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}\'bs = Lpsasias + Lpsbsips + Lpsesics + kbf (25)
}‘tcs = Lesastas + Lesbsips + Lesesles + )\‘cf (26)

Lamm Lbsbs’ Lcsm% Z‘}- /g—oﬂ /\1 9’] Z]'7 ] ?JE—]! %Z\—O] Eq, Lashss)’} Lascx'l‘f a
}g-oﬂ q'lﬁ\__]' b, c /goﬂ 9’16‘__]' /E]—-—S_—L ?_TQ‘ SiEaR Lbsasﬂ' Liges= b/lc}oﬂ qﬁ_} a, C
}g-oﬂ 9]5_]— }B}_i ?_qu Iﬂi\_(‘)] q Lcsas-(l]' Lcsbs’llf C/g-oﬂ EH@— a, b /g-oﬂ _(Zl—az}

A8 QERAOITE Ay(x = a,b o) FFAH 0 RRE 2 o= 4

Rl

Sl Ah2solek. b, cAF0] A A4 91417 1200°] Zo] & 2=}, o]

dq FEWF 7JHOR A} 2o Frloke UREAR Wk

i

I

4 2.7) - 2.10)7} 2ok,

vas = Ryigs + dz;f’s — O, 2.7)
A
Vgs = Ryl + ar + Oy (2.8)
Mas = Lasigs + Ay (2.9)
5

___:rk : _'k.l: 4 '|_'li



Ay = Lysily (2.10)

A 2.7) - (21002 Fl IPMSM ] 12 A& FIestd 4 (2.1D)7F
Zo] defte], 2.11) % mp| ot g2 717
el 2= 9l

)
il
1%
filo
1o
=)
o
=)

A12.12)2

. § r2 r2 . dk{is . d?\.;‘ 7\’ oy . rer
Pln - 2 (Rs(lds + lqs) + Las dt + lqs dt + ('Orm( flqs + (Lds L(]S)ldslqs))
(2.11)
Pour = Opm(Mpigg + (Las — Lgs)igsigs)) (2.12)

o] E8S 44 E 00,02 Yro 2 ET WAHAS A (2.13)1} &
w
=

P 3 P o . .
r= c;: = 55 (Mrigs + (Las — Lgs)iaslgs) (2.13)

A(2.13)0014 P 242 Uhepiict,

ka0 2 WP GFALA BI10E7] 0] LA AHOIA WHHE B

= Zofof| A Y E oz Yehfol it S& B &2 4 (2.14)

o} (2.16)3} o] Lyebd 4 9],

i
Qcopper = 3RpnIms = 3Rpn (= )? (2.14)



n hL h
Rph:Rcu(Tcu) PP

Qiron = Qh + Qe = kthf+ kef282

(2.15)

(2.16)

npp= ®| 4 18|31 Ly A4 4ol, B A5 I, k= S| AH Z A A

A5 ks SR S 2230 nd Steinmetz Aotk A4 G2 F1o]
ol A7 = FAro| wret AA L 2Fo 2k, =44 ~ 55, k, = 0.04 ~ 0.07,
n=18~220 H9E 7t}

a
pudydz — [pu + a(pu)dx] dydz

X

dx

\]
'l



729k 22 M A BAA A (dx, dy, d)ell A 9] AR ER A 0] A9

ZlxyzHdFE
Face Inlet mass flow Outlet mass flow
X pudydz [pu—+ % (pu)dx]dydz
y pvdxdz [pv+ a% (pv)dy|dxdz
z pwdxdy [pw+ % (pw)dz]dxdy

d d
3 TP+ 5 (pv) + 5 (pw) =0 (2.18)

A1(2.18)9] 2, 3, 4512 pV o] WAty HYstEE o2 Aot Al

(2.19)7} -8 A&HA Al(Continuity conservation equation)2 L ERH 4~

" . -

L =11 =

A =—T4H <!
| : | ]



30,
=

P Ly (pV)=0 (2.19)

1%029) B £ AABA A A o] S5 3 Alo] Felis 4(2.20)3 Zo] B

o

ol

Fele o5 fluxs Halalw maet 2t

=, 2t

el

a v . T Lo
> F = (pV)dxdydz+y (0¥ )ou =Y (V)i (2.20)

Face Inlet momentum flux Outlet momentum flux

X puVdydz [puV + % (puV )dx]dydz
y pvVdxdz [pvV + a% (pvV)dyldxdz
z pwV dxdy [pwV + % (pwV)dz)dxdy
e A% $5L dehith Q209 T2 W A4 S 4Re E



o 1t

=

TZX
Tz

Tax

Ty
Tyy
T)7Z

Tox
Ty
Txz

T
(2.22)9} & L] of]-AE T A HEA Al(Navier-Stokes equation)

Al
A

wjr

oju

}o] Realizable k- Y5 R

71 $18

35

Al

(2.22)
(2.23)

Ydxdydz

It}

o

P
R

10

+V-Vp+pV.-V

de

+(pV-V)V = —Vp+pg+uV?V
Par

A= HER 3T

v
P ot

= A(2.25)9F Zo] yE
Q - Wv = (

o ©

iz Ag



1.
e=10-+ 5V2 + gz (2.24)

de

dt+17-Vp+pV-\7:V-(kVT)+V-(\7-T) (2.25)

p

11

(5]

g
o

:

-] 8



A

7} 4

3

| A 7129 A5G 75 welel

Ho

Fasquellex= 2171771 9]

o

N

&/

FSITh[3] 28] Y &3]

o)

3

2

7=
)9] @A} Attack angleo]] wF2 -5 @47 Nusselt No.o]| of

AT E

s

3

Fsact:

S

Zq A7z AX

A771710] 28 54

Vrancik-&

710l A Reynolds No.9} &2 Al4=(Cd)<]

pil

o]

) 2E-~H0lE Ato] &

9]

A7171 9]

o 1=
= o=

s

]

A

o

2

=l

O

<

mj

Jaeger= A 7]7]7] 9]

| Az E jse] 2]

S

dolEE F

=
=

50]

e

o

12



Nlo
ISN
o
Br
o

o
—

“dr

10,000RPMo]| A F 40K 9] &5 7] 7+3} &

[ites

Kl
o
ol
w_,_

E2 4402 HEol

7}

S
pi)

3

%

2E 5o

=
—

Lee

of wt

&

Blade2] &

=
—

=7] A= 7] 4 2] End Plate

S|
a3

O
ok

o~

oo

g o] 2] vhg7]ol A i Ay o)dof

ol

lo}J

oA

oju

0

off AHg-Rt &2 Vrancik®] 4717171 €] 2 ¥ 2] nt

7} Baudoin2] 3]

Gl

=
=

&

AT

%

il

2|3l Leeo] B2 ¥H-57]9] 3= W & I7ol[4, 11, 12] 4

o] of

==
o

f

1 994314 4% 2%

Vrancik-2 98 A2t Fejo] 2 3| A0 ut

5t

17 =]

%37} 2tk

|9= #3911

ol gl %
= X

oh.[4] o]ofl ARgE B

o
XA

}t

Al

TollM Atd 99 A FH S 2H 2o uk

(2.26) - (2.27)7} At

L
=4

p——

13



== (ReVC) @26
nC,pR'@’L  (227)
21 2300, 40
| A4kt H FoATt. off A4 2] At
SIS
R | A3t} ofj A A& o Zro] e otk



I 4: Vrancik 3]4 2§ 29 5=7] AAF A}

Casel Case2 Case3 Cased
rpm 2,300 4,000 8,000 10,000
Re 998 1736 3472 4340
Cs 9.70x1073 8.28x1073

6.88x1073  6.51x1073

W 576x10°  2.59x10'  1.72x10*  3.18x10?

¥ 5: Vrancik 3|4 2§ B A S

oA A H @&
Casel Case2 Case3 Case4
rpm 2,300 4,000 8,000 10,000
Wall Shear Stress[Pa]  1.08x10°  2.78x10°  9.27x10°  1.37x10!
Dynamic Pressure[Pa]  1.30x10%>  3.31x10> 1.27x10®°  1.95x103
Cy 8.28x107% 841x1073 7.33x1073 7.06x1073
W 492x10°  2.63x10'  1.83x10>  3.45x10?
Q 2} %] 14.6 1.54 6.40 8.50

Vrancik(1968)2] el o] A 7] A4} o4 Ato] @ 2h= X[ 14.6[%],
4 1.54[%]5 15k

232 314 99 A WG AYA-H4 A% 2

Baudoin2 950 2 58 HYHUE 3]

A A5l diol AFsHATHI A7) AHeH Y 9
631} o] Uit

Bl

15



| g 2ol |

1% 4: Baudoin A5 2@ A}

X 6: Baudin 3] 2d g AFA] 2|4

A% w9
g A4 24 mm
g 4o 280 mm

A Zoler 473 K
SGF 0.006 kg/s

Baudoin®] &1 Ao wh=H 917 A3 A d o] A ©] Nusselt Num-
ber A|ATA]2 41(2.28) - 4](2.29)9F Zow, A2 g3t fI A

F72 A(2.30) - (2.32)9F Z[11]

Nu H o4
— =1+0.46(Ro—)" (2.28)
Nug ( D)
1508 D o7
Nup = 0.023Pr3Re™°[1 +(Z) ] (2.29)
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H L
T =32=11.6 23
D D (2.30)
3000 < Re < 25000 (2.31)
0< o< 150 (2.32)

=
e 1.23x10°  kg/m?
o 1.01x10°  J/(kg*K)
HAEL  242x1072  W/(m*K)
AL 1.79x107°  kg/(m*s)

Baudoin(1987)2] L& of| 4] Nusselt Number®] 47| A4t} oA 2 w1}

o] @ A= Zt 10.0[%], F 4 1.88[%12 Sl
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¥ 8: Baudoin A& A 47| ALt A1}
[rad/s] Ro Pr Nu
50 L.11x107"  7.44x1071  6.90x10!
60 1.33x107"  7.44x10°!  7.08x10!
90 2.00x107"  7.44x10°!  7.68x10!
100 2.22x107"  7.44x10°!  7.89x10!

¥ 9: Baudoin A9 19l 54 Ay} 2 3}

o[rad/s)] ZTF B 2%[K] h[W/(m?*K)] Nu Q ZH%]
50 3.548x10° 6.82x10! 6.77x10! 1.88
60 3.552x10? 6.90x10'  6.84x10'  3.39
90 3.562x10° 7.15x10"  7.10x10'  7.55
100 3.565x10° 7.23x100  7.17x10'  10.0

o
o
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S
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100

Power{kW]

0
0 1000 2000 3000 4000 5000 6000 7000 8000
Rotating speed[rpm]

A-goto] A8 o T2 IR IMAGE AHE-Sto] Y= Qi) A4
R HSH@2,300rpm) Z 710 4] 2] Back-EMF2} Cogging TorqueS 3131}

ol hehyglet.

13 FERE 235} o4 27

ENF at 2,300[rpm]
£ 6.36 X 1073
- A A A
LI AdEeE [Vi_rms/rpm]
-
- o
Cogging Torque[Nm]
g 0.
% Peak to Peak 2.09[Nm]
Jetgoct
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14 H) 29 & 9% 29 2394 A5 9 &4 814 AIHB0°C]
T RIESER;
=44 Adl =9 | 95 =9
2T [rpm] 2,300 4,000
o1& AF[A ] 4.34X10% | 1.58X10?
EJ[Nm] 499.8 142.7
T 6.07X10° | 8.54X10?
EA[W] =S 5.06X10% | 4.12X10?
QA b FE A | 8.84X10% | 1.93X107
A 3 44 E3 %3 A% 34 +34 E3 #I(80TC]
510 (—"Toraue] 0 —romm)
0PN AN [ MNP

0 60

120 180 240
Electrical Angle[deg]

300 360

Torque[Nm]

0 60 120

240 300 360

Electrical Angle[deg]

1% 10: A+ 2 E Fo} oA A7H80°C] - EF 1Y
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E15: A 5 244 298 4% 2 24 o4 ZT80°C]
T Sfj A4 it
=4 [kW] 60 120
2> T [rpm] 8,000 8,000
A2 AF[A, ] 1.06X10% | 1.71X10?
E I [Nm] 72.0 143.1
T 3.63X10% | 1.33X10?
EA[W] =S 6.89X10% | 1.04X10°
o LA obd =2 | 1.17X107 | 3.80X102
60[kV] AdiE$: $HF E3 13 120[kW] AdEE $HY Ea 943
’ =5 - =
" | IRNAVAVIVANVANIVANIVANAY)
2 DM NMANMANANAY] %o

rs
S

60 120 180 240

Electrical Angle[deg]

300 360

O 11 A 7Y v
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411 AFGAGL A7 2
2 AFE 9st7] 98l 3D RS ol 7]+ E 2 (Base model)
3

7 sung wekel Yt 61943 AgolE, 19 1

23 5)9%e) 28, o1, AFE 2 F4E o] gtk A7 mue] R
2 FHEE 73129 2o] Lhehfgiet A WA Bt B2 Wt s

S ¥ HAESH] Y5) 7|5 R d(Base model) ¥} 2 B ¥H7d W@l (Model#1)

2 2 E/ohe-A M7 Hdl(Model#2) & AFYFE 275k 78 U335tk
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AA W7 29 29

o,
o

7lE 2d - End PlateZ & A& [Rotor &3 &4
o 8] - Rotor Sub-assemblyZt T\Vlsted zr 1.%
Aol A L Rotor # Al & 37 f5 LA

913 2H 8 B9 A4 2ol7

22 94k 9190 5

o
9
9Ao] E|o] 2 7% & WS AP A7 TS BUAS 54

I-EI

2E/61e-4 W7 2Hl(Model#2)o] A 2-g5t9tt. 2E/6H-A
d(Model#2)9] €13 FAF2 1 149F Zro] Yehfgie}. B xS S35

28 W7 2e7o] 2jolo e} 1 159} Zo] LRSIt Model#22]
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Nodel#1 Model#2

F4
A Model#29] 7% 314 98 ¥ 7 H&
A L2y 4598 94 373 27 848

9 15 =8 7 2 - 2H/aReA §7 B A ZFolH

A B Case 75 H167} Zo] YRl Casel 2 7] &
dl AFQFo] ™, Case2 - Cased= 2| H7 B9, Case52} Case6-2> =2 E|/5H-F-
787 melolot, A W7 Rele] &5 A7 skl 7| E0 2 A8l
9?8l 7% Relle Casel 2 2 AT =8 M7 e Twisted Zfo]]
e Y2 s AbelE #shr] AAsh 2, 3%, 5° Atel 2= E RS
Z2H/6HA M7 RdlolA = 28 @4l tis v 5° 4% 954
Twisted g/ 2|-8-5F0] 2753t Case62 ZE] O] FaldS A& 5HA]
2> FHio Rl = A 2 Ao A A|Stshe v Twisted K2 9] B v
AZ2 oo ATt A% Twisted BHL AT A7 BD A
2B Sub-assembly 72 37] = | & 501 3° Twisted hole Case®] 7%
8519

Sub-assembly7F Z}7} 1.5° 9] Zt &

li
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¥ 16: A 249 Case &

TwistedZ} H| 31
Casel End Plate= hole 1] 24-& 71& R
Case2 Straight hole hole size : 30¢
Case3 3° Twisted hole hole size : 30¢
Case4 5° Twisted hole hole size : 300
Case5 5° Twisted hole with Housing Air path hole size : 30¢

Case6 5° Continuous Twisted hole with Housing Air path  hole size : 30¢

412 AR A x4

b 22 L Bol 15 BE Q] 98 54 AEES A4 57 9

4& Ahgate] 2195t

=SSt Eed &4 ol 2aE FASE g FuY eger |

ghsto] 18T} 2ol Hajstelnt.
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T17: 75 RE YR F4E 92 244
Component Density[kg/m3] Specific Heat[J/(kg*K)] = Thermal Conductivity[W/(m*K)] Viscosity[kg/(m*s)]
Coil 8.98x10° 3.97x10° 3.93x10?
Magnet 7.50% 10 5.02x10? 8.95x10°
Core 7.60x10° 4.60%10% 1.63x10!
Housing 7.86x10° 4.73x10° 4.26x10!
Shaft 7.86x10° 4.65%10° 4.26x10!
Insulator 1.40x10° 1.13x10° 2.50x107!
Air 1.00x10° 1.01x10° 2.99x1072 2.09x1073
Glysantin 1.05x 10 3.51x10° 4.08x10~! 1.50x 1073
18 5 RE FEY v R A
Component
Coil Stator Rotor Magnetl = Magnet2
60kW
2.59x10° 7.98x10* 1.67x10* 8.13x10° 4.29x10°
[@4000rpm]
120kW
Volumetric 1.84x10° 9.58x10* 2.4x10* 3.79x10° 1.92x10°
[@2300rpm]
Heat
60kW
Source 1.10x10° 1.32x10° 3.07x10* 5.24x10° 2.41x10°
[@8000rpm]
[W/m?] P
120kW
4.04x10° 1.92x10° 5.92x10* 1.67x10° 8.02x10°
[@8000rpm]
O 3 kU
42 AFE 514 A

Aobg BAstot A 29 AU

, 2H|o]EH = 2.78 x 10%°C, 2 E = 3.35 x 10%°C,

32
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Temperature Temperature
3.908+02 1196402
3730402 1170402
3.566+02 1148402
3.38e+02 1.11e+02
3216402 1086402
3.04e+02 1.05e+02
2876402 1026402
2.70e+02 9.84e+01
2536402 9.65¢+01
2.36e+02 9.37e+01
2 186402 9.08e+01
2.026+02 8.790+01
1.850+402 8.51e+01
1.68e+02 8.22e+01
1.508+02 7.93+01
1.33e+02 7.65e+01
1.16e+02 7.36e+01
9.92e+01 7.08e+01
8.21e+01 6.79e+01
6.508+01 6500401

(a) 120kW @2,300rpm (b) 60kW @4,000rpm

Temperature
1566402
1510402
146e+02
1410402
1376402
1326402
1270402
1.22¢+02
1176402
1136402
1.08e+02
1.03e+02
9.842401
9.36e401
8.890401
B.41e+01
7.93¢+01
7.46e+01
6.980+01
6.506401

el

(c) 120kW @8,000rpm (d) 60kW @8,000rpm

a9 16: 7]E R 20 2 2
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H19: 75 B LAWY T4E A ox

Component
Coil Stator Rotor Magnet
120kW
3.92x10% 2.78x10%* 3.35x10%> 3.33x10?
[@2300rpm]
60kW
1.18x10% 1.03x10%> 1.20x10*> 1.20x10?
Max [@4000rpm]
Temperature 120kW
1.48x10% 1.29x10> 1.57x10%> 1.55x10?
[°C] [@8000rpm]
60kW
942x10" 9.02x10! 1.01x10> 1.00x10?
[@8000rpm]

2 Qo] 27 sy mde] By A4S 96 71F mEe) Y
Ao} o AohE v wetct. A% 42 LHHGKW @4,000mpm)o]
HskE 25t olF 3 e oA

Aot ol @kt Ao 44 LAUA206W @2,300pm)e 102 3t
HshE 245k ol g o4 Ao} v watect. A%

2 SRMNA A g FEE L= 1Y 173} Zo] Lenyglon,

i 44 2HHAA 10sec 27 5] 2= sS4 A5 1F 183} o]

o Al el 2°Ce] 2ol & gHlstint. ) A4 a4

Ao 54 Ak 2% 73.6°C2 A1Y Ao} 0.4°C] Hol 2

ok
rO
_O|L
8,
)

A7t a4 Ao 29 L vlmE 13 19 9 19 207} Zo] ek

oltk. o Higo R B A4 Ask 2ok 5h9A WAk Yzt



A= FRAo] tis 7|F Bl o] sfA Ao} vl wste] gyt BA5H
85 7N of 7| &3 ofs & SILEe) 8= waoral
A} gk
QL.
Coil Stator Rator Magnet
Max Temperature[°C] 1.18x107 1.08x10% 1.20x102 1.20x102
Min Temperature[°C] 1.12%x10% 7.11x10% 1.09%10% 1.11x10%

P o o ez

Ve e v Yo

e S ) i e

o e s G

F 1168402 9488401 1178402 1180002

o e Ve e

i Frou il o

- preu e e

Temperature 1.150+02 8698401 1150402 1150002

Contour 1.14a402 8458401 1448802 1180002

i oo Vi e

fea i B e

Ve T s e

ok e e e

Vi o Ve ever

© 1 ] ©l

217712 0l g4 A A O Bl © B g A A; AFE|
—1D17'7]_1_1—E-E i/ O'ﬂ—r‘\_dDTEELE—Ei, [e2E e e}
Cail Stator Rotor Magnet
Max Temperature[°c] 7.34x101 6.86x101 7.04x10? 7.14x10?
Min Temperature[°c] 7.31x10% 6.80x101 6.80x10% 6.98x10%
Temperature Temperature Temperature

686001 7040001

686001 7026001

6.850+01 7.01e+01

6.85¢+01 6.98e+01

6.85e+01 6.98e+01

6840401 6986401

6840101 6950101

8840401 6940401

Temperature 6.83e+01 6.92e+01

Contour 6826401 6916201

7320401 6820401 689401

7.31e+01 6.62e+01 6.88e+01

7.31e+01 8.82¢+01 6.88e+01

7310001 681001 6850401

7316401 6810401 6.83e+01

7316401 6810401 6520401

7.31e+01 6.80e+01 6.80e+01

1 el G

a9 18: 71 2 Ho) A &

rx

ERLEEY

Coil Temperature

‘g Coil Max Temperature[C]
g A At 1.20x108
E 60 | 4 Avt 1.18 X102
8

40 Bl

20 1

o A . . . . . .

o 5 10 15 20 25 30 35 40

Time[min]
. A = o 3] /=]
9 19: A% YA 2 AW AW/ A

36
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Coil Max Temperature[T]

Ad 2st 7.40x10!

Temperature[°C]

o N

A A} 7.36x10!

Time[sec]

7 20: o £ 21 A8 Ao v|w
422 2EHWHR R4

o
fu

7t 4

=¥ H7 2d(Modeli#1)©] dA H

e
o
or
o|N

k=)

o=
&I5t7] $15 Model#1 9] 2= 25 SRISHAT. 7|& 2d s} &

_I

At FHH o2 A 4.1.18 9] 71694 g% Case 5 Case 1 - Cased

o e REE sk A F4 £AEY o

b
2,
Y
Mo
2o
o
=
X

Caseflz PEO AY) L=9} 7% B o] ©5 APTFL E0 2ol
T8kt o) £ & 37 = 2714 A A (120kW, 60kW)oll 4] 2] Case

=2 FAEY] Al 2= 7E BE giv] 2k AdEe #2130 Zo]

M

71E BY o] 95 A &

18

AN 2 3°C, 2o F 1°C,
R 4°C, GFAAL 5°Co] 2E7F AR EE 2E skt Ao &
T 2] 120kW 23 9] 79 2 6°C, AE[0]E]5°C, 123l 2E 9}
FTAAL2 11°C 25 A& FRIskrt. 60kW 2210] ¢ A2

2.1°C, 2H|oJE] 1.7°C, 2H 4°C, 7 A4 4.4°C| 2= A2 &

rO
ol
=

37
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H20: -5 2 /A

A 28 273 Case™ FAE Hf 2=

120kW[@2,300rpm]
Coil Stator Rotor Magnet
Case I  3.92x10%[°C] 2.78x10?[°C] 3.35x10%[°C] 3.33x10?[°C]
Case2  3.78x10%[°C] 2.68x10?[°C] 3.15x10%[°C] 3.14x10?[°C]
Case3  3.79x10%[°C] 2.68x10?[°C] 3.15x10%[°C] 3.14x10?[°C]
Case4  3.79x10%[°C] 2.69x10?[°C] 3.16x10*[°C] 3.15x10?[°C]
25 A7t Max. 14°C Max. 10°C Max.20°C  Max. 19°C
60kW[@,4000rpm]
Coil Stator Rotor Magnet
Case I  1.18x10%[°C] 1.03x10?[°C] 1.20x10%[°C] 1.20x10?[°C]
Case2  1.I5x10?[°C] 1.02x10%[°C] 1.16x10*[°C] 1.15x10%[°C]
Case3  1.15x10%[°C] 1.02x10?[°C] 1.16x10*[°C] 1.15x10?[°C]
Case4  1.15x10?[°C] 1.02x10%[°C] 1.16x10*[°C] 1.16x10*[°C]
25 A7t Max.3[°C]  Max. 1[°C]  Max.4[°C]  Max. 5[°C]
38



H 2L A5 BE FH £ 244 Cased F4F 2l 2=

120kW[@8,000RPM]
Coil Stator Rotor Magnet
Case |  1.48x10%[°C] 1.29x10?[°C] 1.57x10*[°C] 1.55x10?[°C]
Case2  1.42x10%[°C] 1.24x10?[°C] 1.46x10*[°C] 1.44x10?[°C]
Case3  1.42x10%[°C] 1.24x10%[°C] 1.46x10*[°C] 1.44x10*[°C]
Case4  1.42x10%[°C] 1.24x10%*[°C] 1.46x10?[°C] 1.45x10*[°C]
2% A7 Max.6[°C]  Max.5[°C]  Max. 11[°C]  Max. 11[°C]
60kW[@8,000RPM]
Coil Stator Rotor Magnet
Case I 9.42x10'[°C] 9.02x10'[°C] 1.01x10%[°C] 1.00x10%[°C]
Case2  9.21x10'[°C] 8.85x10'[°C] 9.61x10'[°C] 9.56x10'[°C]
Case3  9.21x10'[°C] 8.85x10'[°C] 9.61x10'[°C] 9.56x10'[°C]
Case4  9.22x10'[°C] 8.85x10'[°C] 9.61x10'[°C] 9.56x10'[°C]
2% A7 Max.2.1[°C] Max. 1.7[°C] Max. 4.9[°C] Max. 4.4[°C]
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Temperature —
i 1.15e+02
3.5%e+02 1.13e+02
3.43e+02 il
3.26e+02 Lo
3.10e+02 y :
2.94e+02 1.02e+02
2.77e+02 9.94e+01
2.61e+02 At
2.45e+02 9.41e+01
2.28e+02 9.15e+01
2.12e+02 i
h - 8.62e+01
1.79e+02 8.35e+01
byt 8.09e+01
1.4Te+02 7.82e+01
1140902 7.56e+01
1.14e+02 Eoe
9.77e+01 st
8.14e+01 6.77e+01
6.51e+01 s g

] - 50e+0

Temperature Temperature
ftev02 9.58e+01
1.41e+02 e
1.36e+02 aaimid
1.32e+02 421
f 240002 8.93e+01
1.24e+02 Ssen
1.20e+02 8.60e+01
1.15e+02 B 86eio
1.11e+02 Ll
1.07e+02 Base
1.03e+02 7.96e+01
9.86e+01 4 1
9.44e+01 7.63e+01
9.02e+01 7.47e+01
8.60e+01 T.31e+01
8.1Be+01 il
7 340001 6.99e+01
7.34e+01 8990401
6.92e+01 e
6.50e+01 o 1

[C] < 50e+0

(c) 1201V @8,000rpm
1% 21: Cased S AAE 115 g Y5

2y HAOR olst W7 A= =1 git=
7} Case 40] = HE B oG Hu= 2

22014 818 4 Qo] 2 W AL
AZE AL B % 9leh
40

(d) 60 @8,000rpm
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Temperature

1.19e+02
1.17e+02
1.14e+02
1.11e+02
1.08e+02

Temperature

1.19e+02
1.17e+02
1.14e+02
1.11e+02
1.08e+02
1.05e+02
1.02e+02
9.94e+01
9.65e+01
9.37e+01
9.08e+01
8.79e+01
8.51e+01
8.22e+01
7.93e+01
7.65e+01
7.36e+01
7.07e+01
6.79e+01
6.50e+01

1.05e+02
1.02e+02
9.94e+01
9.65e+01
9.37e+01
9.08e+01
8.79e+01
8.51e+01
8.22e+01
7.93e+01
7.65e+01
7.36e+01
7.08e+01
6.79e+01
6.50e+01

€]

(@) 7154 (b) 2¥] ¥4 2d(Case 4)

719 22: Base Model / Model#1 914 A4 &

1

YR 2 B

AolA 7led =E H73 REO| Cased 2k ZFo|A t]A|sH
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423 2E/ESA WA 2 54

£ Aol A AlQkst 15 BE O] A7 WA ek F AAAE 2
o 97 Bho|A o] antye 4228004 ARt 2
4 Zol 8 B Agotel Br)o 42 SR

o
=3
dg Z 2 gtEske 2H/6RA 7 Bl dieh avty

Component

Coil Stator Rotor Magnet

120kW
3.69x10% 2.58x10% 2.56x10%> 2.56x10?

[@2300rpm]

60kW

1.14x10% 1.00x10* 1.01x10* 1.01x10?

Max [@4000rpm]

Temperature 120kW
1.37x10%>  1.21x10*> 1.23x10> 1.23x10?

[°C] [@8000rpm]

60kW
[@8000rpm]

9.05x10' 8.72x10' 8.82x10' 8.80x10!

43 ;



H24: 45 2 Y

723 75 RE A% 4 9 o84 »Y ¥ 14E A
120kW[@2,300RPM]
Coil Stator Rotor Magnet
Case 1 3.92x10%[°C] 2.78x10%[°C] 3.35x10?[°C] 3.33x10%[°C]
Case4  3.79x10%[°C] 2.69x102[°C] 3.16x10%[°C] 3.15x10%[°C]
Case5  3.69x10%[°C] 2.58x10%[°C] 2.56x10*[°C] 2.56x10%[°C]
L% A7 Max.23[°C]  Max.20[°C] Max. 79[°C]  Max. 77[°C]
60kW[@,4000RPM]
Coil Stator Rotor Magnet
Case | L.18x102[°C] 1.03x10%[°C] 1.20x10?[°C] 1.20x10%[°C]
Case4  1.15x10%[°C] 1.02x10%[°C] 1.16x10*[°C] 1.16x10%[°C]
Case 5  1.14x10?[°C] 1.00x10?[°C] 1.01x10?[°C] 1.01x10?[°C]
25 A7+ Max. 4[°C] Max. 3[°C] Max. 19[°C]  Max. 19[°C]

&2 274 7 R THE A 2=

120kW[@8,000RPM]

Coil Stator Rotor Magnet
Case | 1.48x10%[°C] 1.29x10?[°C] 1.57x10%[°C] 1.55x10%[°C]
Case4  1.42x10%[°C] 1.24x10%[°C] 1.46x10%[°C] 1.45x10%[°C]
Case5  1.37x10%[°C] 121x10%[°C] 1.23x10%[°C] 1.23x10%[°C]
LT A7 Max. 11[°C] Max. 8[°C] Max. 34[°C] Max. 32[°C]

60kW[@8,000RPM]

Coil Stator Rotor Magnet
Case 1 9.42x10'[°C] 9.02x10'[°C] 1.01x10%[°C] 1.00x10?[°C]
Case4  9.22x10'[°C] 8.85x10'[°C] 9.61x10'[°C] 9.56x10'[°C]
Case5  9.05x10'[°C] 8.72x10'[°C] 8.82x10'[°C] 8.80x10'[°C]
2% A7t Max.3.7[°C]  Max.3[°C] Max. 12.8[°C] Max. 12[°C]
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Temperature Temperature
3.63e+02 1.13e+02
3.47e+02 1.10e+02
3.32e+02 1.08e+02
3.16e+02 1.05e+02
3.00e+02 1.03e+02
2.85e+02 1.00e+02
2.69e+02 9.76e+01
2.53e+02 9.51e+01
2.38e+02 9.26e+01
2.22e+02 9.01e+01
2.06e+02 8.76e+01
1.91e+02 8.51e+01
1.75e+02 8.26e+01
1.59e+02 8.01e+01
1.44e+02 7.76e+01
1.28e+02 7.51e+01
1.12e+02 7.268e+01
9.68e+01 7.01e+01
8.11e+01 6.76e+01
6.55e+01 6.51e+01

[C] €]

(a) 12010 @2,300rpm

Temperature

1.35e+02
1.31e+02
1.28e+02
1.24e+02
1.20e+02
1.17e+02
1.13e+02
1.09e+02
1.06e+02
1.02e+02
9.82e+01
9.45e+01
9.09e+01
8.72e+01
8.35e+01
7.98e+01
7.61e+01
7.24e+01
6.87e+01
6.51e+01

Temperature

8.99e+01
8.86e+01
8.73e+01
8.60e+01
8.47e+01
8.34e+01
8.21e+01
8.07e+01
7.94e+01
7.81e+01
7.68a+01
7.55e+01
7.42e+01
7.2%e+01
7.16e+01
7.03e+01
6.90e+01
6.76e+01
6.63e+01
6.50e+01

(c) 1200 @8,000rpm (d) 60 @8,000rpm
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263} Zro] Lreh et

Temperature Temperature
1.15e+02 1.15e+02
1.13e+02 1.13e+02
1.10e+02 1.10e+02
1.07e+02 1.08e+02
1.05e+02 1.05e+02
1.02e+02 1.02e+02
9.94e+01 9.95e+01
9.68e+01 9.69e+01
9.41e+01 9.42e+01
9.15e+01 9.16e+01
8.88e+01 8.89e+01
8.62e+01 8.63e+01
8.35e+01 8.36e+01
8.09e+01 8.09e+01
7.82e+01 7.83e+01
7.56e+01 7.56e+01
7.30e+01 7.30e+01
7.03e+01 7.03e+01
6.77e+01 8.77e+01
6.50e+01 6.50e+01

[C]

(a) ZE] ¥7 2d(Case 4) (b) ZE)/5}¢7 W7 2 d(Case 5)

1% 25: Model#1 / Model#2 A% A7 22 47 Y2 &% 21 1|7

Velocity Velocity
3.002e+01 4.31e+01
2.252e+01 3.23e+01
1.503e+01 2.15e+01
7.537e+00 1.08e+01
4.355¢-02 k; 1.74-03

[m s*-1] [m s-1]

TwistedZh-S Hojgt 2| o] 3]A0 g WE §5o0] A7 HeH &

3 429 26 S22 5o BH fiold 23sks AL MEES S
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(1) Caseb

Coil Stator Rotor Magnet
Max Temperaturel'c ] 1.14x10° 1.00x10° 1.01x10* 1.01x102
Min Temperature[‘c | 1.08x10% T.11x10% 9.40x10% 1.00x102
Er— pr— pe—— Er—
- 1o Lotz
9806501 10ter02 1 Mes02
Seten e Yo
pmiee o Totesz
s2senn frius 1atesc2
3080001 e otenca
500001 suen Late
Temperature e 978801 b
Contow ‘ o1 e
#3500 Fas 10wz
pens Streon 1 o0es2
200001 i it
bl 7zer0n o501 ] Ryt
Tasenon 1ooei2
rois
74701 R ez
7280001 (i s
Tiiesor o onon aseeson
© il ©
(2) Caseb
Coil Stator Rotor Maznet
Max Temperaturel'c ] 1.13x102 1.00x102 1.00x102 1.00x10%
Min Temperature( | 1.08x102 70710 3.29x102 3.89x102
Temperature Temparature: “Temparature Temperature.
1.13e402 8.92e+01 1.00e+02 1.00e+02
1138002 9740101 999001 1008402
1.13e+02 8.58e+01 8.84e+01 1.00e+02
112402 9380401 9 89e+01 1.00e+02
1120402 9.21e+01 9.85e+01 1.00e+02
1 120402 500e+01 980c+01 9550101
1 ther02 8850101 8750101 8380101
1.11e+02 8.67e+01 9.71e+01 9.97e+01
Temperature 1116402 8490401 95666401 2966401
Contour 1.10e+02 8.320+01 961e+01 8.95+01
1 100002 & 140001 857001 9540001
1.108402 | | 7.96e+01 | | 9.52e+01 9.93e+01
1.090402 7.78e+01 8.47e+01 9.92e+01
1.08e+02 7.60e+01 8.43e+01 9.920+01
1.08e+02 7420401 9.380+01 9.91e+01
1088002 7250401 9326401 9500501
1080v02 7076101 523101 0860001
©
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60kW[@,4000RPM]

Coil Stator Rotor Magnet
Case 5  1.14x10%[°C] 1.00x10*[°C] 1.01x10?[°C] 1.01x10%[°C]
Case 6  1.13x10%[°C] 1.00x10?[°C] 1.00x10*[°C] 1.00x10?[°C]
25 2fo] 1[°C] 0[°C] 1[°C] 1[°C]
120kW[@8,000RPM]
Coil Stator Rotor Magnet
Case 5  1.37x10%[°C] 121x10%[°C] 1.23x10?[°C] 1.23x10*[°C]
Case 6 1.36x10%[°C] 1.19x10?[°C] 1.22x10%[°C] 1.21x10?[°C]
L1 }o) 1[°C] 2[°C] 1[°C] 2[°C]
120kW[@8,000RPM]
Coil Stator Rotor Magnet
Case 5 9.05x10'[°C] 8.72x10'[°C] 8.82x10'[°C] 8.80x10'[°C]
Case 6 9.01x10'[°C] 8.68x10'[°C] 8.77x10'[°C] 8.76x10'[°C]
L 2}o] 0.4[°C] 0.4[°C] 0.5[°C] 0.4[°C]
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Abstract

Recently, the trend of the industry is changing from internal combus-
tion engines to electric vehicles due to stricter regulations on fuel efficiency
of automobiles. Accordingly, there has been substantial research on various
methods for improving the performance and efficiency of the traction motors
for electric vehicles. The performance, efficiency, and durability of traction
motors are closely related to the temperature of their parts. In addition, dur-
ing the operation of electric vehicles, the heat dissipation performance of the
electric traction motors is considered an important factor because the out-
put power is limited when the temperature of the motor components reaches
its limit. Therefore, this study aimed to develop a design that increases the
cooling performance of the water-cooled traction motor for an electric vehi-
cle.

This study entailed electromagnetic field numerical analysis and ther-
mal fluid computational analysis for the base model of the 120kW water-
cooled Interior Permanent Magnet Synchronous Motor(IPMSM) and for ro-
tor/housing shape change models. The electromagnetic field numerical anal-
ysis was performed using the JMAG to derive the motor performance and
its loss at a specified operating point. Thermal fluid analysis was performed

with FLUENT, a commercial code, to confirm the thermal characteristics of

58



the traction motor based on the derived loss value.

The research model was applied as follows. First, the base model was
built in the shape of a classical rotor and housing. Second, in the rotor
changed model, the holes of the end plate were aligned with the rotor holes,
and a twist angle was applied to the rotor holes for each sub-assembly stage.
Finally, the rotor/housing changed model included a rotor changed model
and applied an air path. It was positioned on the housing side to circulate
the flow generated by the rotational effect of the twisted hole applied in
the rotor change model. A new heat transfer route between air and cooling
water was applied by positioning the circulation flow path near the cooling
channel. To determine the difference in cooling performance by rotational
speed and output power, four operating points were selected: the continuous
rated power(60kW at 4,000rpm), maximum rated power(120 kW at 2,300
rpm) points and max rotating speed(8,000rpm) 2points(60kW, 120kW). To
validate the reliability of the analysis, the test and analysis results were com-
pared at the maximum and continuous rated output operating points of the
base model.

As a result of the study, the rotor changed model compared to the base
model confirmed a temperature reduction of 4°C in the rotor and 5°C in the
permanent magnet at the continuous rated power point, and a temperature
reduction of 19°C in the rotor and permanent magnet was confirmed for the

rotor/housing changed model. By applying the design method proposed in

59



this study, the cooling performance of the water-cooled IPMSM for electric

vehicles can be expected to increase.

Keywords : Traction Motor, IPMSM, Rotor, Forced Air Cooling, Circulat-
ing Air Path, Heat Transfer, End Plate, Twisted Hole
Student Number : 2021-25082
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