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Electromagnetic optimization and vibration noise suppression of interior
U-type permanent magnet motor

GAO Fengyang', YUE Wenhan', GAO Jianning”, XU Hao', SUN Wei', WU Yinbo'

(1. School of Automation and Electrical Engineering, Lanzhou Jiaotong University, Lanzhou 730070 China;
2. School of Electrical Engineering, Southeast University, Nanjing 210096 China)

Abstract; To improve the electromagnetic performance of the built-in U-type permanent magnet synchronous motor
and suppress the low-frequency vibration and noise of the motor, a motor topology is proposed with a U-type pole
structure combined with the Halbach magnetizing method and rotor slotting. Firstly, the relevant electromagnetic
performance expressions of the motor are derived, and the low-frequency vibration and noise fluctuation composition
of the radial magnetic flux density and radial electromagnetic force density between the stator and rotor are
analyzed. Next, using analytical and finite element methods, the spatial and temporal distribution of the radial
electromagnetic force in the air gap is obtained. Parameter sensitivity analysis, parameter scanning method, and
response surface method are used to multi-objective optimization of the selected rotor topology parameters to obtain
the optimal parameter solutions. Finally, no-load reaction potential, radial flux density, cogging torque, output
torque, torque pulsation, radial electromagnetic force density, vibration acceleration and sound pressure level of the
U-type pole structure are compared and analyzed with four other U-type pole structures. The U-type motor structure
is validated by combining electromagnetic, mechanical and acoustic fields analyses. The results show that by adding
a type I magnetic pole to the U-type magnetic pole structure, changing the magnetizing method, and modulating the
sinusoidal degree of the air gap magnetic field by dg-axis slotting, the motor’ s cogging torque decreased by 91.3% ,
the no-load reverse potential is increased by 53 V, the output torque is increased by 39. 6% , the amplitude of
radial electromagnetic force waves in the air gap decreased at all harmonic orders, the vibration acceleration of the
stator assembly decreased significantly at all frequencies, and the maximum sound pressure level around the motor
decreased by 9 dB at the peak, with a reduction rate of 10.1%.
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Fig. 14 No-load counter-electromotive force harmonic content
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Fig.22  Motor sound pressure level comparison

PR ELHL RS e a3 5 0 F IR o s Ak A )
A 4% 1.2 3.4 kHz B, U — UL HL M5 M
He 38 U BB M 4351 R 14. 6% (10.0% 28.3%
16.7% BN 6 kHz i, U — B e {450 U AU
HLALA g i 4 dB,IEH U — AU AL U Al
LA o L T R FTAIIR 2l e 75 ) O R | 5 F
PlLagFTER > )
4.4 HHFHWERE

Jy it — 2 B AR, X 5 FRER A (D
1 23) KoK REARASTEAR EE A R000 7 ( DLIEL 24) #4758
UE, % FREM S5 8500 7 e KB 238.490 0 MPa, /)N
TREANE A5 BE 450 MPa, 7K A e K5 3850% 1 K
1. 151 0 MPa, t/NF ok 4 Af5E 5 80 MPa, % 7
R BSR4 0. 087 0 mm (WK 25) | Ak WA K
SASTE 0. 082 0 mm , S FREA MK G A B K i
JE R AR IE AR F-IME 160 mm 52N

238.490 0
212.070 4
185.654 3
159.240 8
138.822 2
106.493 1
79.981 0
53.563 3
27.144 5
0.725 8

E23 HFEMAERNA

Fig.23  Rotor magnet sheet equivalent force

1.1510

== 1023 5
0.896 1
0.768 7
0.6413
0.5139
0.386 5
0.259 1
0.004 3

B 24 KEEZERN D

Fig.24  Permanent magnet equivalent force



.82 e NS B | A - =

557 %

0.087 4

0.0817

5 5 O S 0.076 0
0.0702

0.064 4

0.058 7

0.0530

0.0473

C i
0.0359

B2 HTRERE
Fig.25 Total rotor deformation

5 & #

1) 4R S U B R 7k R [R) 2 i AL Ha i
REAHM G ARSI i U — R S 25 6
FITH Halbach FE8 )51 .

2) U —2£544 Halbach FEmEHHLZS 3807 L B3 i
e EHE U R ALEE RS 53 V 3T 24. 3% , Uit %
JETRE91.3% , UMLE H AR T 39. 6%

3)U —%544 Halbach 384 H HLTE I [A] 2 A% 43 |
4 A5 e 6 FH5 T X421 8 (16 1 24 [y e /4 4
SO G, H AR U AL, 2 R s
HELEAR A 2 3 kHz B R FFEREEK, TR 5
H71.1% 89.0% .

4) M HC B U B HL AL, PR B 7R R Gt K
I FFE9 dB, FRERN 10. 1% , BLHLEE SIS 24

2% ik

(L] B, BUAKRER AL B 53t [ M), JEa AL Tl i
i, 1997
TANG Renyuan. Modern permanent magnet machines[ M]. Beijing:
China Machine Press, 1997

(2] BRME, JEAEIE, (3], 45, muli s B g R 20 i MUK g it
TARFE AT AR BRI [J]. L THORER, 2015, 30(6) : 1
CHEN Ping, TANG Renyuan, TONG Wenming, et al. Permanent
magnet eddy current loss and its influence of high power density
permanent magnet synchronous motor [ J ]. Transactions of China
electrotechnical society, 2015, 30(6): 1. DOI.10. 19595/j. cnki.
1000 — 6753. tces. 2015. 06. 001

[3]SUN Tao, KIM J M, LEE G H, et al. Effect of pole and slot
combination on noise and vibration in permanent magnet synchronous
motor[ J]. TEEE Transactions on Magnetics, 2011, 47(5) : 1038.
DOI:; 10.1109/TMAG. 2010. 2093872

[4]Z0U Jibin, LAN Hua, XU Yongxiang, et al. Analysis of global and
local force harmonics and their effects on vibration in permanent
magnet synchronous machines [ J]. IEEE Transactions on Energy
Conversion, 2017, 32 (4 ). 1523. DOI. 10. 1109/TEC. 2017.
2720422

[S]ESR, #fE, T, % RY=UKBRBHEILE BRIkt
(1], LT AR, 2024, 44(3) : 1173
WANG Chen, HUANG Jian, JIANG Ming, et al. Multi-objective
optimization and design of flux-concentrating permanent magnet in-
wheel motor[ J]. Proceedings of the CSEE, 2024,44 (3). 1173.
DOI: 10.13334/]. 0258 —8013. pcsee. 223442

L6 1REM], SCRME, W18, 55 Nl BB RRIAT A B HA A 43 B
[J]. B THARZHR, 2020, 35(5) : 921
CHENG Ming, WEN Honghui, ZENG Yu, et al. Analysis of airgap
field modulation behavior and torque component in electric machines
[J]. Transactions of China Electrotechnical Society, 2020, 35(5) :
921. DOI:10.19595/]. enki. 1000 - 6753. tces. 90255
[7] CHENG Ming, HAN Peng, HUA Wei. General airgap field
modulation theory for electrical machines[ J]. IEEE Transactions on
Industrial Electronics, 2017, 64(8) . 6063. DOI. 10. 1109/TIE.
2017.2682792
[8 ]CHENG Ming, WEN Honghui, HAN Peng, et al. Analysis of airgap
field modulation principle of simple salient poles [ J ]. IEEE
Transactions on Industrial Electronics, 2019, 66 (4) . 2628. DOI;
10. 1109/TIE. 2018. 2842741
[9] WEN Honghui, CHENG Ming, JIANG Yunlei, et al. Analysis of
airgap field modulation principle of flux guides [ J ]. IEEE
Transactions on Industry Applications, 2020, 56 (5) . 4758. DOI.
10. 1109/TIA. 2020. 3001252
[10]JKIM ST, LEEJ Y, KIM Y K, et al. Optimization for reduction of
torque ripple in interior permanent magnet motor by using the
Taguchi method[ J]. TEEE Transactions on Magnetics, 2005, 41(5) ;
1796. DOI. 10.1109/TMAG. 2005. 846478
[11 ] ISHIKAWA T, YAMADA M, KURITA N. Design of magnet
arrangement in interior permanent magnet synchronous motor by
response surface methodology in consideration of torque and
vibration[ J]. IEEE Transactions on Magnetics, 2011, 47(5):
1290. DOI: 10.1109/TMAG. 2010. 2091399
(2R, £5M, BOCR, 2. R KRER D Bl o R
TIPS TR [ J]. P ERAL TR AR, 2021,
41(14) : 5004
XING Zezhi, WANG Xiuhe, ZHAO Wenliang, et al. Calculation of
electromagnetic force waves and analysis of stator vibration
characteristics of surface mount permanent magnet synchronous
motor[ J]. Proceedings of the CSEE, 2021, 41(14) . 5004. DOI.;
10.13334/5. 0258 — 8013. pesee. 201361
(3], Jnse, XVgkik, & J T a4 i 2 W =k wg i
PLAAE SRS A IS5 ()], i THOR 24, 2023, 38(5) :
1287
LI Zexing, XIA Jiakuan, LIU Tiefa, et al. Reduction of six times
frequency vibration and noise of surface-mounted permanent magnet
synchronous machines with interpolar virtual teeth[ J]. Transactions
of China Electrotechnical Society, 2023, 38(5) . 1287. DOI; 10.
19595/j. enki. 1000 — 6753. tces. 211436
[14]HONG Jianfeng, WANG Shanming, SUN Yuguang, et al.
Piecewise stagger poles with continuous skew edge for vibration
reduction in surface-mounted PM synchronous machines[ J]. IEEE
Transactions on Industrial Electronics, 2021, 68(9) : 8498. DOI.
10. 1109/TIE. 2020. 3013535
(15 )25, BNSE, Xk, 45 BT orBae i AN RE R =0k
TERHURIR BRI [T]. HLTHOREAMR, 2023, 38(4) : 945
LI Zexing, XIA Jiakuan, LIU Tiefa, et al. Reduction of pole-
frequency vibration of surface-mounted permanent magnet
synchronous machines with piecewise stagger unequal poles [ J ].
Transactions of China Electrotechnical Society, 2023, 38(4) : 945.
DOI:10. 19595/]. cnki. 1000 - 6753. tces. 220020
[16 ] XING Zezhi, ZHAO Wenliang, WANG Xiuhe, et al. Reduction of
radial electromagnetic force waves based on PM segmentation in

SPMSMs[ J]. IEEE Transactions on Magnetics, 2020, 56 (2) .



55 4 ]

rr B RH AR R U B, R AL A DA T R IR s e A - 83 .

7507107. DOI: 10.1109/TMAG. 2019. 2952446

(17 Wb, wodTs, 220191, 2. P9 E X Halbach Ak @R 2 ALALIY
SRR IE SR AT (] V% 50 R R 4, 2022,
56(5): 180
GAO Fengyang, GAO Jianning, LI Mingming, et al. Optimization
design of Halbach interior permanent magnet synchronous motor
based on parameter sensitivity stratification[ J]. Journal of Xi’ an
Jiaotong University, 2022, 56 (5): 180. DOI. 10. 7652/
xjtuxb202205018

[18]ZUO Shuguang, LIN Fu, WU Xudong. Noise analysis calculation
and reduction of external rotor permanent-magnet synchronous motor
[J]. IEEE Transactions on Industrial Electronics, 2015, 62(10) :
6204. DOI. 10.1109/TIE. 2015. 2426135

[19]YANG I J, LEE S H, LEE K B, et al. A process to reduce the
electromagnetic vibration by reducing the spatial harmonics of air
gap magnetic flux density[ J]. IEEE Transactions on Magnetics,
2021, 57(2) : 8103006. DOI: 10.1109/TMAG. 2020. 3022844

[20]#bE0sE, FB40, FhTO0, 2. mRER R XK 7 L AL L
AL, BT ERMR, 2022, 37(10) : 2446
HONG Jianfeng, WANG Shanming, SUN Yuguang, et al. The
influence of high-order force on electromagnetic vibration of
permanent magnet synchronous motors [ J]. Transactions of China
Electrotechnical Society, 2022, 37 (10) ; 2446. DOI. 10. 19595/
j. enki. 1000 —6753. tces. 201385

(21 )20ete, XM, HpHae2, 45 mshiisgs IPMSM JE F ik 4R
WAL ] PR LT AR, 2018, 38(17) : 5219
LI Xiaohua, LIU Chengjian, MEI Boshan, et al. Vibration and
noise sources analysis of IPMSM for electric vehicles in a wide-speed
range[ J|. Proceedings of the CSEE, 2018, 38(17) ; 5219. DOI;

10. 13334/j. 0258 - 8013. pcsee. 171992

[22]88E58, BRifEAE, oo, 55, AR5 PR A A5 Bl
EAMTEE]. R THORER, 2022, 37(14) ; 3502
ZHAO Shihao, CHEN Jinhua, ZHANG Chi, et al. Analytical
calculation of magnetic field of permanent magnet synchronous motor
with uneven air gap structure [ J ]. Transactions of China
Electrotechnical Society, 2022, 37 (14): 3502. DOI.10. 19595/
j. enki. 1000 — 6753. tces. 210299

(23]l , SFeAR, ZRmeis, 45, 85343 Bt Halbach 7K 1R A5 HIAL
AT [J]. R EOR R, 2021, 36(4) : 787
GAO Fengyang, QI Xiaodong, LI Xiaofeng, et al. Optimization
design of partially-segmented Halbach permanent magnet synchronous
motor[ J]. Transactions of China Electrotechnical Society, 2021,
36(4): 787. DOI:10.19595/]. enki. 1000 — 6753. tces. 191554

[24 ] PRBELRIPER. AHFRBE BUEARAE : GB 3096—2008[ S]. dbat: i
EERez iRt 2008
Ministry of Environmental Protection of the People’ s Republic of
China. Environmental quality standards for noise: GB 3096—2008
[S]. Beijing: China Environmental Science Press, 2008

(2518 3% 5] BB AL PRI B ZE WAL bl 26 2 3040 1l
TR v At A S U L B : GB/T 25123. 2—2018 [ S]. bt
PRI AT, 2018
Electric traction—rotating electrical machines for rail and road
vehicles—Part 2: Electronic convertor-fed alternating current
motors; GB/T 25123.2—2018 [ S]. Beijing: Standards Press of
China, 2018

(miE 7k <o)

S B\ EIUE R TR T T A E R 2B MEIE2025)
ENBHM EFR TV TREERFRF RSB (MEIE2025) % T 2025 47 H12 — 14 BAEFELE
HARETHEF, AEAkchLERBAFIMRES ) ITEFRES, FEREREFAR R KERTKK
¥ AEKFENMILFER ETRRAFEHMCIRFREEMAWNI, (BRET L AF¥R)EEHE

ﬁ%/ﬁgzﬁo

Scopus &

A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A
A

MEIE2025 & K :http ://www. icmeie. com/

S
‘((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((((‘

MEIE &7 A REMNFH FXRFARARBER - NERNZAT 6, ARF TS FERRE.
HkAEf B rRERR, LZEANMIE B FIEM IV ITREMXSBNHRER T HRE, B
R R R KR DL BRI R E N R E AR,

ENEEFRESY , AN EFE+ MEIE 27| 45 F o & (2024) .= T (2023) . B B (2021) |
M (2019,2018) KL K 4 b F 6 (2022,2020) s 2y B I, % 51 Tk B st m & K EE R AFIE Hmdk
HEMLARBLFET 4 NERMBK NS L, £ 8 MA2 P06 XEH E %K El Compendex 1

MEIE 2025 RE& ¢ +l#, E At TV EHRF & &
BEHEM LR AR BEER, AFRFR IV REEFRE,

A R ERR > FERESE LFEA

€€ €€ €€ €€ CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCE

<



