 1 2l B 7 LT P 91
e o 1 2 7 T T 96
BRAABAAZR covverenerr e 101

/J\?;i:i- ............................................................................................. 109

B2 BEAREFFE R e 110

B S S P T 112
B R B R BT - oot e 122
Rl s m e sy 1« S TP 123
BE R A RN J T oo e 126
B R R BT BB R -+ vrerre e e 129
A BER R E LI SR - v e 133
R BB A S GG - 139



I A A

#®

W W W W W W W

LV Y BV Y Y Y R Y Y Y Y

— O 0 N
o

—
o

—
W N = O

.10
11

hﬁﬂmm%%\% ................................................................................. 146

ﬁ?K@fﬁi?‘\%qnﬂl‘Jﬁ*ﬂ%iﬁ .................................................................. 152
T T R e e 161
BIRFT I s +se nsnsn vasons snasos snmnsssisnss snrsss suvass tegess suaNSL SesEes SuveuT Ay SRS SOy ETe suN RS ey 165

Vi \g':g ............................................................................................. 171

;ég 3 ﬁﬁiﬁ%% ........................................................................... 172

B TR TP P PP R PP PT PR 173
HERE EATTABER v oo voeronnsravomnnn srasessomensnemsns rrvsessuvues vuusss seasas vussne s ssanausvesans 190
TR e s i s i A9 S 8 RS SRS S A SRS PR 4w s 190
f(ﬁ*ﬂﬁ{ﬁ%*ﬂ%lﬁ ........................................................................... 193
%ﬁi%?ﬂﬂ%ﬁf%‘ ................................................................................. 202
ﬁfiﬂ-%m@ﬂ’]@?% .............. 212
E{ﬁi%ﬂ*ﬂ‘]ﬁﬁ?z&%%ﬁ ..................................................................... 216
SR L B+ e et 993
E%*&EEULB"J%%E ................................................................................. 229
B2 ) R TTTTETPPPPRPS 241
m%fﬁ*ﬂ .......................................................................................... 244

TRETDEI v v eremn e e e e e 247

/J\Z,j;f ............................................................................................. 249

%4 ﬁ@%ﬁ%% ........................................................................... 251

2@ ............................................................................................. 252
IE.IZ'EEE*;L .......................................................................................... 262
g*ﬁ Iﬁjﬂg FE AT LHIE GRS « e e et 262
ﬁﬂ;%fng@@@ﬁ%&ﬁ@% .................................................................. 265
ﬂ:%:’%@ T BRI oo 274
B S T AR v 284
e S A i ol 1 ST TR P P P PR PP P PP PP PP PP 203
ﬂl*&iﬂlﬂj,ﬁ%*ﬂi%ﬂlﬁﬁﬁ ............................................................ 306
&*&Eﬁm%ﬂjﬁa%ﬁ ........................................................................... 312
ﬂ(ﬁiﬁfiﬁfﬁ,fﬁ]m ................................................................................. 319
/]\é’?q: ................................................................................................ 330

% S B A A T3 v 331

B L 332



%6

6

B
~

H
@

oo o0 o0 O o0 o o0 o©

=
6.
6.
6.
6.
6.
6.
6.
6.
6.
.10

1
2
3
4
5
6
7
8
9

,..\oooqo\m#ww—'l‘mh

—_—
w N = O

—
o

ooquu\-puw~+lﬂﬂ

G AR R RZ F AL v vv v errrr e r e e e 344
22 FHRE T FEL AL RIS « v v e eeee e 344
S FERE N FE ML P E LI -+ v v oo eememmm e mmmmmm s 348
’%ﬁj@ﬁh*ﬂ.ﬂl)%&ﬁ%% ........................................................................ 351
%ﬁﬁ%%ﬁfﬁ .................................................................................... 355
3 4 1 S T B A R I] 78 oo ee e ee e 360
FI 25 20000 FIIE LRI B e vererr e 370
%?@Bﬂﬂ(}%ﬁﬂ[ﬁ] %&Kﬂxx’fﬁﬂ%% ................................................... 381
B 7T PP PP P PP P PR PP PPEPPEPREPR 388
% 6 ﬁ’ﬁ%?ﬂl%% .............................................................................. 389

53 . RERRETRYPP 390
=5 1z2 ;| R TP P PP PP PP P PEP P 403
AR « e e e e s e 403
}ﬁrﬁ]%%r_‘l/],flﬁﬂ_j .................................................................................... 411
PRI  BERE R v swowns smcsows onmss boran b aen iolon sasbb iliehs Riesab oo amsbons 413
RS < v+ oo vems cwowns semonn saxmon svesins amawes vosves somran Soewes o dess seawan sesams sevs 417
ﬁﬁ%m“:w%ﬁ@ ........................................................................... 420
%?&E{ﬁ@*ﬂlﬁtﬁﬁ .............................................................................. 428
DA R 2 | R R R P P P PP PP PP PR PP PEPPRPPPRPR 436
T RTIBEBIIIE »<ovcon vevews smesois smrsam smsran wmson cuwmes wassas sawsen sasepe Spsnms Spsauss erpesseing 442
*Hr‘zb:%gﬂ .......................................................................................... 444

%%ﬁﬁﬁ%gﬁ;’ﬂ .............................................................................. 446

- R TR TR TP PPPP 447

% 7 %a}%ﬁ%% ........................................................................... 448

53 . P 450

Qﬁﬁﬂ@.*ﬂ*uﬁlﬁ EE@’JM. ..................................................................... 460
ﬂ’éﬁ‘ﬁﬂiﬁﬁ*ﬁ%ﬁﬂi ................................................................................. 461
i v g v R 468



9=
9.1
9.2
9.3
9.4
9.5
9.6
9.7

F10E
10.1
10.2
10.3
10.4
10.5
10.6
10.7
10.8

MR A
A1
A.2
A.3
A.4
A.5

B% B
B.1
B.2
B.3
B.4

Btsx C
C.1
C.2
C.3
C.4

AR B EN AL TR BNAL - veeeeevmmmreeeeesimms e st 510

PR HL ZIHL  SEPEAMT oo eeeeeemem e 510
R % R H B LA S B T HERE - e 513
BRGNS BB HEREREIZTEE - vvvevereremmemnees e 521
PR ARG EEL I AIL s e v e veeme e mme s ettt 528
N e 3546
;ﬁ 9 %‘/}%fﬁ}'%% .............................................................................. 547
B R P P P PP PP PR P PP PP 548

Bl R AR AR o 553
E{ﬁi%@ﬂlﬂ‘)ﬁ%ﬂ ........................................................................... 554
TR B SR AER]  sovvss sovons sanmss srwes s biwio s £9ac 3 58 6557003 6 AW BTN SRS 5E00R5 e 572
JRT B BHALAGERI - rvvme s500me nsonns chobos snvass shusns Sa0sh s 5ansns iskins bnsns sivonn suminnnve 597
Q@Bﬁ%@ﬂg@%ﬁﬂ ........................................................................ 615
/]\Zﬁ ............................................................................................. 619
’;f_‘-; 10 @}tﬁﬁ%%ﬁ ........................................................................... 620
1 R TR 621
B B R T T TR R PP 622
e = =2 P P T PP 635
:‘*EEEU-EE(J)‘!‘EEE .............................................................................. 635
:*ﬁ%E\EE{MKLﬁIJJ:i ........................................................................ 638
Y fil A ;ﬁ%%ﬂ% .............................................................................. 642
SRR = AH S AT (BAZR IR ) coveevevenniennnns R TP T P P PP E PP PR PP 647
FRf 5 A AR B fF 38 oo 650
§ﬁﬁﬁﬁﬁﬂ@@]§\@iﬁ*u@@ ......................................................... 651
JEW HL I e 651
EEHX%%“(BZ .................................................................................... 657
Y AU SRR  ssvsve vannss samins saens aadns 43403 Susins SA83A4 1tk 4 msinvms wmmenwamnams 660
Fffsi B AR 538 e 663
qu L 2 664
BRI AT B AR B BRI ceeeee e 664
Pl dq0 A EFRMEIBEAILEALER oo 667
LA dg0 BEFERMBEPLIEAIEZT v 671
MTFZKL C @EE%E}L% ........................................................................... 674

<11 -



MR D SCBREA UM EE I TR T RRIGIER v vvvvvvvreeeeeerrrnnmnnnnseeeeeeresiniantiaaeeeaerasiaas 676

BESEE MM S| BEIREHRTRBITR e vvvee voves mmess cummre sursen somnns sems veseds pvssse snners Kavs

D. 1 ‘fﬁﬁ ............................................................................................. 676
D.2 i@ﬁﬂ]k:m .................................................................................... 679
D.3 Fﬁ*ﬂ.ﬂtﬂéiﬂﬁfﬁ .............................................................................. 682
D. 4 JAIHE  ceerere e e 684
D.5  HEALAIRIZE  ceeermmre e 686



Magnetic Circuits and
Magnetic Materials
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CHAPTER 1 Magnetic Circuits and Magnetic Materials

1.1 INTRODUCTION TO MAGNETIC CIRCUITS

The complete, detailed solution for magnetic fields in most situations of practical
engineering interest involves the solution of Maxwell’s equations and requires a set
of constitutive relationships to describe material properties. Although in practice
exact solutions are often unattainable, various simplifying assumptions permit the
attainment of useful engineering solutions.'

We begin with the assumption that, for the systems treated in this book, the fre-
quencies and sizes involved are such that the displacement-current term in Maxwell’s
equations can be neglected. This term accounts for magnetic fields being produced
in space by time-varying electric fields and is associated with electromagnetic radi-
ation. Neglecting this term results in the magneto-quasi-static form of the relevant
Maxwell’s equations which relate magnetic fields to the currents which produce

them.
%Hdl:/.}-da (1.1)
Jc S

%B-da:() (1.2)
JS

Equation 1.1, frequently referred to as Ampere’s Law, states that the line integral
of the tangential component of the magnetic field intensity H around a closed contour C
is equal to the total current passing through any surface S linking that contour. From
Eq. 1.1 we see that the source of H is the current density J. Eq. 1.2, frequently referred
to as Gauss’ Law for magnetic fields, states that magnetic flux density B is conserved,
i.e., that no net flux enters or leaves a closed surface (this is equivalent to saying that
there exist no monopolar sources of magnetic fields). From these equations we see
that the magnetic field quantities can be determined solely from the instantaneous
values of the source currents and hence that time variations of the magnetic fields
follow directly from time variations of the sources.

A second simplifying assumption involves the concept of a magnetic circuit. It is
extremely difficult to obtain the general solution for the magnetic field intensity H and
the magnetic flux density B in a structure of complex geometry. However, in many
practical applications, including the analysis of many types of electric machines, a
three-dimensional field problem can often be approximated by what is essentially

! Computer-based numerical solutions based upon the finite-element method form the basis for a number
of commercial programs and have become indispensable tools for analysis and design. Such tools are
typically best used to refine initial analyses based upon analytical techniques such as are found in this
book. Because such techniques contribute little to a fundamental understanding of the principles and
basic performance of electric machines, they are not discussed in this book.
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Figure 1.1 Simple magnetic circuit. A is the winding flux
linkage as defined in Section 1.2.

a one-dimensional circuit equivalent, yielding solutions of acceptable engineering
accuracy.

A magnetic circuit consists of a structure composed for the most part of high-
permeability magnetic material.” The presence of high-permeability material tends
to cause magnetic flux to be confined to the paths defined by the structure, much as
currents are confined to the conductors of an electric circuit. Use of this concept of
the magnetic circuit is illustrated in this section and will be seen to apply quite well
to many situations in this book.?

A simple example of a magnetic circuit is shown in Fig. 1.1. The core is assumed
to be composed of magnetic material whose magnetic permeability ;1 is much greater
than that of the surrounding air (jz >> j19) where g = 47 x 1077 H/m is the magnetic
permeability of free space. The core is of uniform cross section and is excited by a
winding of N turns carrying a current of i amperes. This winding produces a magnetic
field in the core, as shown in the figure.

Because of the high permeability of the magnetic core, an exact solution would
show that the magnetic flux is confined almost entirely to the core, with the field lines
following the path defined by the core, and that the flux density is essentially uniform
over a cross section because the cross-sectional area is uniform. The magnetic field
can be visualized in terms of flux lines which form closed loops interlinked with the
winding.

As applied to the magnetic circuit of Fig. 1.1, the source of the magnetic field
in the core is the ampere-turn product Ni. In magnetic circuit terminology Ni is the
magnetomotive force (mmf) F acting on the magnetic circuit. Although Fig. 1.1 shows
only a single winding, transformers and most rotating machines typically have at least

two windings, and Ni must be replaced by the algebraic sum of the ampere-turns of
all the windings.

% In its simplest definition, magnetic permeability can be thought of as the ratio of the magnitude of the
magnetic flux density B to the magnetic field intensity H.

3 For a more extensive treatment of magnetic circuits see A E. Fitzgerald, D.E. Higgenbotham, and A.

Grabel, Basic Electrical Engineering, 5th ed., McGraw-Hill, 1981, chap. 13; also E.E. Staff, M.L.T.,
Magnetic Circuits and Transformers, M.1.T. Press, 1965, chaps. 1 to 3.
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The net magnetic flux ¢ crossing a surface S is the surface integral of the normal
component of B; thus

¢:/B-da (1.3)
S

In ST units, the unit of ¢ is the weber (Wb).

Equation 1.2 states that the net magnetic flux entering or leaving a closed surface
(equal to the surface integral of B over that closed surface) is zero. This is equivalent
to saying that all the flux which enters the surface enclosing a volume must leave
that volume over some other portion of that surface because magnetic flux lines form
closed loops. Because little flux “leaks’ out the sides of the magnetic circuit of Fig. 1.1,
this result shows that the net flux is the same through each cross section of the core.

For a magnetic circuit of this type, it is common to assume that the magnetic
flux density (and correspondingly the magnetic field intensity) is uniform across the
cross section and throughout the core. In this case Eq. 1.3 reduces to the simple scalar
equation

¢ = B.A. (1.4)
where

¢ = core flux
B. = core flux density
A, = core cross-sectional area

From Eq. 1.1, the relationship between the mmf acting on a magnetic circuit and
the magnetic field intensity in that circuit is.*

f:Ni:fHdl (1.5)

The core dimensions are such that the path length of any flux line is close to
the mean core length /.. As a result, the line integral of Eq. 1.5 becomes simply the
scalar product Hcl. of the magnitude of H and the mean flux path length /.. Thus,
the relationship between the mmf and the magnetic field intensity can be written in
magnetic circuit terminology as

F = Ni = Hl, (1.6)

where H. is average magnitude of H in the core.

The direction of H. in the core can be found from the right-hand rule, which can
be stated in two equivalent ways. (1) Imagine a current-carrying conductor held in the
right hand with the thumb pointing in the direction of current flow; the fingers then
point in the direction of the magnetic field created by that current. (2) Equivalently, if
the coil in Fig. 1.1 is grasped in the right hand (figuratively speaking) with the fingers

4 In general, the mmf drop across any segment of a magnetic circuit can be calculated as f Hdl over that
portion of the magnetic circuit.



