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Design analysis and torque ripple optimization of novel modulated
tooth structure internal hub motor
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Abstract ;: The wheel hub motor has become a research hotspot in the drive system of new energy vehicles
due to its advantages of high power density and space utilization. However, its wheel hub integration
characteristics put forward higher requirements for the suppression of torque ripple during motor opera-
tion. A built-in permanent magnet synchronous wheel hub motor with a rated power of 46 kW and a peak
power of 114 kW were designed. Aiming at the problem of large torque ripple, the influence of the stator-
rotor topology on the motor torque ripple was first analyzed and preliminarily optimized. On this basis, a
new non-uniform magnetic field modulating tooth topology was proposed based on the air-gap magnetic
field modulation principle, and the size parameters of the modulating teeth are optimized using a modern
particle swarm optimization algorithm to further reduce the motor torque ripple. The electromagnetic per-
formance of the motor was analyzed by the finite element method. The results show that the optimized mo-

tor not only meets the index requirements, but also under the same excitation conditions, the rated torque
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is increased from the original 161.00 N + m to 172. 11 N + m, and the torque ripple is reduced from

5.16% to 1.76% , significantly improving the motor performance.

Keywords ; permanent magnet synchronous hub motor; taguchi method; magnetic field modulation tooth ;

particle swarm optimization algorithm; torque ripple
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Table 1 Basic design indicators and parameters of motor

28 Hufl e Bl
FEFHMZE/mm 320 || AUEIIR/KW 46
#FHME/mm 227 || WUEHEHE/(N - m) 160
B/ mm 50 VA DI/ kW 114
SHK/N/mm 1.5 || WefE¥RE/ (N - m) 320
&8 20 || R E%EY (1/min) 8 000
% 24 HIETA/V 800

1.2 #HIvVARIET

ARSI LR & Se A HoR | 51558
[ SEAI AR L, 25 )R 3R 0 i PEAN RS 5 145 1)
AIRTHE T, P LA 0 o S5 %) 4 | DT 42 T AL
(% D3 [l R IR R SR K T 528 S
fik TET R (1 RGER RE A T S AR SO R 2 A B T RRAIR
AL UL B, A ML ) 8 P 5 LUK, H T R4k
SRR WU B =, TR LB AT i R b e
- MR 7 FEL G T FBLARONE T, 455 & Se 28 A AL N

EEFMBEH v RIREAR 2548 | i G5 A A B Y
RUGRE ST, MR LR, d — o Sl A 2R (R, (115
HLILAE R 3a AT ™ AR K B RE B 5 0 ,  Bh T i
FEEREAE T ; 1A A EAR R d Bl g Bl i
Pl | AR A L AR A B A S Y e
ke R B AL = B P S s 1 T A
BRI,

FEXTFR 1 RIS 5 S8, M R SRR
STV AR RN ES 25 44 LA K A S R AT A
B B T HMLEA TR AL = 4RI N A 1
JIR

2 HHENRREESSH

MRYEE 1 P LI AR 2, 76 2 AL
T2 R A R bR B SR st FMLAE 50 T 00 R (B T
DR BIEEAE K S 4390 R 5. 16% Fl 3. 60% |, 55 K i s

FERK B2 LAY IS 1T TR AR 22, ST SO HLHL
H5E e T A BEAT LA 00T, A e B AL 3
W RO FER L AR K 5l

E1 Bil=4E3E
Fig.1 3D model diagram of the motor
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Fig.2 Unipolar rotor structure diagram
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Table 2 Optimization factors and level values

AT kFL o k2 K3
A/ () 80.0 75.00 70.00
B/mm 15.5 16.00 16.50
C/mm 1.50 1.75 2.00
D/mm 1.60 1.80 2.00
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Table 3 Orthogonal array and finite element results

SWUE A B € D To/(N-m)  T./%
1 1 1 1 1 163.89 5.95
2 1 2 2 2 161.00 5.16
3 1 3 3 3 157.76 4.09
4 2 1 2 3 152.46 6.39
5 2 2 3 1 161.79 5.97
6 2 3 1 2 165.98 5.64
7 3 1 32 152.70 6.54
8 3 2 1 3 157.27 6.11
9 3 3 2 1 166.25 6.02
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Table 4 Average values of optimization objectives for each

optimization factor at all levels

AT KF T/ (N = m) T g %
1 160. 88 5.07
A 2 160. 08 6.00
3 158.74 6.22
1 156.35 6.29
B 2 160.02 5.75
3 163.33 5.25
1 162.38 5.90
c 2 159.90 5.86
3 157.42 5.53
1 163.98 5.98
D 2 159.89 5.78
3 155.83 5.53
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Table 5 Variance and proportion of each optimization

factor for different optimization objectives

2% Ty T kg
N /% N I/ %
A 0.779 5 3.24 0.248 4 50.67
B 8.1273 33.75 0.180 4 36. 80
C 4.100 3 17.03 0.027 5 5.61
D 11.070 5 45.98 0.0339 6.92
it 24.0776 100. 00 0.490 2 100. 00
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Table 6 Comparison of motor structural parameters and

performance before and after optimization

e AT At s
A/(°) 80.00 80.00
B/mm 16.00 16.50
€/mm 1.75 1.50
D/mm 1.80 1.60
T,/ (N +m) 161.00 170.74
T pave” % 5.16 4.81
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Table 7 Diagram of skew pole segments and angle

relationships
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Table 8 Electromagnetic performance of different skew

pole segments

FHRBEL  PHEE/(N-m) BNk %
0 170.74 4.81
2 169.00 3.84
3 168.66 3.74
4 168.55 3.70
5 168.50 3.68
6 168.47 3.66
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Fig.3 Schematic diagram of stator slot structure
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Fig.4 Impact of stator slot aspect ratio on electromag-

netic performance

JE M 1B 01 13 J3E 118 R/ IV [T R 52 1 25 L BIL
MPERERE bR, BT AFEARRFE TR SN 2.2 AR,
WIT TR TR 1R i A2 A 3oF i AL A H P B B0 52
Wi, VRS 7 A [) R 11 58 BE WK R 11705 JiE

HK % BN 22 R0 LR SR K sl B2 e = 14

F5E/(N - m)
171.8

9 _— e |
— 171.5
o r—————————— 171.2

169.5 170.9

170.6
170.3
170.0
169.7
169.5
169.2
168.9
168.6
168.3
168.0
167.7
167.4

169.7.

& FHE O 58 /mm

1.0 — 15 2.0 2.5
SEFAE 8 /mm
(a) O SEPGEHHERREE

Bk 3h1%
3.870

3.803
3.737
3.670
3.603
3.537
3.470
3.403
3.337
3.270
3.203
3.137
3.070
3.003
2.937
2.870

FEFHE 0 58/mm

1.0 1.5 2.0 2.5
& T8 0 & /mm
(b) OSHEE5HERSNIXR R R

B 5 OSBRI
Fig.5 Impact of slot opening parameters on electro-

magnetic performance

M5 (a) ATRD, M5 TR O EAE 1 ~
1.5 mm A8 HYEEEAE 3 ~7 mm XA, F- 5% 56
B I 5 (b) AT M I SEREAE 3 ~5 mm X ]
AR LT HARE OS8R &, 7R F v B AR AR,
IR B IR N o £ 75 TR AEAE 1 S LA DX ] A H
BUAF- S5 00 5 e A Ik s P BE R B, e 718 1
R 1 mm 8 TR GEEE R S mm AR,
HHLAYFE I B NI 2 3. 33% , 3895650 1+ 31h
171.33 N * m,

3 HEE TR EEETR

HISCE 4% R BLI E TR 454 53 ik AT 1
Pt ek I ALAE BUE T 00T 19 °F 38 %% S 3k 2]
171.33 N - m $6Hilksh A 3.33% . N T #E— 4
FHEHLAE F iy LA SR s AT I A8 SCH



148 Bl 5 & il

S $29 &

B — M A - AR T AR 34 ) 504 BB LA -4
P AR SO SCH R AR ST RESH TR | 2548 W] LAAE
Y FF LTS5 ) JE Al b, R 2 B AIC F ML I
FE k3l , BT R AT S RS 1k
3.1 SHWEE

AR SR T B B 1 S5 AE R AR AR T AR
EInE 6 fin, B b — i3 8 E ] DLk
B ARGV S5, 0 BE A R 5 i, AR
TS LRI AL bR S H R | B TG 2 XM
AL AEAR A A8 3G I 550 5 7 6 ik 8l 1 s/
A ZEAN K, BT DA, AT R R e M BE R I
& WA BOR E Y 4 A B ML - M4, N
RTLLE W, 0 SR FRR S« SR flR B0 B S
B, XGRS j ORI 19 A S 40G HH R
FER VG 1 = FE S BN T B 1k = BE S 4 HH
1 K BRI = 38 e o B P AR A 45 XU, AR
SCR VR 4 = S5 HH BRAIAE 0.6 mm JE I,

B i

6 WARRTIEMAGENSNSHELTEE
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Table 9 Optimization range of modulation tooth

parameters
SR AFEEE L/ mm
HH 0.1~0.6
01 0-~4.5
X1 0-~4.5
0 4.5~9.0
X2 0~4.5
03 0-~4.5
X3 0~4.5
04 4.5~9.0
X4 0~4.5
0.040 - IR
0.035 -
E; 0.030 .
2 .
gé 0.025
0.020 )
: B igpairen
0.015 : : : :

168 170 172 174 176
%%ﬁ/(N * m)

7 PSO HiEFMEHEKIARITHSE
Fig.7 PSO algorithm population iteration Pareto

scatter plot

®10 REBESHE

Table 10 Optimal solution parameter values

28 HUfE/mm
HH 0.574 426
01 1.796 650
X1 0.756 096
02 6.576 310
X2 1.052 050
03 0.735 938
X3 0.486 450
04 6.257 980
X4 1.989 560
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Fig.8 Comparison of back EMF Fourier decomposition
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Table 11 Properties of rotor material

EHE 25SW1250H TR A
B/ (kg/m®) 7 650 7 500
FAPERTRE/ GPa 170 160
THARLE 0.3 0.24
it AR5 3 / MPa 441 160
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Fig.9 Rotor stress and deformation cloud map
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Fig.10 No load back EMF and its Fourier decomposition

1.5F

1.0

0.5

SBRREEIT
S

-1.0+

-1.5+
0 50

100 150 200 250 300 350
HUAR AR BE/(°)
1 =HSE#HT
Fig.11 No load air gap flux density

TR A R A D P e XK R LA A ) — o A
RG2S B T e e UKD B R
AFERE , HEMI R A AL RS RIS IR, Al B2
Xt B MILZS B A7 A D Rl A 0 B o, D B
SERANEL 12 Pz, o PR AT R0 A P R A 0 (24 A

1.516 N - m, GRG0 5 Fo iy M 6 40 A0 HE 30/
HALIZ TR T

900
600 -

300

o
T

-300

Y/ (mN ¢+ m)

-600

-900

0 5 10 15 20 25 30
PR A B/ (°)

E12 ZHEEREE
Fig.12 No load cogging torque

4.2 SaEERES IR
i AR N F LR B AR — R AR
CEBERMAL bR, £ 12 X T A e T O
UEAE T30 LR AL T S 09 7 X 5% 06 5 5 4 ik 3
PEfE.
F12 RUEiEEBEEREXTE
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before and after optimization
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