2019,46 (7)

WSk | EMCA

ETZWEGRESNERKEE T NN LB
EFZAMRNZIT

ZRW,
(P o wAUA PR3], 3 d AR

5 4
412001)

B OE HUORBEX) & R ALEA G AR B AT AT AR AR R IXRE K v AT AT TR ) R
Wi, L1 5 1200 kW B HOKRERAE R K HUABRSEXT R, 4T T i Y% I BE Y S 00 1 3555 2 W) 1LY
ST, 75 08 ph TR A A SRS XK A H 2 55 i AT R RE A R i, fie A S B R P BE L 0P
AR BRSNS S R o B e R LR RE . LA Z WV BRIGRE G 0 B 5 A X R B PLEA T E TSR LA BT,
SV A B I a5 iexd B #ER A2 X R LB RA —E SN E.

KR : BRAERTRAKEN; SWEFRE; 54H; ALt

HESES: TM315  X#EREME: A

NEHS: 1673-6540(2019)07-0067- 05

Optimum Design of Stator Winding of the Direct-Drive Permanent Magnet

Synchronous Wind-Power Generator Based on Multi-Physical-Field Coupling

GONG Tianming ,

LI Hua

(CRRC Zhuzhou Motor Co., Ltd., Zhuzhou 412001, China)

Abstract: As a wind power generation method, direct-drive permanent synchronous wind-power generator had

the advantages of simple structure, low cost, and reliable operation, so it had potential application value in the wind

power generation field. Taking a 1 200 kW direct-drive permanent magnet synchronous wind-power generator as the

research object, the coupling analysis of electromagnetic field, temperature field and thermal stress field was carried

out, and the influences of temperature change and thermal deformation on the properties of permanent magnet, copper

wire and other electromagnetic materials were considered, achieving the convergence of electromagnetic performances,

temperature and deformation, so that the performances of the generator could be more accurately analyzed. The stator

winding optimum design of the generator was carried out through the multi-physical-field coupling analysis method,

which made the winding design more reasonable. The conclusions had certain reference value for the design of direct-

drive permanent magnet synchronous wind-power generator.

Key words: direct-drive permanent magnet synchronous wind-power generator; multi-physical-field

coupling; winding; optimum design

0 3 =&

LSRR R [R] 28 AT e B AILEE 2 Py RVES B A K
Bk g A ALK R AL o X PP UL — R
M Z MR K AL X B SR A T AR B A 7
AL BT WA, ZBE R RA 21 mAl

LA, TG T AR A B L 9RO S BE A Rt s /b
LIS, 380 28 Geaz A7 i Al S8, D20 2 37 A
A S22 1T bk TR, AR [l 22 A R AL
e 1) 4 T AR B A AR L T 2 R R AR B Y
R RIRAT , N B OK R TR 20 KT R ALk — 20 &
JESEIN TR o SR e BE R 4 B A 7 A il

YEF IS BRI (1978—) 55 ik, W TR, WF5ET7 16 KT 4 AL
2 AR(1984—) B WL, ST RN BIFSE T Tl KU 2 L.



WrFsE 5l | EMCA

2019,46 (7)

i, ANSCRT L v A B LA O3 T L RE 74
R FALAR B B4 ) B O /MR RR, B 1 HILAL A ]
S

— AT A LR B AU T L G 7 1Y)
YR 3 BT, R 2 R D R REAS R 7 AR B4l T K
AT S L REPE RO B2 > o AR SC A= B X
HLRE Y IR B AR T S AT 9, O
RETHETX 151200 kW B3R #E R 2 KT
S AL T LRG0 AT , TR X AN TRI 2R AN [
OB SR AL A5 1 R LA T X FE A, 58
TR A LSRR LA st

1 Al 5 a7 EARER

TERMLBETE R, — R R B s il A A dA
S ARCSSIRAT A S 2 E e 2 bl g e
PR SRR S S A (K IERE5 ) A4 4F
FA A, — A W TR (BT
R EAN AL, 2R TR 255 B4 Bl g
ZR AR AR

— B 5 9 3 M O7 A AR A A
Bo HEAREH Z Y3 [ 25 &, B A 4
TS SHEAT ARSI RS I B8, 7]
B G 18 2 W B R e A~ BEAT 5347, 1 —
AW o3 B 45 R AE N e — AW B8 00 B G 3K
1] o ARSCEZMIFT LR G o T R 5 b
KR R AR R A AL SRR R A A 1 o

KR ) A8 R R AL A 2 e il JBE 5 e 4%

BT S Bk RE TR AR K e B LI e

AP TP i A ) R R K8 i I i
JEE P i T AR, 4 P L BEL 2 5 32 1 gy i
Fris s PORHE SR DL T 2 A 28
T s e TR A9 BT BEAT i/, i v LA ]
T 2 B Dok | AR K REAA A REWSS , (H 25
B BF AT RER . FUA I 22 W) B
BV e A N YA A

USSR T

aT _ Af?+Aff+Aff+q/¢c (0

ot 0% Ay 0z

Arp T—RJE;

t—— [A] 5
A—FHRERE
q— IR B
p—H

— AR,

X2 L, T 00 4 44, T
feh S BT ST AT TS, HR T
HAFAE

=7 | =k(T-T,) (2)

. oT N e ,
st AL | AN A

E A E B
h—7E T RN AL
Ty —H5R I
RE AR R L FR R, B GR BT LR
BN

N

E=(1+0.250)/45 000 (3)
s o——E FARRTXGH
THE RN A S ICIREE 0 A0, R N 8 iR
h AT, N & S0 28, A T
ar = aAT (4)
Kb ao— M RHAIZIK R 5
HI TR A0, oo 7 A= B, 4 77 )
SLHEMARTE . X T H a8, AR T8 ] Rk R
e, = (o, ~uo,)/E + aAT

e, = (0o, ~uo,)/E + aAT (5)
Yo =T/ G
K o, .0,——x .y NI
,u TAFA L 5
E—— PR i



2019,46 (7)

WSk | EMCA

VIR 5
C — B LB,

2 AT LZYEIHHAHN 1200 kW
B AR [ 25 KA & AL e R
BT
15 2L R LA S0 2 1 IR

*®1 EFHENERSH

Ty

SRR B
i/ kW 1260
/Y 720
LR 360
& 60
B33/ (romin™!) 20
SE Tk Y
IR IE 0.985(#+k)
il i K i/ mm 700
FEFNAZ/mm 3 440
FEFHhME/ mm 3 800
Fe/ N EE/mm 5

K BAHLE T vh 2R T SOW470 ji5 A v SLIE
B, e Tk E AR ) NA2H (18 Sl 4 i 22 1l = 45
el A BRI o 1200 kW ELHK 7K f# [
Ay S AL AR TSNP 2 7 o

B2 1200 kW B3R B R A0 X R LAy FLARE Y

Xt R HALEEAT LR H AT, 28 2R X
Bmg s an i 3 A 4 Birzn o kBB % 2 1A
K5 FE 6 frs o

X FUMLEEAT B BSR4 K A
I EE Dy 80 °C L84 110 °C L 732 & AL E
FLELL P 0.019 08 O, i T R 45 5 4t
PR 2 R 5 TR S R LR L

K3 R R E

B4 e pLon 2B

KIS RHLE B = 1A

K6 A HLin 4 = &

TETHRAE S 172 (R B FE + B A8 ) i 287
THRA, FHA 172 (FHARFE+HLIARFE ) L2k fE AR
AR FE N ZRAE L TR IR L
Xt A LA T L 1A O oA, B
2% A S RGH D UE G 12 my/'s A s Sl
JE 40 °C 1 N R IE X, h T e 1 e i e R
69 —



WrFsE 5l | EMCA

2019,46 (7)

BAR:, T 2208 e 5 e A 7 AR B R A . B I
PEBCE NS 3 s

F2 ZHEYGERHKMRE kW
A BUREIE
HiFE 64.77
YAt 5.58
FHARFE 5.04
PR FE 10.49
TKRE A TR FE 0.40

®3 KBENMHEMHRE

SREHR KRRV AR R/
g o o )
(Wem™K™")  (10°K") (10" Nemm™?)
A 4k 377.00 1.77 1.15
KR A 7.00 1.12 1.13
20 40.00 1.20 2.00
2 2 14 Rk 0.16 5.65 5.00

TR LR ML, R T HER 0T, H
PN A 2 ST 5 0 v SLREAN B 1 T A,
AT Sk AR A A P AR ) S A AR
T 5 R P9 26 25 b1 Akl i L2512 9% (VPT) J5 1l LA
oy vapisapes

SR R HLGE R E = BN & 7 R, i
R 110.888 °C, FEEERLEM DAL E, Bl
T A = AN 8 Fir 7, die s i 89.526 °C,
FE AR . KRG 534 = L an ] 9 e
N, B IR 77.876 C, B TESE T S BRI

K7 GEdIR oA 1A

PR WEAR R THORG $2 1 JIE B AT — s e, )
VA0 HE i, AL 75 R R U S oKk AR 52 TR Jik 14
AW . Fer AR R BRI 10 . E 152
AR RN 11 PR . ZPEIVIG TR
WA N SME RISNETE 5 1AM b A ]

d\

5o

K8 B

Ein
R

M)

9 B AL 7 A [l
WAL, AL SR B KR 5,00 mm 22 0

4.62 mm 7% BRI A IR A, (AFAEAR ) S
I3 J& 7 ) 4 SRAL B

K10 ety gl

11 TR ER

X WS R PE AT SR N, 5 1B K
R A K G AL R A A o s v BEL S R R i P R
ARSI , B3 2% PR B RS . BRI A R 58



2019,46 (7)

WSk | EMCA

ZHIEE R 110.316 C 003 K 89.162 °C , /K
N 77.775 C KBEKPEHy 4.66 mm,

AT L 3 R A 7 T A BR T AT, RERE
AT RS & LIS AT I B P R R Y IR
3 BN 137 28 XFE ), B HE A S B B AL S
brizfriE o
3 R Ge g A R L RE AT

At

KFIFGERREC N, [EEHR 1, 1 LM axb H
11 mmx5 mm %5 (JEEEFEE N 5 mm, 55555 5 A
11.0.11.5.12.0,12.5 13.0 .13.5 .14.0 mm) [y %
W Z YRR ET R . KB HIEREXT b in g 4
FR .

*4 AREENEERREAENE BHIIERITLL
KRR AR

axb/  FEEIRSE/ e Bl

mm mm BE/C RE/C EE/C /%
11.0x5 13.0x87 112.6 91.0 79.0 93.57
11.5%5 13.5x87 110.7 89.9 78.2 93.68
12.0x5 14.0x87 108.9 88.7 77.9 93.86
12.5x5 14.5x87 106.8 87.4 71.7 94.01
13.0x5 15.0x87 105.3 86.3 77.4 94.16
13.5%5 15.5%87 104.5 85.8 71.3 94.29
14.0x5 16.0x87 103.7 85.0 77.0 94.42

W £ ML o BE O3S, & e HLHRLBELAT I R R
FRAEREAR , AR B Al 9 AN 98, A i), BRAE
A BTN (ER A AL R 2 B B T R Y
Ao B LA TE FE B3, 145 1 AN W T g
B T LR, (R BT AR O T R, AR 1
IO RIS e ST, P R A 0 KT
B A, B R B PLE T A T R, i
THIN R ZRG 25 8, TR BRAIE TR TE B8R A P RE Y [R]
Ul /DA 4 P AR B A LR o

XEAFIIF SRR A (1 AR 2 MR Bk 3 RIFSE) K
AL (LR TE %E D9 11 mm, JREJEE 53550 5.3
5.0.4.7.4.5.2.7.2.5.2.3.1.7 mm) FEZHFITLY
B E T SRR 5 PR .

W5 ) e 2 ML V5 77 1] R 8 0, 28 2x 4
1o MR BRI 2 B IAER A JR A7 1 Ok )
FURE 3 O T 800 R OB RE , K e ML), 2R FH X

RS HERBARE.AREENEERESEHL
REHEREXTEL

axb/ N RIS, B LRI

KB AR

mm mm RE/C HE/C O RESC /%
11x53 1 13x91.5  103.65 84.1 774 93.67
11x5.0 1 13x87.0  107.36 85.9 77.9  93.57
11x47 1 13x84.5  111.49 87.6 78.5  93.27
11x45 1 13x80.0  113.53 89.1 79.9  93.12
11x2.7 2 13x99.5  101.40 83.9 77.3  94.05
11x2.5 2 13x94.0  107.60 87.3 78.3  93.74
11x2.3 2 13x88.5  109.50 89.2 79.4  93.38
11x1.7 3 13x101.0  120.40  100.0 81.4  93.75

M5 AU, 26 11 mmx5.3 mm FRAR I 58
AHEE 11 mmx2.5 mm XU - 28 A 4 B4 K (H 3%
FRHLTFEE R 11 mmx 1.7 mm 3 25877
22 FHVRR S AR Y G 0 T RO B R H S B AR A
TR BRI . B, SR FH A BRI 2 RN I G2 AR
oA R TFRALERE A B2 5, LLan /N BUR I
AR THYERRM LR . (R E ALk 2
AN IFRIREOY 2, R 2T B, & LR 7t
BRI . R, B SR A3 2 | S Al
LRIBI SR Bk A ik 2 o T —aE XERE . 3t
T REBHIERES T A VA AR FE ], 8 11 mmx
2.7 mm XUARIFLELEL 454

4 % i

g

ARG T I T Z2 W) BRI B (4 LK 7 ()
AW R AT, IR 1 & 1200 kW 3K
ARG R KT R LA T R T 2 W B & 13
B TR XoF AN [7) 58 2 45 40 1) i LA 5 0 E 20
PASE SN A FALE TEEd ML it %0k
AR HABZE R 3 L Dy 38 45 G i) B R TR) 25 X
TIRHEHLBEHE L T — 2 S % .

(& % x k]

[ 1] sRIRIR.MW 2% B 9K K 1% W) 28 K g % | WL st
[D]. by b igsgiE Ky, 2007.
[ 2] X R 50 KU R AL Z Y B 03 B
[ D] RHE: RHAR,2018.
(F4:% 81 1)



2019,46 (7)

WSk | EMCA

e, W AR AR PCB, 2R A7 03, I 2 %
W] A A A TR RE s, RERS BT TSPk ™

(& % x K]

[11]

ARSI DRI I T K2, 2015.
¥l B, B, G, GRS MOS i 2
2k Hi 245 ] BT 2 5 R i 2 G B [0 B R
{40 54 ,2016,44(15) ; 135.

(1) VR UL ER G IET STV MR H CHORIAWALA [t GATE J. MEALY L. A
mﬁfﬁﬂgﬁﬁﬂ%ﬁﬁﬂ‘ﬁl‘l‘[.ﬂ{EU?’EJS‘Z?I(,ZOIZ,fSI 1scussion on short circuit behavior an ault
(12) ; 73. protection schemes[ J ].IEEE Transactions on Industry

(2] B EATSC AR DSP 9 TE 1L i Applications, 1995,31(2);: 256. "
BRI E R I 1] o F 4 2015 4d (6, 13 AR ITHIER L F I B R
75 ’ [ D] 1k s b FRHE R, 2016,

(3] kR AT b e P SO U S AU R A ST
RIS 1] SKEL 20124539 ; 51, I AT [ 1] 0 R SR 5 R, 2017,

C4) T B ST DSP R RE :5(23?,:501 BT A LED S K
BT BB A ) L e, ) OV DR SRIE W L LED R IRAA R
2014 41(4) . 52. %'&‘L‘I"[J]mEEI*%ﬁ*,ZOIE},“-Z(S) H 71.

(5] EKX TR BE R s g 0 IR T MOSKETIUR R i T
Bz PID B AERE D5 (1], H ) R AR R, SEFHAID]. Bie: ERSEEAE, 2014
2010,38(8) : 35. [17] CICHOWSKI A, NIEZNANSKI J. Self-tuning dead-

[6 ] M, BT M LT S S b BEL A TR 7 time compensation mlethod f.or voltage-source inverters
LR R 2007 5 40 [ 0. vl ) R G g [J].IEEE Power Electronics Letters, 2005,3 (2):

72.
5¥i,2016,44(23) . 115. . » . . i

(7] R, TUCE STV £ S BRI LR mﬁji%(‘i"‘m‘%ﬁdmﬂMJ'j“"'*ﬂ%
RAHBH 1] B L, 2014,47(3) ; 47. o8 »

[ 8 J g&{ék’@ﬂ%’ﬁ}%%%;}: STM32 Egjﬁﬁuﬁ?}ﬁ []9] Ii/?‘:ﬁgﬁfffﬂﬂ<ﬁ]/&»¢ﬂ”&*ﬂ{)lhiﬁﬁ[[)] '%Imj:
DL S B B B SC IR 5 (1. T 28 Mlkse, 200, .
2018 41(1) ; 141, [20]  SKARAE, Bofie, JB T 0. T ELOE L HLAL e K7 B

[0 B3k T TR TR B S B AL EBI5{U,2011,48(6) - 19.
LA B [ 1] o LT B g 2014, 34 L2V SEVOIE TG K o MOSFET BEHih 15
(29) : 5208, o PFSE D] ALRCALSE A, 2012.

[10] Jelse. i I PEFL LA I A R i Wi FAL: 201920321

TEVCUCRVLERULCERCERCERE UL LT TRl Rl iuliulululul el el uldululeleluliluvlulveveveveveve e

(L#F 71 7)
[ 3] kB, XUEME, K€, 55,300 MW JCHITR 4 & HLbL
LR AT 0T ()] PE R R R
2017,32(2) : 90.
LUAN R, GU

thermal analysis of stator insulating structure [ C] //

[4]

G. Coupled electromagnetic and

Sixth International Conference on Electrical Machines

[5]

[6]

and Systems (ICEMS) ,2003.
B, B AL RS R T SR LM ]t
FU AU Tl ikt , 2010.
TH A . 8K SR R X T e B ML R S5 98 [ D]
TCBH < PR BE Tk k5, 2018.

ks H 8 2019-02-26



