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Study on Electromagnetic Force in Interior Permanent Magnet Synchronous

Machine with distributed windings
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Abstract:With the development of electric vehicles, more and more attentions have been put on
understanding and attenuating the noise, vibration, and harshness (NVH) of traction machines. NVH in
machines are mainly caused by the electromagnetic force, which is complex vector functions of both time
and space, and models are desired for accurately evaluating its characteristics. In this paper, analytical
models for estimating the air gap flux density and electromagnetic force in interior permanent magnet
synchronous machine (IPMSM) with distributed windings are established. The effects of stator slots and
rotor saliency are taken into consideration to ensure the validity of the model. Temporal and spatial
harmonic distributions of electromagnetic force are studied separately. The electromagnetic force of a 44
kW 8-pole/48-slot IPMSM is evaluated using 2-D finite element analysis (FEA) and 2-D fast Fourier
transformation (FFT) method. The simulation results agree well with that predicted from the analytical
model. The relationship between mode numbers and temporal harmonics is identified. In addition, it is
found that tooth harmonics and rotor harmonics have strong influences on the amplitude of electromagnetic
force.

Key words:Electromagnetic noise and vibration; IPMSM; electromagnetic force; distributed winding

1. 5|5

SEAER, MBI 2 R S BN T L, KRR LR T R v, B AT A
AR A, VTR TR . B R BRI, A FEUT 5 U 0 5% v A
2-5kHz[1], KR4 T e P BRI 2 B N IR SRS J1, L% BRI O BE, R T P ZE B
) 1068 75 [0 5 11347 A9 AT S 1 5 L — o 919 B AR 8 75 B LR 3 B4 B 7 2 45
W,

WL SRS S R AT 3 Rl BUREIRBNME RS . HUIR SIS DL s S e .
AR B e 7 AL A B P L — B, WECR A, R F AR B RS Y T IR O G (2] ARALAE
AT RS, AR ARSI N — RYE B, XS RO AR R P A ey, R
153 M, AT REORARIE AN R S, Her DR R AR D) AR, T A ) A ] AR A R 42 1)
THER T T80 b, (158 TR AIBLEE K AR 542 R R IREN, SER . 2420 JIH
L BHUA B 1 A SR, W R AR, SHEBOR RSN MR . DR AR A 73 (1 R 8] 22 1)
BT EARIRATI T .

AR KARBIGE 0T, B A AE M T RER AR . SCHR[3196 LRG0 TS R A e 4%
AR AR SR E T RO — MOy %2 2 . SCHR[41VER 20 AT 7 12 48 10 AR SR 4K R0 |
WUAR ey LB 77 FE RS PR o SCHR[S1810 28 1 JURPAS [RIAR A C & (1 2 W 200 B /K G JE Rl AL, X6F L0



2017 4E IDAJ-China F /i 304

T A B R R AR SN o RN 3K [F) A0 ALIZ 5 T BB FEBO R SRR B0y, SCHR[6]
W2 N> Rt 3 B AR R R sBRL B e, b 1 L g ARSI A R . SRR, A
RZHFCN G LT T ATy NIX T3 T AR AR [7-12], I KRRARSER, FIRLAE, ARAET
BEE,

ASCEER 3 AT e LN B UK BERID B, T2 vk ik, 25 e i s, S 5 7 AR N
RS Y UG S SR F R 0 BT AR . RIS ST T A 48 Al 8 Bl P B UK BEIR] D AL O
FAER, I AT U I TR AT A TR A, S IE B T S — Bk o 45 RAR WA W BN L 1
BT R T TV R 0 AT S IR AT AR K AR5

2. HRE ST T
WHEF wir ok &k, B EE TR R N
1 2 p2
P,:E(Br B’) (1)

0

i p NRFBEEETT, BN By BRI VLR UN A BRI, po NHEEHET R

HI T ERBEA R A 1 3 R KT AR 3, R, KR D i ki R Bl B
TR R S RS S i . D)L T i /N AR e, o LR ANTE, AR A F AT R oy

B ,
b= 24, @

N ERESH MR, 15 SRR A ik U
B.(0,1) = f(0,0)A6,1) (3)

b 0.0 W REH B, AO,0) J TR

2.1 RS BREE
5T B RIS L, B B SR, A5 U S T MR e Y, e ]
5%

cos(k,Z_6) DA, cos[k,Z,(0 - 29
b T e+ P,
" A (4)
~Ay+ Y A, cos(k,Z,0)+ D A, cos[k,Z, (0~ 2
p

Awﬁ:Awﬂ+zA

b Ay N ARG S ARGy, ZONE TREEL Z KRB E, T K& b, Z=2p. ks 0
lo R EVRRE 53 AR € T RE AR B RE R AR R, Aws R Ae 20509 25 E DA RO REL, p O ARERT
B, ONHALE A, o NATE.

K FEATL B BB 5 H KRR 7= 2 BB 37 DA S AR S 2L 7 A5 g 3 kR ELAE I 3 U 2
XTRR N
f(eat)szM(e’t)+fAM(93t) (5)
For fo(0,00 fu(0,0) 53 3| s K REAR R 3y UL S WX G 2 R 3 7 HE O GB35
X N 7K AR T h 5 07 R
Sen(6,0) = ZF,, cos(uot — ppf—¢,) (6)

Ahu=2k+1, k NEAREL  F, T ¢, 73 5 Z7R BT B0 5 et RV IR o8 17 R Wi (ELRIAE A

HUIX SedL R 7 A RGN 35 N



2017 4E IDAJ-China F /i 304

S (6:0) =D F, cos(ax —vpd—g,) (7)

K F, NG, 43 il 3 7R IE 5% AR IR BED N SE T G0 AL o ORI I B B B R R Y I B A A A .
v =06k +1, k=0,£1,+2, X BRI SARER TR 5 7]

WA E3N(G3)-(7), AR AT RoR N

B (0,1) =(a)+(b)+(c)+(d)+(e)+(f) (®)
N q:[
Ay F, cos(uat— upd—4,) (@)
AOZFU cos(wt —vpl—¢,) @)
%ZZFHA& cos[ ot~ (up £k, 2)0~¢,] ()
%ZZFUAA,‘ cos[er —(vptk,Z,)0—¢,] (d)
%ZZFHA,{’ cos[(,ui%)a)l*(,upikr Z,)0-4,] (e)
k
%ZZE)A&_ cos[(lifTZ')ax—(upirk, Z,)0-¢,] 0]

VE:  cos[(axb)wrt—(ctd)d]=cos[(a+b)wt —(c+d)d]+cos[(a—b)at —(c—d)F]

FRFEAT G W B, = Yboosthar—ro—¢), S r (REEIFEWARL, h AT IR, 5y
Y I T
% | SREE M

itid itid T

a up uf o A F,

b vp f w/ v Ay ZE)
Hp SYFA,
C uptkZ, uf ipthZ, o #
P 22 EA

d vptkZ, f vptkZ, @ 2 -
e wpkz, | (wrkz[pf o ZZ#
ptkZ, DY FA,
f vptkZ, (tkZ [p)f opthZ, o %

HR P, AN SRS RC LA OG, B 0 UGE B, 4 G4 P B ORI [R5 B R 2 R 1
RECH p, B RNE BN AT, RO B DA BOK REARREHOCR DG . 45 2B Tigde o7 ik, el T 450fE B
B A, FE (a0 BREER 25 (B 1 B S 8 (a,c,e) TR, 0T S 14 1 1 s A 38
XS DR A1 0 P SR PR SR o ORI T8 38 P 8 A e AR 5 AR [ . 6 48 % 8 A 431 &%
AN B ORI F) D B, SO 20 58 TR AR RE AR R B B K 208035 T it 4, B GCD(p, Z, Z,)=p
o N ) 2 (R U RON 4,12,20,... kp, k=1,3,5,....

2.2 fEI7 B T)
AR ARQ2)-8), RIS N
r, zf/i=ZLO[(a)+(b)+(c)+(d)+(e)+(f)]2 )

B EBIFAIAR 21 T, %2 RAVH 7 HUERC KR 17 3. ibrl B L, B a5 45 )
WS vp Z, Z K. BT k MBS EREL SRS H ERR kA b INE R R R .



2017 4E IDAJ-China F /i 304

R 2 RIA HHE A

2 (A VI I (B 1 1B KU
1) (44 £ )p (4 £ ) f NY D FEFE, 4 a2,
SIESAAAN |
. /244
(14 £ 16)f 1644,
2) | wEmpriz,
A F.F.A
2f 02242/':10 M Tk ac/,uo
0
Fl F/lz Ak, 1 Ak, 2 2
. | ZZEIZn o
3) (s £ )P +kZ, [(4 iﬂz)*7]f 4y
222EEN, [ ael t
W +0u)p 2f 2
4) Ay ZZFA E, !4k bz/2/‘n
(Ul _Uz)p O
W +0)p+kZ, 2/ 222 DEENA, &2
5 (U —v)p+kZ, 0 164,
) (W +u)p+kZ, 2f A Y > EF A, b
W -v)p+iZ, 0 44, fo
(UI + Uz)p + IZV [2 + th /p]f ZZZZFMF% A’m Ak!l fz/z/'lo
16
6) |_w-wri ,f/p :
W +0,)p+kZ, [2+4Z,[plf A YD EE A,
: bf [y
(0 —v)p+iZ, KZ.f/p Ay
7 (uxv)p (uEDf NY S EE 24, ab/
d
NEETRR, [k
o/ 1y
to)p+iZ +1
8| o — SS Y Y REAMN,
T cd] thy
814
NEETERN, i
iz, </ ty
9) (utv)p+kZ, (D) +—=1f
P FEA, A,
ISR [,

FA e 2k Lk =012, s 0=6k+Lk=0,4142,- -

FAx b 13 Aoy A e N E SURWERDD bl 2 Az m s 7, R AUk =4, 194

TG OL T LR AT o BRATTH A P T AL T R RBIM AR A

3. ARTTITES T

AR DA B VR ZE A A5 () 48 A 8 Al BV AR BAIRD AL, X et AT U B LA R

WA E AT . UV RS IR 1 R, BAASHERbRE L 3.

1 HHLEGH




2017 4E IDAJ-China F /i 304

3.1

% 3 HHLBH

B Va0

U

P/ %

8/48

E T 4ME/ mm

264°

E T WE/ mm

161.93

APBEKE/ mm

0.73

O E/ mm

60.7

BUETIH/ kW

44

S BRRE
WUERAE T, BHLIEE DY 2000 /77,

B 2 Dy B B DA S B B AR 0 T AR 1] B B T LA RS L R A1 I IR Y 4703

BFEEN 210Nme ARG B3N IR SR, Lo
F IE 5% FEL IR B IR AR 255A, FE4HN 133.33Hz.

(RSB 2 (R B R B S B ], R R R B 38 0, X 5 PR A 7T
2 1.4

no-load load — mno-load ®load
_ 15 - 12 (- —————————
£ 2
2 1 +——H--———-Hhhk--——-Hitt-—-—-- - I
] A
A o0s - 508 F-————mm
% =
= 0 S06 Hll-————————
& 0 B
Q.05 S04 -
s 2o i
g-l,S 0 .-.-I.I-J-J.

k=1,3,5, iBERGHBIHERMFT. BT F>Fu(u>1), Fi>F,(v>1), WAE HH 4 R
WELEHE L HH ab WOFH. BRILLSN, RIEZ DK o-f, 715 4 KIEEIE 5 € TS H— ik i
B LR E T 1113 YOBIAHEAER, 1 — ik LLCE R 1113 OB A EAER 4. HE
2 AL, AESIIE I 2 AN XSRS N IR 2 BT, — NMEHTE 44,52 Ik, H—AMEF
1 92,100 K, XEKCNE FEH—Fr Al —Frik gk i (BRI 19 k=1,2). FL, Bl HHHE

Angular Position [degree]

B 2 A2 1) SRR REEE T S LRI 7 A (IR FE 90 JEEI )

4 12 20 28 36 44 52 60 68 76 84 92 100 108 116
Spatial Harmonics

ZHNL, BI p=4, Z=48, Z,=8, WI&R 1 "I BRMEE B S 0PI BN 4,12,20-+ pk,

BRI R AR R, BRI R, s TRE ST k.

Air Gap Flux Density [T]

Angular Position [degree]

Air Gap Flux Density [T]

14

4 12 20 28 36 44 52 60 68 76 84 92 100 108 116
Spatial Harmonics

B 3 AR R0 UG B TR S S R A s b CRIGE 00T, HUBA E 90 FERS )

B 3 9 BIUE 00X R (K42 AT 1) B B o i B B e o A o FGE U, AR A I D) 1
BN E, R SRV SRR T 5 0%, XN EEE A AR R T BB



2017 4E IDAJ-China F /i 304

T RIS VARG N S B . (HAESEPR i B, N T IR e e, AR R REE (1 D) 17
EMEEAEN.

3.2 HRESN

K 4 S EAL S 8 R 3 0L T B4R [n) B % BE s T RS S 0 B, AN el B Y, sk 42 1l Fe
T 77 %% B 3 TV O B S S R ), (B B R IR R BE A v, X S BT RAR T, 8 R
HiER 2 AT 3 41, SMONEUE EARER 9 AR s AMR 2 . IR 2 vl T fR,  FEWE T I 28 (R s e 7E
SRR TR A 5, SR 5 0,2, Z, AR ELAE R

1.4E+06 o o . 4.5E+05
no-loat oat
= mno-load ®load
2 | 2EH06 |——— e g  4.0E+05
=
A 2 35E+05
- 1.0E+06 F——H-—H—+t—t—1hF——4F— 14— 8
5 S 3.0E+05
B 8OEHOS b= miHE =R T R wIE Wi Wl W 2 =5 58405
g 52
55 6.0E+05 fff — - - - B ~ B é"% 2.0E+05
gL
s 4aoe+05 M—1HA-- - - —1HH- 2 1.5E+05
5 2
o 2.0E+05 = 1.0E+05
= =
5 S 5.0E+04
2 o0B+00 : 2 1 L } t &
60 120 180 240 300 360 0.0E+00
-2.0E+05 0 8 16 24 32 40 48 56 64 72 80 88 96 104112120
Angular Position [degree] Modes

B 4 A2 1) SRR 3 I Rt L FR) U I 7 A X L

ZHNL, B p=4, Z=48, Z,=8, tRIEE 2 IS EH B EERSEEREN 0, 8,16,24---2pk
RIERE, k=0,1,2--, iELGREHERUFHERMETT. HT F>Fu(u>1), Fi>Fo(v>1), 8 K7 [EEW
FEHE 2 W 1,47 ZHE, 57 HEARMIREZ X T HARE LR, R KUEAAR, S Bk
FHELAE FH FURE T RS2 AR B R . P 4 s T o] DUt 2 AN XA 2 o) B2 A R B 2 30 b T a3,
—MNEHTE 40,48,56 1K, B—NEHTE 88,96,104 X, XFHELRAE AR NI, X2 AE 758
H—B Al ik 1 s (RIER 2 1 k=1,2)

4.5E+05

mno-load mload =0
4.0E+05 F—-————————————————————————————————

35E+05 H-————————
3.0E+05 H-————————
TR e —
Z2.0E+05 H-—————
LSE+05 H-——————mmm oo
L

Radial Electromagnetic Force Density

5.0E+04 Hl-————— e

00E+00 ||||||||||||| | IS S S N TN TN TR SR SO S N 1
0123456789101112131415161718192021222324 30

Time Harmonics Position Angle [deg] 0 0 " Fime Is]

K5 RSN 0 42 F B i 70 % % FFT K6 FaR N AR IA G

Radial Electromagnetic Force Density [N/m 2]

WA L RERIERE A, Blui=p, =2k ui#1:=8k, vi=v, u=v, L1F+V,=2k, LIFV,=8k, u+v=2k,
utv=8k, WIFLHE )2 A& N 0, RAH AT 3 MEANTHAE N, KW T A AHET 0K
HL A B E N T 214.6%. 42 1A) ) B B 0 B A S IR AR B B 22 BRAROR, (BB AR 1R JT )
Ay, RAEE TR B AT, A E FLZBNERSN ). Bl 5 X R AEE 0 IR4%
7] 3 0 RS (R A B, AR RTE B A R B AR 0 IR, ARSI BUE IR /N,
BRT 6K, HRHEYE 0 KM LTl LZBA . B3R 2 1 7,8 WHAXATEH, 6 KIS E
PGB AT HAT L RO LR 5 k)T IR - VI AE AR AR K.



2017 4E IDAJ-China F /i 304

4.5E+05

mr=0 mr=8 Wr=16 "r=24 mr=32
40FH05 [-mmm e

35EH05 ——————————————m—m e —————————— |
30EH0S ——————————mm—mmmmmmmmmm |

tic Force Density

§ g 25BH05 [ ———m—m—mmm e m oo
Z.2.0E+05 Hl-———— e
1.5B+05 L~ = — e e e e e
1.0E+05 i~ ——— e

5.0E+04 Hif——————————
ooproo ML o Mo Jd .
01 2 3 45 6 7 8 910111213 14 15 16
Time Harmonics

B 7 AR 1] U 0 R A 1R FRT 20

Radial Electromagn:

B 6 RAE Lot N AR M B S B R 3 e, B RE R — NS AL B R E RISt 2
[ RREL. B 7 S 2 o B AR 6 TR 5% Ik 2 (R R 0 B2 (B (R . IR, SRS T R
o N2 TR (] U 38t AR A AR, BRELR /&, 0 2 A XS N iR E 20 LT EH, —A 4
TR 6 IR, B NMERTE 12 IR, XX N TR 57 WCL K 1113 IS REATE R 45 R Bl
Wit A BRI RS R AR B, LW AR e D SR S T T

1.4E+06 . s __ 45E+05
— —pPt — T
E 12EH06 o m—mmmm e 24 0E+05
& = 3.5E+05
%‘ LOE+06 F=—1fr=—1f— 1~~~ == E 3.0E£05
s
2 80E+0s |—-fH A0t _dn 8 2.5E+05
S o
5 60E+os -ttt O 1 1 5 208405
2 8 | 5E+05
o 4.0E+05 o — - - &b
53 £ 1.0E+05
g g
£ 20E+05 ] £ s or0s
51 m
3 0.0E+00 [ . 0.0E+00
z | A B T N
= & 120 180 240

2.0E+05

Angular Position [degree]

B 8 A2 Y] 1ea) LT 0 3 LR S 2 (B R b CAIGE 0L, AU FE 90 2D

SRR, B 8 X ELEUE 00 T A2 ) K D) ) FLE 70 B A s 1), Rl Y, 42
P =2 5] U8 B e 4R ) SR RIS 180 75 9 ML 5 0ef 2 PR R ) 80, T B 1] 18 8 ) A KB
MR, A BeR g B B AR . T D) R L IR LU R R, Xt
W MR T AR B -

4. Z5iE
A BB S8 T 4045 G2 Ay B KA ) 45 P/ SR 25 LA FRLE 7, 437 ot 1 3 1

Iy BRI, TR S5 5 IR T 0 A DL b — o e L A 8 K A B 5 v B HEAT T RAIE .
ARG R AT

1) XF TRk MR A AL, SRR B RE R S (R BB S B ], RS N IR E A . 3
ANGEYR T SEAR B A R LR R 0 L, e R AR A F R IR R U 1) FRE 7

2) XA TR AR WA A B K LB T AR B B AL, R GCD(p, Zs, Z,)=p
Xt N (RSB o S TR BN kps k=1,3,5,7 -+, [FIRE, 22RAL T UMLK HLRE 0 2 181 R BN 2np
n=0,1,2,3 -, FATTH BRI EER, AA AR RS B3 BRI SR E

3) FERET NI E T I IAE PR IR B A ROKISEN, A SRANSR U 06k, Hxt B AL
Ry R A P B VBRI R (L BT IR, XU T I TR, Fe TR, DA
TR GE R T IR PR AR 7T RN R Ik s A R

ASAL A=A EAAK T 8 1 48 187341 Ge 2l A B 3K R A8 L 9 IR AT 0, (HASCHR R PG



2017 4E IDAJ-China F /i 304

I3 AT 73 BOx INEER) 47 73 A R R P T At SR AR R P9 B SR BE R D L. AR SCRIE TN AR I A B
AR BERD LIRS 70 A 3T T 17 2 Ao

5 &% CHk

(1]
(2]

S. A. Gelfand, Essentials of Audiology. New York, NY, USA: Thieme Med. Publishers, 2009.

R. Islam and 1. Husain, “Analytical Model for Predicting Noise and Vibration in Permanent-Magnet
Synchronous Motors,” IEEE Trans. Ind. Appl., vol. 46, no. 6, pp. 2346-2354, Nov.-Dec. 2010.

Z. Q. Zhu, Z. P. Xia, L. J. Wu and G. W. Jewell, “Analytical Modeling and Finite-Element
Computation of Radial Vibration Force in Fractional-Slot Permanent-Magnet Brushless Machines,”
IEEE Trans. Ind. Appl., vol. 46, no. 5, pp. 1908-1918, Sept.-Oct. 2010.

G. Dajaku and D. Gerling, “Magnetic radial force density of the PM machine with 12-teeth/10-poles
winding topology,” in Proc. Int. Conf. Electric Machines and Drives, Miami, 2009, pp. 1715-1720
Z.Q. Zhu, Z. P. Xia, L. J. Wu and G. W. Jewell, “Influence of slot and pole number combination on
radial force and vibration modes in fractional slot PM brushless machines having single- and
double-layer windings,” in Proc. IEEE Energy Convers. Congr. Expo, San Jose, 2009, pp. 3443-3450.
W. Fei and P. C. K. Luk, “Investigation of radial electromagnetic force density and vibration in a
fractional-slot interior permanent magnet synchronous machine," in Proc. IEEE Energy Convers.
Congr. Expo, Denver, 2013, pp. 4998-5005.

G. H. Jang and D. K. Lieu, “Vibration reduction in electric machine by interlocking of the magnets,”
IEEE Trans. Magn., vol. 29, no. 2, pp. 1423-1426, Mar 1993.

Guandong Jiao and C. D. Rahn, “Field weakening for radial force reduction in brushless
permanent-magnet DC motors,” IEEE Trans. Magn., vol. 40, no. 5, pp. 3286-3292, Sept. 2004.

S. H. Lee et al. “Optimal Design for Noise Reduction in Interior Permanent-Magnet Motor,” IEEE
Trans. Ind. Appl., vol. 45, no. 6, pp. 1954-1960, Nov.-dec. 2009.

[10] T. Sun, J. M. Kim, G. H. Lee, J. P. Hong and M. R. Choi, “Effect of Pole and Slot Combination on

Noise and Vibration in Permanent Magnet Synchronous Motor,” IEEE Trans. Magn., vol. 47, no. 5, pp.
1038-1041, May 2011.

[11] H. Yang and Y. Chen, “Influence of Radial Force Harmonics With Low Mode Number on

Electromagnetic Vibration of PMSM,” IEEE Trans. Energy Convers, vol. 29, no. 1, pp. 38-45, Mar
2014.

[12] A. K. Putri, S. Rick, D. Franck and K. Hameyer, “Application of Sinusoidal Field Pole in a

Permanent-Magnet Synchronous Machine to Improve the NVH Behavior Considering the MTPA and
MTPV Operation Area,” IEEE Trans. Ind. Appl., vol. 52, no. 3, pp. 2280-2288, May-June 2016.



