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Abstract: To study the temperature rise of electric vehicle permanent magnet synchronous motors
under peak working conditions in plateau environment, an RPI (Rensselaer Polytechnic Institute)
subcooled boiling heat transfer model is established, which considers the effect of bubble
separation diameter, bubble separation frequency, bubble nucleation density, etc. and could
accurately analyze the two-phase flow state during boiling heat transfer. Using the boiling heat
transfer theory to study the temperature rise characteristics of motors, we have established the

boiling heat transfer model and the bubble submodel in the fluid domain, and simulated the
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working conditions of motors in the plateau environment to study the influence of factors such as
coolant inlet temperature, altitude and inlet flow rate on the motor temperature rise. The result
shows that the temperature rise characteristics of motors are closer to the test results after the
motor is warmed up, so the influence of boiling heat transfer of the cooling system shall be
considered when we study the temperature rise characteristics of motors. The temperature rise
characteristics of motors under peak working conditions would increase with the coolant inlet
temperature; the less time it takes for the motor winding to reach 150 °C, the higher the motor
temperature. In plain or high-altitude environments, the temperature growth rate of the motor
during peak working conditions would increase with the water temperature at cooling water inlet,
while the temperature of the motor would decrease with the atmospheric pressure. Due to the
phase transformation of the cooling water and two-phase boiling heat transfer, the temperature
rise characteristics in high-altitude areas are better than those in plain areas.

Keywords: permanent magnet synchronous motor; peak working condition; boiling heat trans-

fer; temperature rise characteristic; plateau environment
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Fig. 1 Calculation model of temperature field

2.4.2 BHRABEHAREMH

(DI 3 km & B8 EAUAEE . KRR
5% 0. 7X10° Pa, % HIKA AN EE R 90 CH 5

(2) P AR 2E 113K R K K B R B Ar Bk 1,
KSR RF BN 0

C3) VR AL EE S A 17K WA K R 3 224 R
P i AT R AR 5 7K 28 S0 B RO R T BHL %
PAERY | B BORH 9 BE TN ) ER I RS BE T AR
2.5 BEGKE

4 H Bl VR G N2 T I AT B AT 3 ) 58 4R T
B 5 BT ML T4 38 kW .4 000 r/min
Sl T8 95 kW .4 320 r/min F B &SR B 1,
e T 000 P T B K 0 T 0B AT N 0 SR 4 TR ik
2 80 CHIE N H B T80 s 4R J5 4 8 T 150 U
AR T 00 AR 4k 2 115 7R A R T B ik B A
PO AR BCE M S B 8 B BB RS A 47
FCEF IR 120 s, W AH 0 6 1S 14 ST B84 A R
RPT i 5 1 PABE 7Y, 45 3 W T8 T WL ML 2% 40 I 2
IKF) 150 “C A A7 B B ML Tk B2 05 5 < &1, an i 2 B
o BEET AL E 7 fe o I R 122,594 °C L % 1
e e Tk BE O 103,04 °C SRR AR S5 v LB Ol 103,113




142 [ |

PN

556 B

CTEY e EFRE/C
150.893 122.594
148.038 18.037
145.183 13479 [,
142.329 108921
139.474 104.363 |
136,619 99.805
133.765 95.247
130.910 90.689
128.055 86.131
125.201 81573
122.346 77015

(a) BEd (b)EF
BTRE/C KRk A ¥/ °C
103.400 " l103.113
98.345 99.425
93.200 95.737
88.235 92.049
83.180 88.361
78.125 N 84.674
73.070 80.986
68.015 77.298
62.960 73.610
57.906 I 69.922
52.851 s Mee234

(T
B 2 KR E S o

Fig. 2 Temperature distribution cloud map of each component
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Fig. 3 Electric drive system performance test bench
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Fig. 4 Winding temperature rise curves when the motor runs
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inlet water temperature
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Table 3 The time corresponding to each inlet temperature

p/kPa T/C t/s
65 33.95
70 80 33.17
85 33.01
90 32.72
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85 32.62
90 32.44

http: // zkxb. xjtu. edu. cn

R B AE BRI /D o B 0 O T B B T BB AL
B BG
4.2 KXKREEXTBHLRF NG

AR AR ] DA i 4 v A0 R G R T Sk A
BHW AP B E M RBORNREN K
JIRIG I A 2 I KoK LBy Py, R J1 X B SR XT
AR IAGE A AR /N AT 2B T AR X T O v s A
B,V 1 YRR R I B B A R AR R T B . AR A
KA RHE R 8 L/ min KW EHBAE R 1 mm T, k0
MR R 80 CHf, B HLAE 0.7 X10° Pa,0.9X10° Pa
T 1X10° Pa KA H 58 T R, J& T P AH U ik 15 1% 4
T3 A5 21 Y F LA 2 T 00 B0l T 00 95 kW,
4 320 r/min N SEH IR TR INE 6 s . &4
1 B R He i 6 g 1 B TRl AN R 4 f

180

——70 kPa
——90 kPa

T/°C

B 6 AR KA R T SEAl i T £
Fig. 6 Temperature rise curves of winding under different

atmospheric pressures

k4 BABORE R JER 6 e

Table 4 Time for each inlet temperature and pressure

p/kPa t/s
70 33.17
90 32.83
100 32.61

1 &6 AT, 78 AR [ 2F C1K R R R FL ALY
U TR B O T SR Y AR AR T R 2R KR
80 CI, 7E 1X10° Pa 11 0. 7 X 10° Pa KX JEHE T &2
I BE IR B 150 °C BT B I 1) DL 3% 4 RIR U 5 52
PN IR SRS v P 7 B g S AP S S | R
Pt X B AT I B A U 00 T v L RO R T B 08
YR 0 0l JRE R iR Y AR AR T AR . A A [
PR v R0 T Ak ) 5 DR AT i AR 3l R
RS L b 1 A PRGBS 9 A% PR i




144 W% %l

E FREH K Z MR L LR E T . bE
KRR T SRR D, b s 1% 28055, i T
DAL XA PO L P AR B0 e POHOR ARG,
CE5IRT Y2353 = S S I VYN e T 3 [ T
95 kW .4 320 r/min I, 5 J5 i DX U TH ¢ PE AR T
JR b X,
4.3  #OFET B LR F B G

TE 0. 7X10° Pa R T AW ER
1 mm, & FREE 80 °C L B AR v H
AN 7 L/min.8 L/min.9 L/min.10 L/min, %t
T AH i W 1 A% BT AL i A B 09 B LA E T
38 kW .4 000 r/min F|UE(H T # 95 kW .4 320 r/
min )G IR FFE A 7 BR300
IO B TR L3R 5

180

-+ --7L/min s
— — -8 L/min -
9 L/min J//
160 - -.--- 10 L/min Pt
_____________________________
Vg N
140 | \
& &
< 502
120 - W
150.0f === === =55 Ao -
100 -
/ 4
P 149.8
33.0 331 332 333 334
80 | | | | |
0 10 20 30 40 50

1ls

&7 ASTE] i T S8 i T il 2k
Fig. 7 Temperature rise curves of winding under different

flow velocity

K5 B AT Y B

Table 5 Time for each inlet flow rate

v/(L *« min™ ") t/s
7 33. 17
8 33.18
9 33.22
10 33. 24

MIEL 7 0T LA H . LS8 2H B0 i 2 I O R
17T e ARG » 2 B A I O 3 34 K L SR A Y 3L 2 S8 ) 150 °C
FF T 5 A I ) G B8 20 IR B, X E KR
Wit 55 7 38 A0 8 R L K N TR =2 T R i O B0 A
B4 5 - diig S BEIE N L 0T I e B 0 o L (EAH 2 )
I 22 JL-F- 0] L2 AN . AL 7 SE B AR T
A LA i 7% B Y 5 0 L 8 D AR BN B K 2R
L AE N I ZEOK . 98D i Loz A7 A K R 1 T R

http: // zkxb. xjtu. edu. cn

5 4%

()X He 5 B HE 538 56 B0d & B0, o ML AR D
T LB AT o 2 8 I 1 AR A1 0 N R B A8 IR TR
P EE T 0 25 R 7E W T 0 5 HL AL Y IR T R
PRV 122 BV H) 2R G5 1 AR 0 B AL T 4

(2)FE 0.7X10° Pa K& 0.9 X 10° Pa k= JE i
T AE VA T F AL I TR M A v A
TELEE 0 TH v, EAILZE LA 3 150 °C BT FH (1% B i) o 20>
P 78 R AR T o T i iR 4 AT 22 4, 32
IR B ATV K R B 11 L

() TET- IRk 3 i IR R, AL W T30
B AT I A Ul R R 3R I B Ve H KR T KR Y 1
ORI 8 A T L ATL 1 Sk 8 i % A /< i 11 B IR T
B B R MIL PR T 4 0K (0% 4 75 9 4 3 3 s A T 2
T 1 A Ml X 32 17 0 3 TR BT S M X R AT,

S % Uk

(1] . s REIS BT LR B s msm [J] §iEX
2R SRR D . 2009, 27(4) . 71-74.

LI Delong. Influence of plateau climate on electrical
equipment [J]. Journal of Qinghai University(Natural
Science), 2009, 27(4) . 71-74.

(2] MZR, KAM. MU, % RE3 R E Mm%

KGR A AR E ST [T]. IWHEHAR, 2019(4) .
34-39.
DU Aimin, ZHANG Dongxu, SUN Mingming, et al.
Research on temperature field of the permanent magnet
synchronous motors for hybrid vehicles cooled by oil
[J]. Automobile Technology, 2019(4): 34-39.

[3] HE Liange, SHI Wenjun. Temperature characteristics
of vehicle motors under extreme variable working con-
ditions [J]. Journal of Power Electronics, 2021, 21
(2) . 376-383.

(4] ZAE3C. SR B A PR 28 & 4% A R B ULy Tl M iz
7 000, W B HL TR 2, 1986(6) : 29,

LI Zuowen. Industrial trial operation of f{reon self-
circulation evaporative cooling generator [ J]. Proceed-
ings of the CSEE, 1986(6): 29.

(5] XUERZ, BRIV, #hn. 5. £ BIL RS
PrEEF L] e REA (A AR 0, 2020, 51
(7). 2002-2012.

LIU Huijun, CHEN Fenfang, HUANG Rui, et al.
Simulation study on cooling system of automotive driv-

ing motor [J]. Journal of Central South University




%Al

ATIBEAS 55 - 25 1 B £ HR ) 2 JH UK 1) 5 fia WL UG F T 0 3 TR PR F 5 145

(6]

[7]

(8]

[9]

[10]

[11]

[12]

(Science and Technology), 2020, 51(7). 2002-2012.
TR, B, MRS, S SR X & AL
WA S IRE SR [T P E B TR R,
2012, 32(24) . 74-79.

DING Shuye, GE Yunzhong, SUN Zhaoqgiong, et al.
Calculation and analysis of fluid field and temperature
field for high-altitude type doubly-fed wind generators
[J]. Proceedings of the CSEE, 2012, 32(24): 74-79.
K, M sE, XA, . iRk T R g
WRGEZ MG e U] hE L TR0,
2021, 41(8) . 2867-2877.

ZHANG Qi, LI Zengliang, LIU Yanxin, et al. Multi-
field coupling analysis method of oil-filled underwater
induction motor cooling system [J]. Proceedings of the
CSEE, 2021, 41(8): 2867-2877.

ZHANG Bin. QU Ronghai, FAN Xinggang, et al.
Thermal and mechanical optimization of water jacket of
permanent magnet synchronous machines for EV appli-
cation [C] // 2015 IEEE International Electric Ma-
chines & Drives Conference (IEMDC). Piscataway,
NJ, USA: IEEE, 2015: 1329-1335.

wIE, AR, kAR, 5. BT RPIE ARG N L
K IE N BUE BT [T]. T2 4. 2019, 70
(B F) 2): 250-257.

DONG Fei, YUAN Tianlin, WU Zhiwei, et al. Nu-
merical study of engine water jackets using RPI model
[J]. CIESC Jorunal, 2019, 70(S2) . 250-257.
TR, ARAE VLR KRG TR 2D B AL = 4R 4 BOR
555 N AT (I, AL S ksl 4, 2018, 22
(1): 53-60, 71.

DING Shuye. ZHU Min. JIANG Xin. Coupling study
of 3 D universal temperature field and temperature
stress for permanent magnet synchronous motor U]
Electric Machines and Control, 2018, 22(1): 53-60,
71.

X B, BE K, R, B BRI EW S R = 4
CFD #rtr 5 i A o 58 (I, s bl 5 45 i v A
2019, 46(3): 83-89, 108.

LIU Xiong, XIONG Fei, ZHU Linpei, et al. Three-
dimensional CFD thermal analysis and temperature rise
test of drive motor for electric vehicle [J]. Electric
Machines &. Control Application, 2019, 46 (3). 83-
89, 108.

BEFS, EE. KRG IR 2D AL 4 0 R 3 03 A 5K
oAbt (1. pL S #® M, 2018, 45(5): 52-57.
LU Ling, WANG Shuwang. Analysis of 3D global
temperature field of PMSM and design of flow channel
optimization [J]. Electric Machines &. Control Appli-

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

http: // zkxb. xjtu. edu. cn

cation, 2018, 45(5): 52-57.
flIAR . ZEIE 2%, [n) gl AR, 25 I AR Lk I A% H <
il B O AT L), AL AR, 2013, 34(3):
32-38.
HE Liange, ZUO Zhengxing, XIANG Jianhua. Simu-
lation study on cylinder head temperature field with
consideration of two-phase flow boiling heat transfer
[J]. Chinese Internal Combustion Engine Engineering,
2013, 34(3). 32-38.
TG, T RPT AR R HIL & A0 K I N B A 48 o3
Br 11 WERHLS T HE, 2020(23) : 62-63.
XING Peng. Numerical simulation analysis of cooling
water chamber of internal combustion engine based on
RPI model [J]. Internal Combustion Engine & Parts,
2020(23): 62-63.
WA, F, Sk, . AL RX AL %
Wb EWIAR AT S (1], PAERMLT AR, 2016, 37(6): 176-
181.
LEI Dongxu, BAI Minli, LV Jizu, et al. Two-phase
heat transfer study in the bridge zone of cylinder head
about boiling supercooled [J]. Chinese Internal Com-
bustion Engine Engineering, 2016, 37(6): 176-181.
TORREGROSA A J, BROATCH A, OLMEDA P, et
al.  Experiments on subcooled flow boiling in
1. C. engine-like conditions at low flow velocities [J].
Experimental Thermal and Fluid Science, 2014, 52:
347-354.
AL, XA, EE L. . RIS HLET 55 K E
e IR (V). WA TR, 2018, 40(4):
417-422.
HAN Lijun, LIU Jianmin, WANG Pukai, et al. An
experimental study for simulating the boiling heat
transfer of water-jacket in the cylinder head of a diesel
engine [J]. Automotive Engineering, 2018, 40 (4);:
417-422.
IS, ZEIE2%, o g e, SURL 3 2 207K R Y P AR I
Bl I AL A S ()], VE %3038 K2 2= i, 2013,
47(1) . 21-26.
HE Liange, ZUO Zhengxing, XIANG Jianhua. Simu-
lation of two-phase flow boiling heat transfer in cylin-
der head cooling water jacket [J]. Journal of Xi’an
Jiaotong University, 2013, 47(1). 21-26.
CHEN Erfeng, LI Yanzhong, CHENG Xianghua.
CFD simulation of upward subcooled boiling flow of
refrigerant-113 using the two-fluid model [J]. Applied
Thermal Engineering, 2009, 29(11/12): 2508-2517.
FANTK, AR, B SR T RS 0 & g R D
ALK E B 5 E T A (D). W T R4,




146 o% oZom koo R 55 56 &
2019, 34(HH 1). 22-29. motors [J]. IEEE Transactions on Energy Conver-
WANG Xiaofei. DAI Ying, LUO Jian. Waterway de- sion, 2005, 20(3): 620-628.
sign and temperature field analysis of vehicle perma- [237] fUHEE, w258, wT 45 ol 7k g B V7 1 2R ] 25 B8 ML WG 4
nent magnet synchronous motor based on fluid-solid FEWEE [T, ML S H N H, 2020, 47(12): 54-
coupling [J]. Transactions of China Electrotechnical 59, 86.

Society. 2019, 34(S1). 22-29. DAI Yajie, LAN Yipeng. Research on magnetic-ther-
[21] MRUAME, IRAR, MRTE S, 5. b s d AL G 3 & mal coupling of controllable excitation magnetic levita-
HiFsx kReEd (1] EEH TR, 2021, 41 tion linear synchronous motor [J]. Electric Machines
(6): 1914-1929. &. Control Application, 2020, 47(12); 54-59, 86.
LIN Mingyao, LE Wei, LIN Keman. et al. Overview [24] ARz, X4 A%, JRA B B 4 380 = 48 BF A5 1R B 3 4 At

(22]

on research and development of thermal design meth-
ods of axial flux permanent magnet machines [J]. Pro-
ceedings of the CSEE, 2021, 41(6);: 1914-1929.

STATON D, BOGLIETTI A. CAVAGNINO A. Sol-
ving the more difficult aspects of electric motor thermal

analysis in small and medium size industrial induction

http: // zkxb. xjtu. edu. cn

(0. W EEPLTARS R, 2010, 30(30): 114-120.
TAI Yong. LIU Zhaomiao. Analysis on three-dimen-
sional transient temperature field of induction motor
[J]. Proceedings of the CSEE, 2010, 30(30): 114-
120.

(i HARE AFD




