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Magnetic field analysis of external rotor permanent magnet
synchronous motor based on magnetic circuit network

BIAN Xu, BIAN Hongyuan, LIANG Yanping

(School of Electrical and Electronic Engineering, Harbin University of Science and Technology, Harbin 150080, China)

Abstract; Magnetic circuit network has the advantages of shortening calculation period and adjusting the
motor’ s size to optimize the design requirements quickly. Therefore, this method is widely used in the
magnetic field analysis of permanent magnet synchronous motor. It is difficult for traditional magnetic cir-
cuit network to accurately consider the leakage magnetic field distribution of external rotor permanent
magnet synchronous motor. To solve this problem, the equivalent magnetic network ( EMN) model of ex-
ternal rotor permanent magnet synchronous motor ( ERPMSM ) was established based on grid elements,
which can accurately simulate the magnetic leakage distribution between the poles of permanent magnets
and in the stator slots. Compared with the traditional magnetic circuit network, the advantages of this
model are that it does not need to preset the flux direction and has higher accuracy for magnetic leakage
calculation. Taking a 3 kW external rotor permanent magnet synchronous motor as an example, mean-
while, the EMN was used to calculate and analyze its magnetic field. The factors that affect the simula-
tion of magnetic leakage field were discussed and the calculation results were verified by experiment. The
results show that the EMN model based on grid elements can accurately simulate the distribution of princi-

pal magnetic flux and leakage magnetic field distribution.
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Fig.7 Iterative process flowchart

3 SMNETFKEEE S BALEIAXT L S
S5IiiE

R T OXE B 19 A4 AR v s ALk RO FEE X 0
B4 SRR, 303 Bl e 25 35 BUE s T

TR AN ] s RS T 5 4 A AL e I 285 1)
EREATXS EE, I ELXT EE T8 PN A [5] 0 A it 3 45
AN | [R5 A7 BRIC A 45 SR 2547 %) LL g e, e
A ROCAAY  AKEo BORAF RN 8 FoR

E8 MEHNSRRESR
Fig.8 Grid profiles and sampling points

SR FH A IR 25 T R 0 o R AT SR AR,
AR AT REA -

0A 0A 0A
i(LJ) +i(LJ> =-J, +(7—Z;
ox ® o0x dy u dy ot
A, =0,
(15)

K. WG A, N R EHENL Z s i), 0
W Z Wi o AR,
3.1 SEE#ESH

19 FIE 10 430k 25 2RI A0 7 2k 2% 8 T
A RRICEAS B B AL A . B EATRD, ih
PR RETRI A LGS 5 5 XA, A Tk ok
PFT o TR BEIAAATE W 14645 R AR W AS | %%
KL T -5

438 % E B/T

2.18 .

1.65

B9 =HEGHTINET KRS BUEIZS
Fig.9 Field distribution of ERPMSM under no-load

condition



2 M 5]

TR BT R 0 283k 1) N 1 B TR A A HIL AR R 2 2 101

B 10 FERBERETINEFRUES RGN
Fig. 10 Field distribution of ERPMSM under rated load

B 11 R 12 4350k 25 30 S 400 s 1L T 1
Mg K AN SIS FEM B9 BR G % LR, 24
K=1.9.35.195 W}, 25 g 4514 T 1 %5 e ROMH X 15 22
SN 9. 4% 6.3% 3.6% 1. 1% , 5 5E 138 51
R e KA R 2250 510 9. 8% 6. 6% 3. 6% |
1.2% . BHESS T H0 A8 P S S BRRE 2 A7AE
—E M R N T S M 4 IE S RS FEM
HRBYIA

SBRARER/T

0 120 240 360
B BE/(°)
——K=1; —v—K=9; —=— K=35; = K=195; — FEM,
E11 ZHSEUE
Fig.11 Air gap magnetic density

0.8 [ @
£ 04
&
¥ o0
S
r-04}f
0.8}
0 120 240 360
HURAA BE/(°)

——K=1; —v—K=9; —— K=35; = K=195; —FEM,

E 12 FESHBSEHE
Fig.12 Rated load air gap magnetic density

h T R TESE RO X B E  E
TR, 13 a8 00 PR N K A5
S5 FEM BB 5 f BL o3 X LI, 515,
25 35 45 WIS ITE K = 1 75 FEM 77176 f KAR R
W, HAR2E50 9 0. 81% .8.8% .9.3% .10.8% .
12.4% . 1 K =195 W} 5 FEM {778 e /MEXR 2,
HAR 253514 0. 05% 0. 91% 0. 52% . 0. 49% .
0.37%

1.0
k=1
RN k=9

K=35
K=195

0.8

0.6

S BRREIT

0.4

0.2

25
TR R B
B 13 =HSEHEEE

Fig.13 No-load air gap density harmonics

14 e i 0 S RN S K A5 st S
FEM BB % Ad B i X LI, 515,25 .35,
45 YOEIETE K = 1 Bf 5 FEM {778 e KA XTHR 22,
HiRZ 50 0. 98% 14. 3% 17. 4% . 10. 7% .
11.5% , 7¢ K =195 i} 5 FEM 776 f /NN R 22,
HAR 243514 0. 03% 0. 99% 0. 45% 0. 39% .
0.24%

1.0
K=1
K=9

R k=35

0.8

E[ 0.6
o
% 0.4
0.2
¢ 5 15 25 35 45
BB

B 14 #EHLHSEEBL K

Fig.14 Rated load air gap density harmonics



102 Bl 5 % #l %=

529 %

3.2 EFERNREESH

15 FIEL 16 43 5] R 25 R 40E T8 A T
L NI RE 5y A0 R IR A] R B R SRR R
P zs BAR A T R P 2 RAR 22 Rl G % o A AN Y
A KRG R RE R B/

T 38 % FE B/mT

"N

15 Z=HEHTENEGSH
Fig. 15 Magnetic field distribution in the tank under

no-load conditions

1418 %% B B/mT

320.

230

153

El16 MEHBEHTENESSH
Fig.16 Magnetic field distribution in the tank under

rated load conditions

P17 Sz AR R Y 8 K AR TR
PLE R SRS S FEM XF K, K=1 flK =
195 B 19 250 A 0 d5 KAH X152 25 29 51 K 93. 6% Al
1.3% ,719 15 B W9 KA TR 22 500 0 91. 8% H0I
1.2% 77 5 C W 5 KA XT3 22 43 318 94. 7% Fi
1.4%

Pl 18 S AR 18 T R PR T AR i S K
ANRIOE B BT RSG5 FEM XL, K=1 F1
K =195 17 5 A 19 8 KAHXT R 22 5000 K 84. 3% il
1.7% 77 5 B W 5 KOAH XT3 22 43 531 4 82. 8% Al
1.5% 77 1 C W 5 KOAE XT3 22 43 51 4 85. 1% Al

1.4% , 55 D B S KRS R 22 735 O 38. 1% Al
L 1%, 55 E B9 KR 32 22 5300 O 89. 6%
F1.4% .

B8] /s
(a) 1T ABRSHER 2

150

%% /mT

B [Rl/s
(b) W R BBRASHEFE MK

B8] /s
(c) T S CRASRE T Hh 42

A— K=1; —v— K=9; —%— K=35; ——K=195; —FEM,

17
Fig. 17

EHEGTENT ABSHE ML
Transient density curve of nodes in slot under

no-load conditions

FERAT L 5 FEM R 280/, K =1 By
SR RS- R o TR 11 A % LT S g
KARZ | AL 16 % L Y% /MR £ i LU ST
FE T O 118 S5 A5 T 5 AR ORG240



2 M

AR,

%% /m T

2% /mT

5% /mT

W45 /mT

M BAE T RGN 48k 1 SN AR TR D L G 53 B 103
60 -
50
300 EE* o7
{g 30 -
200 20
101
100 i, TS, S
0o 1 2 3 4
Fsf 1) /s
(e) 7 R EWRASHE R B4R
B [ /s ao— K=1; —v— K=9; —=— K=35; —e— K=195; —— FEM,,
(a) 1T RABRSRER

300
200 S,

100

B[] /s
(b) 1 s BBRASRET M 2%

200

100

A8l /s
(c) T A CHRASRER M2

At 1) /s
(d) 5 R DBRSHE R R

B 18 FMEAHFZGTEANT RBSHT ML
Fig.18 Transient density curves of nodes in slots under

rated load conditions

3.3 KIGIIE

R T IR f O 245 AR A AE R, AT T RERLAR
WEPERE R SEIIIR . FEPLSEE -6 AN 19 R, 58
Bt PR TR HLTERUE SR BUE B 251 T 25 48
T TR B AT RS E B, BROZE AN s LR /I | X s
RS B e/ N L B 8 1 g FL R AT S B
HLBLAY 25 3 Bl 3

Tk Bh A%
S e

19 BHXBFEE

Fig.19 Prototype experiment platform

AN 7S AR AR T I SR 4k A
FH L BT FE, I IE] 20 R, I B R %
AR 2T BOHE SR AT X L, K = 1 B AR R 22 0h
10.7% ,K =195 B AHXT IR 254 0. 38% , SC{E 5 A
BRICARRXT 1 25 1 0. 33% AT LA K SR P9 T 7% 18
MG, 5 FEM {22580/



104 SRR VS T OO = %529 %
rare-earth-free external rotor permanent magnet assisted synchro-
300 —— K=1
K=9 nous reluctance motors [ J]. IEEE Transaction on Industrial Elec-
2001 - figs tronics, 2017, 64(12) ; 9729.

= 100 —_ FEM [3] DENG Wenzhe, ZUO Shuguang, CHEN Wei, et al. Comparison

% 0 o SEHfE of eccentricity impact on electromagnetic forces in internal- and ex-

g ternal-rotor permanent magnet synchronous motors [ J ]. IEEE

~100 Transactions on Transportation Electrification,2022,8(1) :1242.
-200 [4] CAO Wenping, HUANG Rongqging, WANG Hui, et al. Analysis
-300 of inter-turn short-circuit faults in brushless DC motors based on

I I I

0 1 2 3 4 magnetic leakage flux and back propagation neural network [ J].

B a] /s IEEE Transactions on Energy Conversion, 2023, 38(4) ; 2273.
_ N [5] CAO Donghui, ZHAO Wenxiang, JI Jinghua, et al. A generalized
20 REHHER equivalent magnetic network modeling method for vehicular dual-
Fig.20 EMF waveform permanent-magnet vernier machines [ J]. TEEE Transactions on

Energy Conversion, 2019, 34(4) . 1950.
> (6] T, w3k, BMew. MBI MRS = BB
4 % B
5 R ). LS R REE, 2021, 25(7) ; 61,
AKX LI—G 3 kW INEF ik wE [R5 25 ML N /WU . YU Shenbo, JIANG Shuang, XIA Pengpeng. Analysis and calcu-
«'ETXM?%E??WJ%{%XWEE&@ Tﬂ Z:*qﬁ:ﬁﬁ I‘EJELFI , ZIKjC% lation for air gap leakage and open circuit air gap flux density of
NV, e N e NI disc . Electric Machines d C 1, 2021, 25
I AR L4 B R B o [ e o
SRk INRIALEZS 35 5 5552 th 2% S R F .
Bellor i oy pes B e SBCR I T (7] BEk, SHEAD, Jrie]. 3T 584155 A o B IE R 3 A5 0 1)
BROCIL S REM 4535 LA T RE S %0 Lo A, I alE AT S5 56 S RO P R K A L BLA RT3 [ 1) ol TR
Yo E R TE e, LSS J, 2020, 35(52) 377,

1 ) %:J: Im 1:% Ijg‘i%j E{J %&ﬁ% ] g% *ﬁ biy) *H ﬁ F CHEN Wei, WU Guichu, FANG Youtong. Two analytical models
/f_ggﬁﬁézméﬁﬁi ’ ﬁ;ﬁﬁ%?’{ﬂ:Xﬁ’E%’séﬁﬁ‘@ E(J ﬁéﬁ%ﬂ‘ﬁ based on winding function theory and dynamic reluctance mesh for
Eﬁ%ﬁ E]/J %E Eﬁ F‘F‘ Z'_( j( ){57 *ﬁ Ij:J le ﬁﬁi 195 4~ IW interior permanent magnet traction machines[ J]. Transactions of
-3 iR HI AR >0 RAL H 9 ! China Electrotechnical Society, 2020, 35(S2) ; 377.

i RSB TER R O RS SRR AR BN, 5 (g0 mas i, abimse s, TSR Sk KRR R
S EA AR R 2N 0.57% B3 MR R S R B[ 0). b TR ¥ 4R, 2024, 39

2) TEREIIL R K = 1,195 I B B 55 (14): 4341
FEM %ﬁ*ﬁXﬁﬁ%ﬁ}%Uﬂﬂ 9.8% 1.2% ., K=1.195 XIA Yunyan, ZHOU Zhou, SHAO Yuanliang, et al. Calculation
Hﬂ% . %%5 FEM ﬁ%j{*ﬁ Xd_ i%%ﬁj}’%u %‘] 82. 8% u'f impedance parameters a.nd starlin.g characteristics of large 'induc—

” . o . TR tion motor based on dynamic magnetic network[ J]. Transactions of
1.5% ’ *E' EFI Eéz B Ej FEM ¢ jt ;FH X‘_f > % ﬁ %J j\j China Electrotechnical Society, 2024, 39(14) . 4341.
38.1% 1. 1% ARIRHES 5 FEM BORMXBREIN (0] peuom, Eap, 2HES, . 36T =4Sz SRt g
H89.6% \1.4% , 475 [ERE N I #E o A B, R P ) il ) 2 L BL ML RGP M (). o T R 24, 2023, 39
AT, A% TR, 2R 2 (19); 2.
L:j FEM @%%O %ﬂ: WJ*%%%@TL E@ %’iﬁlﬁéﬁ i éﬁ' TONG Wenming, WANG Ping, WU Shengnan, et al. Electromag-
N - e rar s . N netic performance analysis of a hybrid excitation synchronous ma-
Y BE NS TR AL 0L S5 R S I R A, A oL T ) 2% . : , S
chine based on 3D equivalent magnetic network[ J]. Transactions
DA > i 725 5] y Ny =
bt%ﬁ%l+%yh%¥ﬂ(mmﬂ%%ﬂl%%ﬁ EEKETIE of China Electrotechnical Society, 2023, 39(14) . 692.
LA (107 SRE, BRAHE, DK, 45, 1A RETACHE R 4 LA L

5 % X k.
1]  ZUO Shuguang, LIN Fu, WU Xudong. Noise analysis, calcula-

—

tion, and reduction of external rotor permanent-magnet synchro-
nous motor [ J]. IEEE Transactions on Industrial Electronics,
2015, 62(10) : 6204.

BONTHU S, ARAFAT A, CHOI S. Comparisons of rare-earth and

AR A A (1], E AL TR, 2019, 39
(1):307.

ZHANG Changjin, CHEN Zhihui, MEI Qingxiao, et al. Nonlin-
ear dynamic equivalent magnetic network model analysis of trans-
verse flux permanent magnet synchronous motor| J|. Proceedings

of the CSEE, 2019, 39(1) : 307.

(T#% 115 W)



2 1] PSS FE TRACAR LR AE N ) TO0 T IGBT 5 Bl 77 vk

115

[21]

[23]

[24]

line junction temperature monitoring of power module based on
aging compensation [ J ]. Transactions of China Electrotechnical
Society, 2024, 39(12) ; 3705.

LI Yang, AGYAKWA P A, JOHNSON C M. Physics-of-failure
lifetime prediction models for wire bond interconnects in power e-
lectronic modules[ J]. TEEE Transactions on Device & Materials
Reliability, 2013, 13(1): 11.

HELD M, JACOB P, NICOLETTI G, et al. Fast power cycling
test of IGBT modules in traction application [ C ]//2002 IEEE
Proceedings of Second International Conference on Power Elec-
tronics and Drive Systems, May 26 - 29, 2002, Singapore.
2002: 1 -6.

BAYERER R, HERRMANN T, LICHT T, et al. Model for pow-
er cycling lifetime of IGBT modules-various factors influencing li-
fetime[ C]//5th International Conference on Integrated Power E-
lectronics Systems,March 11 =13, 2008 , Nuremberg, Germany.
2008: 1 -6.

LIU Zhen, WANG Qing, SONG Chenliang, et al. Similarity-

[25]

[26]

[27]

based difference analysis approach for remaining ueful life predic-
tion of GaAs-based semiconductor lasers [ J]. IEEE Access,
2017, 5. 21512.

TRBER, EFYE. TRIAFIEREER[T].
2019, 46(3) : 30.

HHHLR,

ZHANG Xiaofeng, WANG Xiuying. Comprehensive review of
grey wolf optimization algorithm[ J]. Computer Science, 2019,
46(3) : 30.

[ Tl AR R A S A br i A BoR 2= b 2x. B REIR
45 TR 2 B Sk P 7 5 . GB/T 43555—2023[S]. dt
AU PR R, 2024

M-, ERIAT, BRAS, AR DA D ARG IR B R Y
PRECSHTLI]. HERALT SR, 2023, 43(13) : 5135.
DENG Erping, YAN Yuxing, CHEN Jie, et al. Power cycling
test technologies for power semiconductor devices-challenges and

analysis[ J]. Proceedings of the CSEE, 2023, 43(13) . 5135.

(% #E BR4E %)

(L#ZEE 104 1)

[11]

LIU Chengcheng, WANG Xue, WANG Shaopeng, et al. Magne-
tothermal coupling analysis of permanent magnet claw pole ma-
chine using combined 3D magnetic and thermal network method
[J]. IEEE Transactions on Applied Superconductivity, 2022,
32(6): 1.

KM, XIIESE, XIEHE, 55 BT RA B R R G
ARG e bR v MLE FH A5 R I 28 AU [ 7). vl ] P ML AR 274
2024, 44(5) : 2009.

ZHU Xuguang, LIU Zhengmeng, LIU Guohai, et al. General e-
quivalent magnetic network model of surface permanent magnet
vernier machine based on hybrid medium mesh [ J]. Proceedings

of the CSEE, 2024, 44(5) ; 2009.

[13]

[14]

[15]

DING Ling, LIU Guohai, CHEN Qian, et al. A novel mesh-
based equivalent magnetic network for performance analysis and
optimal design of permanent magnet machines [ J]. IEEE Trans-
actions on Energy Conversion, 2019, 34(3) . 1337.

YANG Peipei, LIANG Yanping, BIAN Xu, et al. Probing homo-
topy continuation method for solving nonlinear magnetic network
equations [ J]. IEEE Access, 2021, 9(3) . 32239.

BIAN Xu, ZHAO Yan, LIANG Yanping. Electromagnetic net-
work method for transient circulating current calculation of stator
transposition windings in large synchronous compensator based on
equivalence of local magnetic field [ J]. IEEE Transactions on

Energy Conversion, 2022, 37(3) . 1825.
(% %5 . X sk )



	未标题

