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Abstract

Permanent magnet synchronous motor is used in vehicles with high power density and high
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working frequency, which will inevitably lead to the temperature rise of the motor itself. Avoiding
excessive temperature is very important for the stable operation of the motor. In this paper, an 8-
pole and 48-slot oil cooled permanent magnet synchronous motor is modeled, and the motion state
of cooling oil and the heat dissipation coefficient of each surface of the motor are simulated and
calculated by using the smooth particle hydrodynamics (SPH). On this basis, combined with the fi-
nite element method, the temperature field of the motor is numerically calculated. By comparing
the temperature field of the motor under oil cooling mode with that under natural cooling mode,
the efficiency of the oil cooling mode is proved. Then, the hollow shaft cooling structure is added to
solve the problem of high temperature of the end winding, which provides reference for the design
of the motor cooling system and ensures the safe operation of the motor in high temperature envi-
ronment.
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RN P RE LI T3 SR AT IS, Sl 187 T 4% 1m) DA R D 58 O R E A etk T
PLAEENRAL, HBIERIGREF BB E ORCR, FASCH AR, T AVE BERE N [1], X AH45 AL P9 R AL
FEREZ Tt IR E A Ak RE . N VI lLas DR, RN Ry SRl R IEARSE )t A
G2, DUEMATRENS AL B HE I ARy N ISAT, AT BRSO SRS N A 1R > R e d AR A A
I TERERIA HI R S .

XEF AR LR AL, AR SR A TR AR, Biltn, (v A 2] 304 3], (Rt
T B AL G H TR S BRI A B B I R G &, DM A E e T IS4 h SR UE 2 1 4
B RSN, Cfel 17— MaRRAS ATRER LT A, BN OKEREI[4]. 2R
1M, H TS AL R R s B e DR E . AR AL 1 [5], BRIk, (R A Feimiikd”
ERUGEARRESEHL . RUOYESEIN 1 L EARASN T RS, SECUHLIR B E RN, R btz
B, XA HTEARA RO N A S R T BRI, X TN AR EE L, ARG H R
JRENEREBE R E R G, Q05E TSR EN[6] . Sl SRdL e N[ 7] ANEE 7o 10, LAFE /v s B A AR

HATHHUR T HONER %, W W B AONHENA IR TTIA[8] . SRR R4 B 1 I
A0 R B S ST S AR R (R T BT T SERR FALI TR LU R %, YA T 5 A EL M ST AR LA
WE. A RICIEE T SR 7> 2 AN e, FHEEH BN T8 RoTHHAT R, &M T2 AL
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MEAER, [ A2 AR R G R LA E B R A K EWT TS . CARRIERO ZE[91%) H i B T 4249114
HNLHIA 2 RGEHEAT T 2808, B T EARI S A%, REEMRRIEE 7N AT i %5 . Han 45
[10R sk B 5 BB TH AR S & (7, B0 ki s, WEFT 1 L TR v PR BRI RE M. 2521
R, BRI AR . Liv SR[1LIER AR AR H177 2AORFEAR LR T . 255 R M,
AL G REE S JIAHEL, fEA KR EA RIS, RAXA PR E L. BRRESE[12]09 1 HF AN RIRIE 55 54 50 v
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Fr B R AEBIDCIRL T IS F1 54 TR E ik 2 IR S AR LA R T R B R B AT VB, 46
B RITEM A R B PLRFE, JEX LT AR R T IR S AT O BT 5, A3 B LY AR T2
s FEHET0 A5 R HLAEIA 2075 20 5 B AR E0 5 20 R IR FE AT X L, AEBT A4 2007 =01
R, BEJE N O A A A5 LU i S Se AR T B m ), O LR A RGBT HR 2% .
2. RIS
21 KBAL
ARSOR A I S B0 e FRIBC AR e A PR IR ARG, il i 22 T R el il & 2t A7 1 i LI TH
M2 B2 EE RPN BTN, ARG DUR A R il SRS AU, LG 2oR i 1 pr
Ao HUNLTARRE, 4 &0y oi i o o SR s i 2 L N o, 5 IR AT BAS 2 S, T FaHL5E A4
P8 E IR o AR A M I L AL [ B A R, R v AR AR R AT A AR B, i P

ISR R R

il |
LI 3 A L

S _ BAELE

BIRES EIE g ’ B S

\ 4

Hls R &+ EALHL

Figure 1. Diagram of temperature rise test bench
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NFEAL, DABEERR o DR BRI REUE . HUTPLRE 5 NTC IR AL RS . SEIG AL T
M RE T, BRSO AL AL AT, D AlfEsmASedl, & THOOAF FEut i 8 = MR

R SRR IR HC SRR S B AR

2.2. JLiURE

ASSC LA FI R B R0 LW FES B, AR /K WA TR0 LGS AR i ANASCRITE S A R, R
AREEFN, RIS AL LB R, e AR AR R 2 o, BT, € TERL . E TSR
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Figure 2. Diagram of motor 3D structure model

2. BEMLE M SEREHF R R E

Table 1. Main parameters of motor

* 1 BIEESK

ZH Bl ZH il
BWUE IZEIKW 80 WUE IRV 330
VA Th /KW 160 A TE B 38U (r/min) 6000
JEFHMEImm 190 EF AN AEImm 125
HFHMEImm 123 HF AR Imm 53
SR /mm 1 B R 0.94
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AR SR IR TR Bl 12 (SPH) IS R JC(FEM) 5 326 LI B 380475, b e ML AR 3 1
KA RTTAE, AR SPH K7 RE R . A BRIC I EAERE S v 7 R A S s R, SPH 7
RN ZIEAT AR 43, HRAR R A A R TR AR R [14] .
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Figure 3. Diagram of particle i adjacent particle distribution and support domain
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2.3. IAFEER

LB ITEREF, STl SARKEERZ 0FEAERNMEEER <SS, W SEEEE
Hde, SRR &SGR B A RITEHLSE & A XTI E, HEASHSE LTI T
NLRIIRFE LT 2, KESIFE AT SR H AN Tt .

Table 2. Loss value of each motor component

2. BB EBARE

1 HAE/W
5T THRFE 904
B THHE 431
ZROH HFE 4588
TR IR IR AR 58

3. FHELAFHE

TS 2 0%, MELLE B AR A, RE R R & S ROk G, TR
3.1. SIRFHALE

JE TR R AR AR AR AR R, B e S B A Rl T AN T A Y
e T BRI AN RR e, TR TR R A e O R R A, SRR AR BORAE
AR SRR, AT RLEE T ARG R [15].
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32 RFHALHAZRALE
T LR BRI T A, R R 5 4 5 S RS bR A B A S
R R L 15 s AT, o5 5 s A b S P SR PR 57 R
PRI . S5 AR A AL 5 TR AT, LA RT3 5 T STAEI[L6].
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PR A (5)
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Kb A NS GINAREG O NARMBIERE; A NARME SIEAEG n AMRFIEEL
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(a) S5 RHT I AR Se LB (b) S i ER SR AL

Figure 4. End winding equivalent front and rear model
4. IRERGRLAF W ATEREY

3.4. iIFFH

TR 0T A HOT A6 2 1, 5 IERh i B BUE B Sk F, BB AR M RTESHL
AR INSE o

1) fiEmB

HUHLSE PRI AT IR RAUAE R, N T AE ARG BE S D0 N R BT TSR R, AR A SR 1R, AR
& FB AL SR AR AR i, A DU BB

a. 75 S BN HAL AN A B A B R T SR S IR, R LN B O R A 5

b. FEHLA AR HL R 5 R R BB IR E AR A

c. HUIHLAEBA SNt N T A, A RS AR, R ALY A AT 4 A

d. B A BT B A R et o, IR BB ST B L NS R ERAF A

2) MEHEE

PRI e S AR RO R S 8 3 FoR .

Table 3. Material parameters of motor components

3. BLEBAMEEH

RALER A g AR L(WI(M-K)) LI (I (kg-°C))
B BT R A 39 460
T 5l ki 387 385
TR AR B ik 9 430
L G 51 460
FEAA s 161 871
“# 2% )7 — 0.21 1000
R St 0.131 1006

T AN INESHL
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Table 4. Cooling oil parameter
4. AEhEH

A ZHH
BNIIREE 0.012/(Pa-s)
wRE 882/(kg/m3)
L2 2300/(J/(kg-K))
SR 0.19/(W/(m-K))

3) PRRRIAR
BUEIEAT LOUN LA EAF IR DA% 2 Fos. ETHEIERE, R e it A N IV IR 520N
HI AL 27 A, R TR LA A R R . AL R B AR IR N6 6 Bl

Table 5. Heat generation rate of each motor component

? 5 BLEBAERE

A HFEIW A 3R J(WImB)
ET 904 450 x 105
T 431 2.67 x10°
e 4588 7.55 x 108
Vi AL 58 2.27 x10°

3.5. REIRRARE

YA LIRS AT R T A L@ =R S & SRALRA Hh 2 R R, e
T BT R R, DL LANE S S R R e A . R B R R FRT LR TR AR #4 &R
BT ES T R .

1) HNLFCARRISEE, A SR A, FEAREE BRI T A, LA S s S R Hn]
RO [L7]:

convezctiop coefficient
W-m~-K

1608.33
' 1462.12
[ 131591
1169.69
1023.48
877.27
731.06
584.85
438.64
292.42
146.21
0.00

Figure 5. Stator and winding surface heat transfer coefficient
under rated working conditions
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a, =14(1+0.5V0) T, /25 6)

X  AHRBLTEAIMBIIXGE, AHT T RN 0 mis; T ATERINAETIL L .
2) Wy S AL AR LB X T AR L e g o ST 5E[18]:

a, = 28(1+/0.45v, ) @)

v PV S L2 i T T2 L Y-

3) T 5L MR A R BB IR A A Preonlab #4715, B AMFRE: @K 10 mm 1)
IEHRAAMANDEERE, 5HEPFARAERN IR A HMIGEE A 65°C, LA 8 Limin [tiHEE
A R RIVEARRL T84 0.5 mm;  [R]I 25 8T 0 v Ay 78 5 (8] R SRS B FE I .

AT BN E T KB R TV HI I 15 Z2 8BRS e IRAS T 1 9C T2 1) s AL A 1 2 TH e A 22 it SR 4]
5 FR.

4. REFVEEGRE S

RHLE FBAEA AR T AR B 3, GRARE . BRSHURE . W IFE 7 7 AR AR AR D) 2T At
INBVRAUA A L, S5 E a0 i THEAS 5 T G AR et R B, SRIBEA IRTCREY,  fe a9 20
AR BLI SRR AT DL, Wk 6 Frm

Temperature/°C Temperature/°C
148.08 145.01
144.90 l 139.56
141.73 134.10
138.55 128.65
135.38 123.20
132.20 | 117.74
129.03 _ . 112.29
125.85 : - 106.83
122.68 - . 101.38
119.50 - . 95.93
116.33 I 90.47
113.15 85.02

(2) GRAIRSE A (b) & TS AT

Temperature/°C Temperature/°C
113.15 111.29
112.19 109.77
111.23 108.26
110.27 106.74

109.31 105.22
108.35 103.70
107.40 102.19
106.44 100.67
105.48 99.15
104.52 97.63
103.56 96.12
102.60 94.60
(c) ¥R ()i

Figure 6. Temperature distribution of motor components under oil cooling
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SR LA BUE T 00T IR AR AT IR, 7 BIfEE 3 7ol RS W B = MR L i
7R, SRR RN, AR A AR TR NTC i AL RS, JExT BT R30S, Wi fR (5 5 ThRe
W, RDRTEEAT LR TSR . WA SRR LR FE AR DL, IR E A BIRRE 5, LA TR A
FRRL B B 6 BT

Yot

SeALIR £

e —————— SE TG

Figure 7. Diagram of temperature sensor location
7. WEERSFUETEE

Table 6. Comparison of experimental and simulation values of the motor

6. BB ESHEERL

MRS E TR RIC SRIGEERIC RZ%
LeeH, 140.5 143.7 2.2
ET 112 115.4 2.9
L 105.3 109.2 3.6

M 6 LA, FEL = AN A5 I PR 0 B h SR S0 48 LR (KR 22 3 7E 4% AN, REAE T 2 S bR T2
MEER, B PI0AE 7@ Sl B RR R v, DR DAR A A R i e BB B H
MU TP REREAT PRONPPAS AR AL BT, W R 35 b LR R IR AR, RIS S THIIE R 8%

Wt 4 HTLTE SR B SRR B A A 5 IR S AT X b, 18] 8 SHTERIE 100 T Ig 47 ik Wk IR 25
HAL, KA WA 77 2000 5 SRt Lt i, Sedifk i B i 192.97°C R P43 148.08°C, IHJZ FB%
T 44.89°C. K 9 ANHHLRH A A HETE IS PR LS, @ T IR miRE 192.25°C BRI E
145.01°C, IREFFAC T 47.24°C. [5] 10 Ay LR A 74 50 R 5 I3 IR0 LUAs i, %7 Mt il
157°CF%H] 113.15°C, MEFMK T 43.85°C. 5] 11 Jy HIATLR FH 14 ¥4 E0 AT 5 IR il B2 3 5 LU o0, A
B R 152,57 CFARE] 111.29°C, iR 44K 1 41.28°C.,
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Temperature/°C Temperature/°C
192.97 148.08

l 192.69 144.90
192.42 141.73
192.14 138.55
191.86 135.38
191.58 132.20

. 191.31 129.03
191.03 125.85
190.75 122.68
190.47 119.50
190.20 116.33
189.92 113.15

(a) HARBARIGRAI Y (b) KA ISR L)

Figure 8. Windings temperature field distribution before and after oil cooling system is adopted
8. KRMRRGRIEREREA DT

Temperature/°C Temperature/°C
192.25 145.01
190.49 . 139.56
188.73 134.10
186.96 128.65
185.20 123.20
183.44 117.74
181.68 . 112.29
179.92 106.83
178.16 101.38
176.39 95.93
174.63 90.47
172.87 85.02

(2) HAABIIE TR ES (b) RHAIHIA IR 5E FIR B

Figure 9. Stator temperature field distribution before and after oil cooling system is adopted
9. RAMARRGRIGEFRES T

Temperature/°C Temperature/°C
157.00 113.15
156.05 112.19
155.10 111.23
154.15 110.27
153.20 109.31
152.25 108.35
151.29 107.40
150.34 106.44
149.39 105.48
148.44 104.52
147.49 103.56
146.54 102.60

(a) BRI TIREY (b) RAMA R TIERES

Figure 10. Rotor temperature field distribution before and after the oil cooling system is adopted
10. RAMALARZRIEHFREADT
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Temperature/°C Temperature/°C
152.57 111.29

l 151.70 109.77
150.84 108.26
149.97 106.74
149.10 105.22
148.24 103.70

. 147.37 102.19
146.51 100.67
145.64 99.15
144.77 97.63
143.91 96.12
143.04 94.60

(a) EARE B 7 (b) R4 Rl B

Figure 11. Axle temperature field distribution before and after the oil cooling system is adopted
11. R AGRIRMWEEA S

AR, v BERSRAE TT 5 BREA DT SR T, L AR A B A A, AR A EE
g o 36 P AP TT AUl 22 10 iR PR T R RO 247 AR O S LN, SR 0.19 WIm-K)
b T AR B 0,023 WI(m-K) ) 3 A PERE 4, [RIFE VA 20 -5 LS B0 18] B X e A A F oz K+
TGRSR R, e ae I hEeR . PIE BT T, LR AR B B RIS, &
GRS OESEAIPN G S (PR RIS IS €

5. YA ENRIBESEHSH
5.1. XiHESHMHE

BEXE R L S SRR T R R, X FEAILYA RV A R AT O, FESR P E T TE R A L
FEOI A JN (ORI, AL OB AT S, BIJEUAS 1R SO B SO S Lo i, AR B B X g
FRGEALRIERALTT AL, An P 12 Fros, ¥ 20 A2 00 B2 ol 308 T el 2 o 2 0 8 7 228 3 P G 4

Figure 12. Improved cross-section of the motor structure
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MTTIE RIRE— 0 A Hm A SR A I RCR, R 578 20l A i AR, 4 ra AL A SRR AR S PR B A2, AT
HERNLE Z A, [FRSR A2 OSSR A AR

SR O b i, ol R R 7 24 2 55 SR, AR SCHORI[19], 19 BE I AL m BE TH A DA E AR 2
A, E MmN

d—NZPLTx 1
B) Ni-d! ®)

_ A(ET L
A d e, T AR &SR, T=9550P/n; P R f&idiasha, N Ak T IR
T, BVFRIHE R D) o i oiiie d, 54ME d 2t ANESL SHIRAE G,

() Bsf 5 1 5 I AL LA S ALE, AR il LB 2 I FLAE 28 25 mmy 3mm. 3.5mm: fLECN 4
BFL4E N 25 mm.y 3mm. 3.5mm; FLECH 6 B fL4E N 25 mm. 3mm. 3.5 mm LR T REGIEX . R
F 2 ol B A T — DA BN SR, T LA JURR T 58 N SR AL 3R T U o5 R S DU AT L, A
[P 75 400, T~ 58 4 4R T Vil ¥ 7 5 6 22 I S 2 3R T ) 3 AR TR K, IR B . 32 7 AR HI 4R
SReH R MR 5 R A5 R

Table 7. Surface oil coverage of winding under different cooling structures

% 7. FEAHGH TS EREmEEES

lAchs FLE Lz SR R 7 75 28 45 %
1 2 25 22.05
2 2 3 2253
3 2 35 22.72
4 4 25 23.25
5 4 3 23.49
6 4 35 23.62
7 6 25 23.30
8 6 3 23.52
9 6 35 23.25

WRyE LR, AFEFLESAF ST SRR MR &5 R 20 0 AR, 80y 2 4T
SRALFRTMIRUE o5 IR T ALY 4 LALECh 6 S5 IR AR i i %, HALBoZ, #lETZ
A%, ARAE DL LW 45 RA SO DR AL HALEC 4, FL42709 3.5 mm (45 .

5.2. ButfRmBERIES RO

H BRI TS AL P SR A EI I o A B DL HEAT X E R B, S0 A Co 45 4 i AL s PR P94 2003 = P
Wz, w13 Fror, HimilEed 5 E B m AR O, A 0 ThAa ROk b i S ik B L R A A
SERRE— D A EIEUIR

D VA S R Sk S 0 LR S AT T, A5 IR 14 FoR, [ 15 gk an e AL
BRI 25 RN LU o Yl ¥4 S5 R e FT S (R e 2HR BE S LE, SR I e i 5 148.08°C [ 2] 138.56°C
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(2) ¥ SR S AT FELTL P P 74 00 20 A (b) ¥4 S5 S JE LA 894 203k 3 A

Figure 13. Qil distribution inside the motor before and after oil cooling structure improvement

13, R RTE R AL AERS AR 27

Temperature/°C Temperature/°C
138.56 137.14
137.01 133.71
135.46 130.27
133.92 126.84
132.37 123.40
130.82 119.97
129.27 116.53
127.72 113.10
126.17 109.66
124.63 106.23
123.08 102.79
121.53 99.36

() E Bt (b) ZedH
Temperature/°C
84.30
83.30
82.29
81.29
80.29
79.28
78.28
77.27
76.27
75.27
74.26
73.26

(0) ¥ T8

Figure 14. Temperature distribution of key motor components after improvement

14, it el XA HRE S
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160
145. 01 148. 08

140 37.14

120

100
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mE (C)
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20 1

O_

E T el gt
Figure 15. Temperature of key motor components before and after improvement

[ 15. BftRIRR KB HERE

TBET 952°C, & FmiREl 145.01°C RS 137.14°C, RETMHT 7.87°C, #TiinHhmiRiEh
113.15°C FF4#%] 84.3°C, R[4 7 28.85°C. HIEITIA, M4 45 M NG G &30 - B 306 B B PRA, o
P RO, B R TR M B R AR SO R O A O, ORI AR R Z A H)
WEHTHEN, o aiiiid 5 R 3vE SRR, BB R S BUR B T RO
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