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Electromagnetic vibration analysis of Halbach permanent magnet motor based on
sensitivity stratification optimization
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Abstract; In order to solve the problem of electromagnetic vibration caused by radial electromagnetic force of
interior permanent magnet synchronous motor, a motor topology structure with Halbach magnetizing mode for
piecework permanent magnet and auxiliary slots for rotor was proposed. Firstly, the principle of air gap magnetic
density, radial electromagnetic force and electromagnetic vibration of the motor is deduced and analyzed, and the
finite element model is established. Secondly, an electromagnetic vibration analysis scheme based on the coupling
of electromagnetic field and mechanical field is proposed, and the time and space order Fourier decomposition of
the radial electromagnetic force of the motor is carried out. In the mechanical field, the amplitude of the vibration
acceleration of the motor stator at different frequencies is analyzed, and the modes of the stator are calculated. On
this basis, the hierarchical optimization scheme of motor parameter sensitivity was constructed based on response
surface method and multi-objective genetic algorithm, and the Pareto frontier of sample points was obtained to
determine the optimal parameters of the motor. Comparing the optimized motor with the ordinary V-type interior
motor. Finally, the equivalent stress and total deformation of the rotor were simulated in the mechanical field, and
the proposed motor structure was verified to meet the mechanical design requirements. The analysis results show
that the radial electromagnetic force amplitude of the proposed structure motor is greatly reduced on the basis of no
loss of electromagnetic torque, which restrains the groove torque, improves the air gap magnetic density and the
sinusoidal degree of back potential, improves the electromagnetic performance of the motor and restrains the
electromagnetic vibration.

Keywords: interior permanent magnet synchronous motor; Halbach permanent magnet; radial electromagnetic

force; stator mode ; parameter sensitivity ; response surface method

WA 2022-07-06;F A EH: 2022-08-03; MEE X BH: 2024 -05-24

& E &Mk . hitps://link. enki. net/urlid/23. 1235. T. 20240523. 1512. 004

E£WmH.: ERARPEES(52267004) ; HN A E T IRFH TR A QI Z & 5UH (2022CXZX-618)
EER . WHET(1998—) , 5 WL A M (1971—) 5 #0482 i S0

BEEE . FH M, ljdgaofy@ lzjtu. edu. cn



557 3]

F T, AF . BETHURE 2 Z L AERY Halbach K AL HLRE IR 3 70 B - 143 -

N B K 7] 25 HL AL (interior permanent magnet
synchronous motor, IPMSM) |~ yZ I F T #r BE I V3 4=
S ASCE AU R R R K
RIS o E R BT A B AR S AN (SR M
BATRRE N, LRI T 4l R 454 46 e FRL ML A i
ALK BTG S R SR 2 RE A B T = R A2
l6] HL R S VR P 114 3, 1 R ML ™ AR IR Sl B G A
i HLTE A 2 A R AR A HLRE T B
55 AU YR ) , [] I BO A A AR AT ] L AL
SR ARG AT i AR 50

KRG [ 25 LI v R I S AT 5 B4 P AR 1]
FLRE T RV R A2 A U2 Sk [ 3 ) AR 22 s i
Ny sk ST T R LA [ F R A g AT A Y
FEXRFUE PR PR AT R AT 0 b, SCHR[4]3HR T
PMSM B 8 55 RO 15 I8 75 o, 0 B 45 0 A0 B T 114 34
PR S51 R BHLAIR S SCRR[3 - 6] 701
TORBER A AU RC & € T IOR A R R I 7S
W77 30 F 1 o3 Boph i 25 45 0 2 K00 A2 1) L 1% 7 1
{E AT LR SRS 520, SRR 7 ] 20 A 17K G Fe
AL BRSO 1 7 %t LR 20 B2 T, 35 T 447 0
RONE A R AR e e 5 R R A AR B ri
Bl SCHR[ 8 J1E% AT RE A% 1) S ) Ay 3 3o
SE T ARSI e LR B, 25 R R E
B A DIE AR AR T IR 3 o J3E A M R R g, 3
BR[O ] 1 1 — i Bl =i el 175 ) 7 3k o A A 5 25 O L
5 JRy 25 W 1A A i () 22 HMILAIR Bl W P R AT 23 B 3t
S SCHR[10 ] 0T A X 22 J2 1 B0 K 1 1) 20 R L
A 3 DA A 2= ORI e 3 30 I 4 73k A1 o] 41 3
PR PR AN 3 SRR O AL 56 . SCHR[ 11 ] AT
FE T AR T T A2 A F ML A HEL 1 BB AL LA
L2 JERE R W AR 46 R B IR sh AR, X
BRL 12 ] 12t 147 i o] 250 AN A T LA ) 583 A8 1) R
T A R T R R A B R i L AL
SCHR[ 13 TS 1 08 22 4 i i mi O 16 v X P 2K
WETE 25 LI 0.8 By Uk HL ik 1 B R R R, S
K[ 14 ]38 i = 44 FROG R LSS A 0T 350 L R L
MRS SR JF IR IR [, BEE RS 701 H
PRAIZRIE Z | B — T Ik E A REA B 24
FE R, SCHR 15 ] 56T 0 7 1A A0 2 53 B A 22 0 E
WS T KRR ALY 2 H R DL AL BT, 15K i
SARAUA )b B A Y 5 PR I, SCHIR[ 16 ]
fe i T — AT R RA A RE R A ML A B A
i, G H B A AR R A AR e T SRR A A T
LAY Bk sl AR

g5 b AR SCHR ) — il 7 Bk G 4<% Fl Halbach
FERETT AR P E TR R LI NAS A, e

PR AL AHOR 75 37 SR it 2% B RS2 R 3T A7 05
AR, XA 1] ] B A% 1) R R R AT (e L o
O IR T DL AR BT IR, ARG X VA
IPMSM -5 Fr S 25 K ) 422 1) B 1 7 % EE e, [ s A1
W E PR e RSN S O, ) FE G T L
B 5 R LR LR B AR PR RE e LRSS X e 1
RN 1 24T 0

1 s ALAR AT AR A

1.1 EHEH

SRy B R R AL R A R 2 KA SR R
o, B K 1 B B9 43 BE Halbach JF A Y
IPMSM Z5#) , 7EJFA“— + V7 RN B KRR R 45
PR b T 2 B — R RER Sy 3 A4y,
o /e A5 WG BB 7K % AR ] Halbach 1 B2 S5 #% J5
2, PRIBOKREARR HPEAT FeRER =, [l 7E 5%
TREM R L IF U4 B 1 3 S BT 4R s LS # 1) 7R
mA,

E1 BAURER
Fig.1 Motor exploded diagram

Halbach £ & 78
A

FATFH

S

(2) N FE#ETT R

¥ EZ | | Y

(b) SHRFHETT

B 2 Halbach k#E—3t RV FERET
Fig.2  One-pole magnetizing method of Halbach permanent magnet



- 144 -

556 %

“—H5 B

Halbach/k#ifk  «ym~»

E3 mBIZENTER

Fig.3 Motor structure diagram

TEZE RN LG AT AN 4 R, 72
B AR AT R, — B KRR S MI Kl B
WA 30 PRI s i, E 1A B e 1 W AW DA G o 4
MG R A, F BN RS o34 2 1 il 4enk
PR A HEEASBEA Tl B GE , Bk T WE 45 10 &
P

BIT /(Wb m™)
2.6343 0.0308
24586 I 0.0268
22830 0.0228
2.1074 0.0188
19318 00148
1.756 2 0.0108
1.580 6 0.006 8
1.4049 0.002 8
12293 -0.001 2
1.0537| \ -0.005 2
0.878 1 -0.009 2

07025 -0.013 2
05269 0.0172
03512 -0.0212
0.1756 -0.0252
0 -0.029 2

4

Magnetic density cloud map and magnetic field line

MERESHNESTE
Fig. 4
distribution map
1.2 SKE#E
BRSSP RIVERTT | ALK ™ A= A [R] 9t
SRR A LB 15, 93 991 o3 A 5 e 1 g sh
BRRE S AS BV MR R PR LIRS 1 07
AR AR ] BRI 2 T LA S AN AR L
Tl PR R R -

B.(0,t) =f(0,t)-A(6,1) (1)
SRR RS AT LA FR
/.(0,1) = X F,cos(ipf - ot - @,)
£,(0,0) = X Fyeos(up - pot - ¢,)  (2)

S(0,1) =f.(0,1) +/.(0,1)

HA L f.(0,0) f.(0,1) f(0,0) 53500 E T KRR
SBRRE BRGS0 HVEVEREL F, F, PG
SR, ¢, @, HHEBNFANGL, 0 Sy BEH Y £ 4
B, p AR,
AR LR T PR ECRT FoR o
A(0,0) = AgA, (8)A,(6,1)

A(B) =1+ ;Aicos(iNSB) (3)

A (0,0) =1+ Y Acos2i(ph - w,1)
=1

ARG R I A AL 230 T IT
G AR BT | A G 5 pR R
1.3 RmEB#AN

H B B ARG 37 0 H WX 58 2 R 37 R EAE P 2
RIm R F Y B E Sy F o Fo2s R G
SRR KN, F AR T 2 AT 5 R H AL
PR . TR OB R R F LR E
VERI T 7€ 714 &8, il i g ) A% 1) 43 8 38 R TV 1w 43
i LR VT B B F, F Rk ok

v :Bf -B, B

~ (4)
2y 2y
B, -B
Fo=—— (5)
2,

Ferf o B, (B, o35 Dy A7 S 64 A5 1) RIUTD 1] B G 8

L MILAR [ L B ) K R G S R WG RE S S E T
THHEAR B R WERES 5 r X RES AR B D K G
W MG Y 558 IR A ] KRGS
W W35 7 FIT AR EARE T 6 BhJ7 AL 5 Mk,
WA, LA ) L 1 ek O

F(6,1) = 2BM' IVACHD +fs;z,t)] ZHON

2}%0 [ ; F,cos(upf) — pwt ) + ZU, F cos(vaf -
S, wt) ]2 . [Ao + EAkcos(kzﬂ) ]2 =
1
P
22 z F,Fcos[ (up +pa)d — (u+ S )ot] +

ZF,L,FMCOS[(:U’l +u,)p0 = () tp,)ot] +
1

2 ZF”F”COS[(DI tv,)af - (S, £8,)ot] } .

{Ag +2A, 2 A,cos(kz0) +
T

%z ZAk]Ak2cos|: (k, £k,))z0] }

ki ok

(6)



57 AT, AR BET U S 204619 Halbach /KRS LI RE IR S 2347 - 145 -
R1 REBEN 6 HRESE
Tab.1 Radial electromagnetic force is distributed in six sources
JFe e 23 [ B i
1 KGR (1 £2)p (wy pmy)f
R - (1 £pp)p £ ke )
2 TR %5 7 T IR A EAE (b 2pp)f
(my zpo)p = (ky £ky)z
3 T WERESA 5 WX G A AR T Up v (wxS,)f
up tova +kz
4 IKWERES ARG S E T ITREAR B AR (w=S)f
up rvet (ky thy)z
5 FAK I (v +v)a (S,1 £8,2)f
) (v; +vy)atkz
6 WA 5 5 T ITREAR AR (S0 £8,5)f
(v, +vy) ot (ky +ky)z
1.4 mHEIRE oL [E
HLTE L REIR S 7R T T IR A8 i 55 0 B * TN pA (11)
B TP L LA IR AR Aop et

D ~ 2F . 1 .
()
1.
KD N EF RIS i F M 53 51k B i 7%
WEAE ST 8 o, o R L RE R S 8 P HIL A
NS R AT A5 IR AR S AU B R VIR s
FHAI DG ZR | PR AS SRR B 428 1) FiL R 0 DA R A
Y E AL INTE R 14 LR L T R
P () =1+ (8)
K 0, WS n AT Y JE 1) 25 (R
X HAILI R B R Gk 1, 4R i [ e 38 R
M i(t) +Ci(t) +Kx(t) =q(t) (9)
K.x g ol ARSI R #E Ty ;M C K
SRR T B BEJE R (AR B, 398 n B
s o o A0 INEBE O i O i (VRS R i
HF 2 (7)) AR ¥ R iR gl e 107 G T A5E 2 A L W T 1Y
PRIZK .
N T ~w .
o) = 3 LI
K. ABRJE H s, 05 n B BT i 5 — A A 1)
0 .p, 70 AR ERE T TR AN n BRI
A= (8) A4S, FEL L™ A i 7 () 25 R 2 2 2
LG T 025 ] 8 5 RS B 8— 38,
1.5 EFEEME
PMSM AR 43 AT 5 R P B AR | 2 -0
0 MBSy 42 m) 52 7 AH RS4S04 m R 3, IRt
PR IR AR 25,0 By Y 175 AR A

(7)

(10)

XD NE T EHAR,p NETHIE, E N T 5k
B m NE TR, m A TN i, m, N 5E
i,

EF 1 BRSO

h=h |4

70,
" wD 1

LR}
T 12

1

1 h, h, \
o= (a-Dsi[Leg+ ()] ap

P Z & TR b, T B b E T
g, S N E TR

HETERAERE =2 i, 2B ZAT7 W -,
Hon Br8Zs i A SR 1] 2R N

in(n’ -1) 1
£ o=f in
‘ n2+l 2 2 2 A"
Pt =) [ () 43
1+ 3
n +1
(13)

1.6 IGIEREATIREY

i # H Halbach JFAE %I IPMSM Jy 8 #% 48 45
¥ BE IR R 80 kW A E #4344 6 000 r/min, &
FTWIMESI 31 162 270 mm, 5% F4ME K 160 mm,



. 146 - MR

wOL Wk K

»e

»e
7

2y %56 5

IKRERTRER T NdFe35 S 56k T £ T A58 250 ) o4
P e 2 B 0T 7 B FR AL A A4S 1] OB 1 o0 A
W5 s IR AT Rt 5 45 1 5 A BROCTHH A 4%
SRXFLE , B AT UAS H 9 2 TR ZEAR /N, BT 46 ik
AL BB AR 1) - S 0 i 25 A AL R A 2,
P BLEEE T Al

1.0r1
0.8 b
0.6 ¢
0.4} ¢
0.2+ §

O_
-0.2F 1
0.4+ ¢
-0.61 |
-0.8+ hAY
-1.0 . . . . . . ]
0 50 100 150 200 250 300 360

0/(°)
Es SkE#EZEITh g

Fig.5 Air gap magnetic density contrast curve

o HMRIL  —— fETE

B/T

2 EEER B AT

NHMAR
Ry S B AILH R AR Sh AR AL R TE R P, Bt i an
K6 Rt 4, FE LT 0 T SR A4 )
FL B ) R L R i, 28 3 A 1 SR A O B i 25 0 I
LB FERILAR I SR i FRL ML E T 14 45 B AR A R 78 J%
WA SRS HL G T AR ) FL R DR 2B
WA () V558, IE05 BAR 2 IR s
2.2 REBEASH

A28 1) FLRE 0 1 45 SRR B S e 2 VE 1 1435
FHLTERT AL A4 7 AR 4R S 52 1) | 38 8 HL 7 [ 4
FLAREEE S TPMSM A4 = 4 25 (0] 42 0] B R 43 A1 n
K7 B, 8 METHE 1 Halbach FF4& 7 e AL 5 4
[RIZ5 A RS VAL Py B i ML A 42 ) H R
XFHG, P 5 ALK REAABUARR] . 7T LA Halbeah
RUEE MR AR 1] FL R T R AR /N T35 38 VRS54, I
HFRET 13% , i £ 28 ad 40 0 454 19 P fb i
Th, IR 807X FLAILAR 1] R R D TS (L 0 A 252

2.1

—

AR LR 3 2 B ML 4P 5 |

|

B2 |
TRES |
Bk |

Y
S AR |

DRSS - NBE

| sommmng

=6

FREIREN ST R

Fig. 6 Electromagnetic vibration analysis solution

2.3 EFEESH

HL AL M RHERAT 4% 1] Sk, LS 43 i Bl
LN e G NI N e QR = R = e a e [
FEARER T B, T B0 428 1] W EE /N T
ol ) D DR bty o) A 28— BOR XF FMIL A i BT M
A R BT DAAS SO DU ) O B ZS h BE A o

Hr B AL A 1) 2% B RS o

HUHLRE T8 E T8l (SR HLre 4L,
PRBPRHE PE L2 2, 72 108 E h R4 A B2 Il
PAFLE T 2 800,95 #3 s MARam i K/ NSk 1
PRI I 3k | B O B R AR B
AL RETIBGE TSR RRE A AR BT DA

H

N



57

F T, AF . BETHURE 2 Z L AERY Halbach K AL HLRE IR 3 70 B - 147 -

/N T TR RILTE AR SR ASE f A0 B DA
i, SRAH A ROV I R TR BESSONE, DR i
)JG“‘J SRS R8C 72 1 F RN 3 B2, VF by B

S

F/10°Pa
12.6
10.8
9.08
7.35
5.61
3.88

25 .2.14
20 041
-1.33
1.0 3.07
B[] /ms -4.80

7 ZHZEREB#ESN

Fig.7 Radial electromagnetic force in three-dimensional space

BT EN()

®2 BUEFMHEM

Tab.2 Material properties of motor stator

B A T SRR R R, AL

MRUEME B/ (kgem ™) AN PR/ GPa B VIR GPa

FE TR 7 600 0.31 205.8 80
e 4300 0.30 1.3 0.46
Ml 2 700 0.33 71.0 25.9

K AR Tk
AR HLoE 5 5E 1R T L BE & A W i 4507

2, FEHE I ¥ A A ] e 38 K1 1 e R

— — BV HalbachFF 8 %

‘l i

o ‘ | ‘ I! l! 4 “Irl

= H A
ThIh Wb

0 50 100 150 200 250 300 360
0/(°)
B8 fREEEEX LR
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Tab.3  Motor optimization results
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HLHLES T,/ (mN-m) T./(N-m) R/ % B/T Egp/V Apyyp/ % Eqyn/ %
Heiw v A 186. 8 150.5 9.1 0.91 379.4 35.9 22.5
Halbach JFA&#Y 126.6 154 4.3 0.81 308.8 29.3 16.8
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Fig.20 Radial electromagnetic force of order O in space
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Fig.23 Radial electromagnetic force amplitude of time 12 order
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Tab.5 Permanent magnet rotor material properties
S hoRE I/ (kg-m ™) WML JEIRGREE/MPa
DW315_50 7 600 0.31 450

NdFe35 7 400 0.3 80
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