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Temperature field analysis and cooling structure design of the stator
permanent magnet dual-rotor high-speed electrical machine

YAN Zuoguang, WU Shaopeng, YANG Yubin, HUANG Mengting, ZHANG Meng

(School of Electrical Engineering & Automation, Harbin Institute of Technology, Harbin 150001, China)

Abstract; To resolve the stator overheat problem of the stator permanent magnet dual-rotor high-speed electrical
machine (SPMDR-HSEM) due to its mustered heats source and high-speed operation condition, a 2D-3D hybrid
thermal network model ( HTNM ) is built to analyze the temperature field of the electrical machine, and an
integrated structure with magnetic isolation and cooling functions (IS-MIC) is proposed for accurately calculating
the machine temperature and improving the machine heat dissipation capacity. Firstly, the topology of the SPMDR-
HSEM is introduced, and its heat transfer mechanism is analyzed, as well as the conduction and convection heat
coefficients are given. Secondly, for the problem of complex structure of the SPMDR-HSEM and the difficulty in
calculating the temperature fast and accurately, the 2D-3D HTNM is proposed to analytically calculate the key
components temperature rise of the SPMDR-HSEM under rated and overload conditions, its temperature distribution
characteristics are summarized. And a test plat is established and the experimental tests are conducted, which
verify the accuracy of the HTNM. Then, the IS-MIC is proposed to solve the heat dissipation problem of the
SPMDR-HSEM, and the influence of the structure parameters and water flow velocity of the IS-MIC on the cooling
effect is investigated, and the optimal structure of the IS-MIC is designed. And the finite element analysis is carried
out to verify the effectiveness and rationality of the IS-MIC. It broadens the application field and provides a new
temperature field analysis and cooling structure design method for the stator permanent magnet electrical machines.
Keywords: stator permanent magnet machine; stator overheat; cooling structure; thermal network model;
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Tab.1 Main parameters of the SPMDR-HSEM
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Fig. 10 Prototype of the SPMDR-HSEM



55

PRI, % TR AU T A DU IE 555097 B0 02 o 7

e

B WikFEa
Fig. 11  Test platform

N ARG A 60 A TAE LB X EL L
K EEIBM AT T TR IR A R 5 A R T
P FLRT HTNM 15845 47 1% b o A, 45 2R a0
B 120K, mE 12 870, s ek g 1 5 RO
{5 FL M HTNM 25 R Wy & R4, Hom KR 22 437
46.12% F14.88% , B UE T A SCHT R A FRIGI7 7
(] S DA ST B HE ) HTNM B () i

B/ °C

& 12 SPMDR-HSEM HE#HlEEZEIHEBRAMRER

Fig. 12 The temperature rises test results of the main elements

of the SPMDR-HSEM

3 H AR

JBi 1k SPMDR-HSEM i3 % T2 T S840 4 2% 2k
B K TR AN TT 38 PGR i I 52 e A MR B LSS
PR A5 AR SCHR T — ol AL 1S-MIC 2540 5t b A 78
H, AR S LR RE
3.1 AH%EH

AT B IS-MIC Z5 8 an &l 13 FioR , % —
TRALSE A TE R RS N2 0 5 X L HL R A TV )
(A - 8 TR PR R T AV R, T8 I i -
I, (AR CR A R RO A (R s X6 F AL -3
TR H) 4w LA Rl

—> AEWGEKO
<« AHHHKAD

El13 IS-MIC &#REE
Fig. 13 The structure of the IS-MIC

3.2 RAFMELERE
% IS-MIC %f SPMDR-HSEM #4174 #11], ¥
HI M EE B K DA, T2 HVE B G
KHEGH . BHLEITRE R, BB 4 i
S EBE VR HIAT A, R AR L AT RO
60kP,,
07 c,pAT
. QWY HVR A 5 Py, N LB FE ; ¢, W18
T NGS5 p SRV 2B BE 5 AT 2 1S-MIC #E i 1
2z,
KB A

(26)

A== (27)

v

Ko HERHR I

A0 (26) F1(27) BT, ¥ EA K 133 %)
IS-MIC R HIZR EA BRIy m, H I, w8551
A TK T3 ] A5 R 5 1S-MIC ¥ #1501, 4R R
PMUBCARE ). B 14 25 H T ASTRLAK 1 9 306 FL AL
LR KoK REARIR T B2, T LUE W B A K
TR0, H AL 58 2 Bk g A T S T [ 1S-MIC
RHIOR I S 0.1 m/s HEHNE] 0.5 m/s



.8 R

[N AN

%558 4%

It GELH R R A A iR B 43 3 105, 18 1 103. 66 °C
NRER] 73,86 A1 77. 10 °C, HE B B 8 A9 1 &
JEIV /N, SR, 24 HE M 0.5 m/s BEIME] 1.2 m/s
B, SE2H K A RE AR AR A i T2

120

—o— KRG R IR
—o— S EIEE
100+
S
™80t
)
60
4OO 0.3 0.6 0.9 1.2

AZK O#E/ (m-s™)
B 14 REXEIEFAA M

Fig. 14 Effect of flow velocities on temperature rises

Bl 15 450 T 1S-MIC ## 7K R 7 B3 20 A
KT A AL, o] LAR S, A K s AR, i
TR AR A e, 75 BRI A DR, AZK DR
HUNT 0.5 m/s B, JEH O RRFEEAE N, 24 AK D
TR INE] 0.5 m/s BF, 3 0 RRETT 06 B 1

160
—o— AHI/KE M 1 R ) 2

1201 °
& o~
24 e
ﬂTH 80 o/o
R o
]ﬁ 401 o/o

_o—°"
of o—o—°
0 0.3 0.6 0.9 1.2

AZK O#E/ (m-s™)
15 FiEXS IS-MIC i# H O E R 2200

Effect of flow velocities on inlet and outlet pressure

drops of IS-MIC

Fig. 15

25 TR BEE A HIR A K U, F AR
H KT BEAR IR TR A 2 ke T 722, AL B2 T %
B AMAIX, FLEE A K E s i, 1S-MIC
HEH ORGSR . R, 255 25 R LR T &
#E R SRR AR A K FHALECN 0.5 m/s,
3.3 REAMRELSH

i3 T R IS-MIC &1 SPMDR-HSEM, £
FRIOFRTHNE 16 Fras, vl LLE #, R 1S-MIC
CHG AL E R IR T B E TR, il
TR FRPILR Y 168. 68 C FFEHR 77.10 °C, K fEA
G Fe i IR 43 5 R BE2A 7710 F173. 68 C Gk
T A A AR R, ¥4 5508 R4, B0 T AR SO
IV H R e A 3 SO 3k

Temperature Temperature

SPMDR-HSEM Rotor

Unit: °C Unit: °C

Max: 77.10°C Max: 62.05 °C

Min: 35.28 °C Min: 35.28 °C
77.10 62.05
68.74 56.70
60.38 61.34
52.01 45.99
43.65 40.64
3528 3528

(a) SPMDR-HSEM (b) #F

Temperature Temperature

PM Winding

Unit: °C Unit: °C

Max: 77.10°C Max: 73.86 °C

Min: 44.64 °C Min: 49.70 °C
77.10 73.86
70.61 69.02
64.12 64.19
57.63 59.36
51.13 54.53
44.64 49.70

(d) gezl

(c) 7KREAA

16 F#FH TR T SPMDR-HSEM Bl FEFHFRE
Fig. 16  The temperature of the main elements of the SPMDR-
HSEM at overload condition

3.4 [RRERENIRIE

K 1S-MIC ¥ H1f% SPMDR-HSEM B 25
Bl 17 fros, B 17 AEAL 540 oo AL AR
iF, HLp 72k R B AR R e AN LA R AL, HE Py A1
MU BRRE B MR A 43 90 0. 02 F110.79 T, LS BR
WG ANEHLEY 2. 53% 24 PN B AL BA M AR A
LR 1 28 B R e N B AL BR AL, S AL R
B ALY 2. 04% . B, 20 1S-MIC 7E
SV H AR ) [R) B ELA B i B i R

1.8
—Oo— Bl —o— ShHIHL
1.2
&
¥ 0.6
§ ,
T_T’ 0 :" &
-0.6
1.2 | 1 1 1 1 1 1
0 50 100 150 200 250 300 350
HTALE/(°)
(a) SR IAE A I
1.8~
—Oo—P il —o— ShHiHL
I
&
]
&
r
1.2 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350

HALE ()
(b) P HEL AL B A i e

17 SPMDR-HSEM H #5425
Fig. 17 The air gap density of SPMDR-HSEM



555 W FEMEE, AF R TR XUR 1 F LI 0 B B S R it -9-
PRI BRI, R THARZER, 2016, 31(16) : 26
4 K ‘I//% WANG Xiaoyuan, GAO Peng. Application of equivalent thermal

ASCHE W T — A HNTM &8 AU IS-MIC %
SPMDR-HSEM #F47 i B2 3 53 Hr Je ¥ 200, I3 1 A BR
JUTESRUE T A SO £ H A HNTM A9 o 5 2 & 1S-
MIC HA R, EZGRIT .,

1) HNTM R 0 M4 SR 545 PR ot 25 R fe K
WREN1.87% ,FEIR2ZE RVFIEEIZ N, I T A&
SR A HNTM A9 R

2) i 3 R A OIS-MIC, i 2% T % T, SPMDR-
HSEM i 7 5 2 BRI, HLH: e i iR AR T K A4
R A5 A BT AR B, 350 T IS-MIC A9 %chE

3) IS-MIC 75 He o ¥ 21 250 5 19 [ B 5 AT 55 4 1)
BREMERE 0 UE T AT A IS-MIC (& Hiib:

5% ik

(1) EIE, FF5H. B gAY w8 ) e 20 % BE H B UG R 5 SR PIL
BT RIART AT T]. B EORAR, 2015, 30(10) : 77
WANG Daohan, WANG Xiuhe. Preliminary study for mechanisms
and analytical model of cogging torque in novel permanent magnet
flux switching machine [ J ]. Transaction of China Electrotechnical
Society, 2015, 30(10) : 77. DOI: 0. 3969/j. issn. 1000 — 6753.
2015.10.012

[2]X0M5, RZ05, khEE, S5 FET B0 RS 5 1 12 37 U o 2
WY AL BT S YERE AT (1], R AL T RS, 2017,
37(21): 6237
LIU Chang, ZHU Xiaoyong, DU Yi, et al. Design and performance
analysis of magnetic field modulated flux-switching permanent magnet
machine based on electrical-thermal bi-directional coupling design
method [ J]. Proceedings of the CSEE, 2017, 37(21) : 6237. DOI;
10. 13334/j. 0258 —8013. pesee. 171126

[3]SU Peng, WANG Yiwei, LI Yi, et al. Cogging torque reduction of
axial-modular flux switching permanent magnet machine by module
combination technique [ J]. IEEE Transactions on Transportation
Electrification, 2024, 10 (1) 1947. DOI. 10. 1109/TTE. 2023.
3262845

[4]WANG Peixin, HUA Wei, ZHANG Gan, et al. Torque ripple
suppression of flux-switching permanent magnet machine based on
general air-gap field modulation theory [ J]. IEEE Transactions on
Industrial Electronics, 2022, 69(12) : 12379. DOI. 10. 1109/TIE.
2021.3137617

(519008, HEMLE, #£08, 5. B b2 fooRbE sl 558
PESMHTLI]. AL T RREAR , 2023, 43(9) : 7669
SU Peng, XIA Yujia, HUA Wei, et al. Design and characteristics
analysis of a modular elementary flux switching permanent magnet
machine[ J]. Proceedings of the CSEE, 2023, 43(9) ; 7669. DOI;
10. 13334/j.0258 —8013. pcsee. 221680

[6] YAN Zuoguang, WU Shaopeng, HUANG Mengting, et al. A stator-
PM counter-rotating dual-rotor high-speed electrical machine for
flywheel energy storage system[ J]. IEEE Transactions on Industrial
Electronics, 2026, 73 (3): 4506. DOI:. 10. 1109/TIE. 2025.
3613633

[7T1EBEIE, wlS. S5 W 28 0k AT IR R 7 e B DL B2 3 1

network method and finite element method in temperature calculation
of in-wheel motor[ J]. Transaction of China Electrotechnical Society,
2016, 31(16) : 26. DOI. 0.3969/]. issn. 1000 —6753.2016. 16. 004
[8]5kfd, RGIK, KELIR, . HLRIREU A TR B & HHLEA
SRS HIRERTTE(T]. PEBHLT R, 2023, 43(1) : 318
ZHANG Jian, ZHU Xiqing, ZHANG Zuoran, et al. Thermal network
modeling and thermal characteristics analysis of doubly salient
brushless DC generator with stator field winding[ J]. Proceedings of
the CSEE, 2023, 43(1): 318. DOI. 10. 13334/j. 0258 - 8013.
pesee. 212513
(9T EEM, SRt FET o REPOBUA S G Y P 2k RG] 2 LR
BEY S5 S RO G oy M [J]. W T8R4, 2025,
40(22) . 7127
WANG Yubin, LIN Yang. Equivalent model of temperature field and
temperature field analysis of interior permanent magnet synchronous
motor based on electromagnetic-thermal bidirectional coupling[ J].
Transaction of China Electrotechnical Society, 2025, 40 (22).
7127. DOI: 10.19595/j. cnki. 1000-6753. tces. 241947
(101 BR2R), KB4, BUR, 55, MEHLHACREIR 2 i pL i et 5 1R
Yo Hi[J]. ILEREHR, 2015, 30(14) : 94
CHEN Yiguang, ZHENG Jun, WEI Juan, et al. Design of PMSM
for actuator and its temperature field analysis[ J]. Transaction of
China Electrotechnical Society, 2015, 30 (14). 94. DOI; 10.
3969/j. issn. 1000 —6753.2015. 14. 013
[T ENK, AR, D, 5T BR A 00 4 FH K RE [R) 28 LK e
Bt SEEG [ ]]. B TEARYR, 2019, 34(21) : 22
WANG Xiaofei, DAI Ying, LUO Jian. Waterway design and
temperature field analysis of vehicle permanent magnet synchronous
motor based on fluid-solid coupling [ J ]. Transaction of China
Electrotechnical Society, 2019, 34 (z1 ). 22. DOI. 10. 19595/
j. enki. 1000 —6753. tces. 1.80816
[12]SHAFIGN Nategh, OSKAR Wallmark, MATS Leksell. Thermal
analysis of a PMaSRM using partial FEA and lumped parameter
modeling[ J ]. IEEE Transactions on Energy Conversion, 2012,
27(2) . 477. DOIL; 10.1109/TEC. 2012. 2188295
(13123, AR, HIBE. WS TR AL BIURES56
SARFHBHILI]. B TH AR, 2013, 28(11) : 112
LI Liyi, PAN Donghua, HUANG Xuzhen. Temperature field
analysis and temperature rise suppression of ultra-precision short-
stroke linear motor [ J ]. Transaction of China Electrotechnical
Society, 2013, 28(11): 112. DOI. 10. 3969/j. issn. 1000 —
6753.2013.11.015
[14]BRR, £ BTRCR LRI pea A vatJ].
LT R2IR, 2016, 36(6) : 1686
CHEN Chen, WANG Youlong. Optimal design of axial-flux
permanent magnet motors based on the efficiency and temperature
rise[ J]. Proceedings of the CSEE, 2016, 36(6): 1686. DOI.
10. 13334/. 0258 - 8013. pesee. 2016. 06. 025
[15]WALLSCHEID O, BOCKER J. Global identification of a low-order
lumped-parameter ~ thermal —network for permanent magnet
synchronous motors[ J ]. IEEE Transactions on Industrial Electronics,
2016, 31(1): 354. DOI.10.1109/TEC. 2015. 2473673
[16 ]DEMETRIADES G D, DELA PARRA H Z, ANDERSSON E, et

al. A real-time thermal model of a permanent-magnet synchronous



<10 -

MoK BTk

SN 458 %

motor[ J]. IEEE Transactions on Power Electronics, 2010, 25(2) :
463. DOI; 10. 1109/TPEL. 2009. 2027905

[17]MO Lihong, ZHANG Tao, LU Qing. Thermal analysis of a flux-

switching permanent-magnet double-rotor machine with a 3-D
thermal network model [ J ]. TEEE Transactions on Applied
Superconductivity, 2019, 29(2) . 1. DOI; 10.1109/TASC. 2019.
2892307

[18 ]RAN Xiaohe, SHANG Jing, ZHAO Meng, et al. Improved

configuration proposal for axial reluctance resolver using 3-D magnetic
equivalent circuit model and winding function approach [ J]. IEEE
Transactions on Transportation Electrification, 2023, 9 (1) 311.
DOI. 10.1109/TTE. 2022. 3199538

(1914 3CHT, PINERBH, ST 28R, 45, ARV BUE 7 A B B ¥ 7k #E TR

B =4 A BT P A [T]. B TR 224, 2017,
32(a1); 151

TONG Wenming, SUN Jingyang, SHU Shenglang, et al.
Application of different numerical methods in 3D thermal analysis
for fan-ventilated permanent magnet synchronous machines [ J].
Transaction of China Electrotechnical Society, 2017, 32 (zl ).
151. DOI: 10.19595/j. cnki. 1000 —6753. tces. L70769

(20 5R<FIF, AL, AL, . IREE FRO TSIl =480

FEGAATI]. LS ESIF, 2020, 24(6) : 33

SONG Souxu, HU Mengcheng, DU Yi, et al. Temperature field
investigation of remanufacturing motor with mixed stator core[ J].
Electric Machines and Control, 2020, 24 (6): 33. DOI. 10.
15938/j. emc. 2020. 06. 005

VORI, I, BT, %K R ALE TR s BT S
SMRTLN]. PHLATE R AR, 2019, 53(12) ¢ 111

HE Jingyun, BIAN Xu, LIANG Yanping. Design and analysis for
stator cooling structure of air-cooled hydrogenator [ J]. Journal of
Xi’an Jiaotong University, 2019, 53 (12) . 111. DOI: 10. 7652/
xjtuxb201912015

[22] %4048, L, TKEL, 45 5 IR 5 0 4 1 Ak [ 4

HATRANS H KB BT[], B TH A2, 2019, 34(11) .
2306

WU Baixi, WAN Zhenping, ZHANG Kun, et al. Design of
reentrant cooling channel in permanent magnet synchronous motor
considering temperature field and flow field [ J]. Transaction of
China Electrotechnical Society, 2019, 34 (11): 2306. DOI. 10.
19595/j. enki. 1000 - 6753. tces. 171483

(2314830, INERIH, SRIEDS. APl v K G v LS - S5 R T 4

FHRERMEM[T]. B THARER, 2017, 32(22): 91

TONG Wenming, SUN Jingyang, WU Shengnan. Effect of rotor
structure on rotor dissipation for totally-enclosed high-speed
permanent magnet motor[ J]. Transaction of China Electrotechnical
Society, 2017, 32 (22): 91. DOI: 10. 19595/j. cnki. 1000 —
6753. tces. L70519

[24 ]FAN Xinggang, QU Ronghai, ZHANG Bin, et al. Ventilation and
thermal improvement of radial forced air-cooled FSCW permanent
magnet synchronous wind generator [ C ]//2015 18th International
Conference on Electrical Machines and Systems (ICEMS). Pattaya,
Thailand: IEEE, 2016: 1241. DOI. 10. 1109/ICEMS. 2015.
7385229

[25]VANSOMPEL H, LEIJNEN P, SERGEANT P. Multiphysics
analysis of a stator construction method in yokeless and segmented
armature axial flux PM machines[ J]. IEEE Transactions on Energy
Conversion, 2019, 34(1): 139. DOI. 10. 1109/TEC. 2018. 2862622

[26] Femism, EWGE, F#R. BT CFD 3 FHE MO0 4 = 2
RHEBERILMKR RG], HTHARZ®R, 2015, 30(9): 30
ZHU Gaojia, WANG Xiaoyuan, DU Jingjuan. Design and analysis
of water-cooling system for HEVs high-power-density motor using
CFD and thermal technology[ J]. Transaction of China Electrotechnical
Society, 2015, 30(9): 30. DOI: 10.3969/j. issn. 1000 — 6753.
2015.09. 004

[27]WANG Yu, ZHU Ting, GENG Weiwei, et al. Cooling system
analysis of an enclosed yokeless stator for high-power axial flux PM
motor with distributed winding[ J]. IEEE Transactions on Industrial
Electronics, 2024, 71 (3). 2789. DOI. 10. 1109/TIE. 2023.
3270540

(28 J3kE, TRAHR, SPAEST. o o3 3 At o 300 A 1 P LRI LK
REMBIT SR ES AN ], B EBEYLT RS, 2021,
41(24) . 8295
WU Yue, ZHANG Zhifeng, PING Jiaqi. New type water cooling
structure design and temperature field analysis of high-power density
axial flux permanent magnet motor[ J]. Proceedings of the CSEE,
2021, 41 (24): 8295. DOI: 10. 13334/). 0258 - 8013. pesee.
211291

[29]WU Shengnan, HAO Daquan, TONG Wenming. Cooling system
design and thermal analysis of modular stator hybrid excitation
synchronous motor[ J]. Cooling System Design and Thermal
Analysis of Modular Stator Hybrid Excitation Synchronous Motor,
2022, 6(3): 241. DOI: 10.30941/CESTEMS. 2022. 00034

(HE ST5H)



