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Optimal Design of Axial Flux Permanent
Magnet Synchronous Motor for Electric
Vehicle Drive
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A& FFEARA A E7)(axial-flux permanent-magnet motor), F3FL A
(finite element method), Quasi-3D 314 7] (Quasi-3D analysis method), &
71 A& 2} (electric vehicle), 2 A A (optimal design)
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Fig. 1.1. Global electric vehicle market size[3].
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Fig 1.2. Study case of AFPM motor in YASA company.[10]
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Fig 1.3. Study case of AFPM motor in Saietta company. (a)AFPM Motor

Structure. (b)Patent information.[11], [12]
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19 14. EMRAXit 9] &% ¥ AFPM H-&71[13]
Fig 14. EMRAX company’s AFPM motors by capacity.[13]
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Fig 15. Study case of AFPM motor in Whylot company. (a)AFPM Motor Structure.
(b)Patent information.[14], [15]
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2.1.1 AFPM #5719 7Ma
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< Rotor core =

< Permanent magnet =

< Stator core >

19 21 AFPM 5719 32 &
Fig. 2.1. 3-D configuration of an AFPM motor.
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Axial-Flux Permanent-Magnet(AFPM) Motor

Single-Stator Dual-Stator Single-Stator Multi-Stator
Single-Rotor Single-Rotor Dual-Rotor Multi-Rotor
(SSSR) (DSSR) (SSDR) (MSMR)
| |
NN type NS type
YASA type

a9y 22. AFPM AE7])9 EZ=EXA]
Fig. 2.2. Topology for an AFPM motor.
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K
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- SSDR(single-stator dual-rotor) B} F+ 7He] 3| Ape} 3 e nAdx=z +4
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- YASA(yokeless and segmented armature) E}FY-> NS F+xo 142 235 ¢
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2

- MSMR(multi-stator multi-rotor) E}YL oJg] /M9 3| Ao} AR T4 5o
E3 Aes A Edolt) sA|uE AlstH F7hol gd8A4ds S 4

9= AFPM Zd57]e] 5402 &, dd= A7 a7

1% 232 ZF AFPM A&7 EERAY %
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L0 L1
(c) (d)
I — I —
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(e) (f)

% 23, AFPM A57]e] EZ2AE 2 (a)SSSR EFY (h)DSSR EBHY
(c)SSDR-NN B9} (d)SSDR-NS B¢} (e)SSDR-YASA b} (HMSML B
Fig. 2.3. Typologies for each AFPM motor. (a)SSSR type. (b)DSSR type.

(c)SSDR-NN type. (d)SSDR-NS type. (e)SSDR-YASA type. () MSML type.
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2.2 Quasi-3D 3s|A 7|1

2.2.1 Quasi-3D aA 71 7H8

Ak o= RFPM H&719 Afdde WA Wwgoz 2o
FEM< &3 dxA 545 g &+ itk v
Ap&o]l 3= o] RFPM d&71uet B3hgh Ap&o] 4=, = ik &
] 918l 3D FEMeo|] ZF4 o= g > A3
%= g)\l—‘: AT QAT 71 A AlZE

Al 01?4? o] t‘“ﬂo}ﬂl .

4
i o

Itk aFdAE Quasi*SD &l A1 7] & ‘:‘r—’l\—iﬂ 2 S Z
o] 3D FEM 34 ZAiEsE LA Aldbsks JHSO]Q‘[S] [29] 2 =7
Quasi-3D A 7| HE o] &ate] 7] o HAAE & o

s st A5 gaelFed &g

a9 24. Quasi-3D A 7IHe ME=
Fig. 2.4. Conceptual diagram of Quasi-3D analysis method.
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a9 24% Quasi-3D A4 7IWME Fal 3xY AFPM el EdS 234
H

AFPM A&7]2 WH3tst= S vepdd. WA AFPM As7]|E Wb wgo =
AREAZE feks AR 2 9 oA, ZF el e W Helg VwEeR 0 -z
Hao A el de7] FA4S FdsH o8 sl 229 §A EdS A8 5 Aok

2 =AM E Quasi-3D sl 7IHe HAEAHS HAFsH7] 918 AFPM -5 7] 9
=]
B

ek, Fek siM e aAste] wlastth. 19 25% Quasi-3D dA17IR 3D
FEMS] Ad5S nustr] 93] AH83 YASA ElY] AFPM d&7]9] Aot %
212 A mde] AA AASS AYssith B oy mds d8ste] s efA
o] ANAY, 7 EA9} ¥ A Ex WA A 3¥8S AF UEES A
7] Bl st dvk

a9 25. Quasi-3D 34 7IH HEES 9 AFPM d-s7] 84 2=
Fig. 2.5. An AFPM motor analysis model for the verification of Quasi-3D analysis
method.
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k12 HTOofIr

# 2.1. Quasi-3D A 7IH HFS 9% AFPM A7) a4 2ol AA Abek
Table 2.1. Design Specification of AFPM analysis model for Quasi—-3D analysis

method verification

Eae 1A el
=/ €% T 12 / 18
1A & 3 WA /A 80 / 180 [mml]
&5 Aol 1.5 [mm]
3 Aol 4718 [mm]
L D S [ ol S R I 35JN230
A 7 3 [mm]
AR ALE 0.71 [kgl
A AE N42SH (Bryi»=1.28 [T])
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Quasi-3D Quasi-3D
= 3D FEA = 3D FEA

Phase Back-EMF [V]
N
] n

Cogging torque [Nm]
~N

=} n

|
~
wn

225

-50

0 60 120 180 240 300 360 0 30 60 90 120
Electrical angle [degreel Electrical angle [degreel

(a) (b)
19 2.6. Quasi-3D 314 71% ¥} 3D FEM®] F4-3} a4 A¥} 93 <] vl
(971438 @ 2,000RPM (b)57 E=
Fig 2.6. Comparison of Quasi-3D analysis method and 3D FEM no load analysis
result waveforms. (a)Back-electromotive force @ 2,000RPM. (b)Cogging torque.

¥ 22 Quasi-3D a2 7|¥H 3} 3D FEMe F43& a4 a4 24 A3

Table 2.2. Results of no-load analysis error rate of Quasi-3D analysis method

and 3D FEM.

3D FEM Quasi-3D A&
q7144 24.08 [Vpk] | 23.55 [Vpk] 2.2 [%]
A7 EA 3.25 [Nm] 1.97 [Nm] 39.38 [%]

24 [%] = (3D FEM - Quasi-3D) / 3D FEM = 100.

to

EAeh wxl dete] 38 S yepdth 1
10Amy/mm* 7] 5ol A B B39 &
stth e, Al A9k oF 2.39%<]
AfF DE7F 20Amy/mm*e] B Sole Hit B4, & ,

747} 2.46%, 0.54%, 3.38% % 10Amy/mm°E Tt Az om = 9%}

o5 &3l Quasi-3D 47 x5} 549 JFE wevs AS &

oo M
W om

o

oy

¥o Ob o (= opE pd U K
il

xR
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£ £
£ =
b
st 20+
50 . I . I . 0 \ . \ I .
0 60 120 180 240 300 360 0 60 120 180 240 300
Electrical angle [degreel Electrical angle [degreel
(a) (b)

19 27 Quasi-3D #4717 3D FEM] #-3} 14 Ax} sge) mu (A
A% = 10Amy/mm”) (@92 @ 2,000RPM (b)) ==
Fig 2.7. Comparison of Quasi—3D analysis method 3D FEM load analysis
result waveforms. (current density = 10Am¢/mm?) (a)Terminal voltage. @
2,000RPM (b)Output torque.

360

50 T T 150 T T T T T
Quasi-3D Quasi-3D
=—3D FEA =—3D FEA

— 25 1
-
= 100
3 =3
s P
E 50
= 25+

50 . . . . L 0 . . . . L

0 60 120 180 240 300 360 0 60 120 180 240 300 360

Electrical angle [degreel Electrical angle [degreel

(a) (b)
1% 28, Quasi-3D #A1 7M1} 3D FEMS] #3&} a4 Az 539 vl (AF
D% = 20Ams/mm?) (@TAAY @ 2,000RPM (b)) E=

Fig 2.8 Comparison of Quasi—3D analysis method and 3D FEM load analysis

result waveforms. (current density = 20Am¢/mm?®) (a)Terminal voltage. @
2,000RPM (b)Output torque.
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3 23. Quasi-3D @A 71} 3D FEMQ| -3} a4 o3& 4 A

Table 2.3. Results of load analysis error rate of Quasi-3D analysis method and

3D FEM.
3D FEM Quasi-3D | 228 [%]
A5 ;;”: iim gy | 4679 INm] | 457 [Nm] | 2.33 [%]
B4 s
(A5 2% 10A /) 7.36 [%] 5.35 [%] 2.01 [%]
A A%
(A5 0% 10A/mmd) 26.40 [Vpk] | 25.77 [Vpk] | 239 [%]
Hit B4
(A5 W% 20 90.49 [Nm] | 8826 [Nm] | 246 [%]
B4 9E
(A5 0 20A/mmd) 45 [%] 3.96 [%] 0.54 [%]
Wb At
(A5 BT : 204 /) 30.76 [Vpk] | 29.72 [Vpk]l | 3.38 [%]
At B3 924 [%] = (3D FEM - Quasi-3D) / 3D FEM * 100.
9A} A 228 [%] = (3D FEM - Quasi-3D) / 3D FEM * 100.
B3 g F 228 [%] = 3D FEM - Quasi-3D
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Fig. 3.1. Random sampling and latin hypercube sampling.
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(2) 71 & ¥ +F dags (ABC)

ABCOl 92l HAs TAd Ud A% A2 27 9% Bue] de@ o
of gA @Eo|q FUsTh ABCE theut 2o Al 744 f@ AAE T

[33], [341.

- Employed bee : &aig]& ol 3 HAZ S-S Fst= AAZA, F8 44
f

=
i=]
shoolelst e F4L B % FES AR

R84

vy, = g+ Ace XX (zy, — ) (3.1)
o, v THE AL AL olvlelm, i V1 AT 2l WSS o
Mgk 23, g AA AF F RA9E 24" AZols, r& [, 1] Aol
Golth Accs 7HEE AR A #HoR nAEE=d) o2 A HAH =X
oA BHas whajo] WA ot

- Onlooker bee : 33 A= FA9RE WES A= A
o] HolEHE 7|¥lo =z gAMgeE=E AZ

-

o] o}d Employed bee
o )
QutA o 2 roulette wheel methodE €&

=2 =2
g oluf, MES AAs= Ve
ks

- Scout bee : MG A= EA A oA wEIA FHol= AEF YAE F2H9
2 Ol FAAA AELE LA gAsio, sk gk F2E9l o] Vo] Wi E A A

A FEE WE WAl (Support vector machine : SVM)S sfel 214 do]g B4 =
F wAlg ol 8= Ax g mdo|th35], [36]. SVME] 7] Jide
329 o] "olHE FEE7] Y Az g2 HFo o7t sH ”‘LO] Ay

5
e
st PRl (margin)& 7M1= AAIAES @A Aot a8y g 7lE2 A3
= =
T LN

PSR Agols] @il MAFAD BALENN BB ol gl 2
o]2 #dst7] & SVMel 712 Eg(kernel trick)S 83 KSVMe] aets 9tk
[37]
KSVMS #1d Eg S #8ste] uxdo® W (mapping)dr ©]3o SVMS &
o}oa 98 e

ZEEa 7|2 9o HAEAe] BEAhods REsk 5 o)
E]

+ cost parameter®} gaussian kernel function parameter”}
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govl, A ge 2Ystel /1] 45e 44T & Yok

B oAl KSVME o §3ld 49 n% AE doleel @ ¥ Ao e
29 333 el A4S FneFel wEPel wek o4 veld el ATt 27t
stol M2 Fwel ool PasA YA olHF KSVMS F9 e @
g3kel ABC B4 452 AN

9 32. SVMe /=
Fig. 3.2. Conceptual diagram of SVIM.

(a) (b)
a9 33, A1E dlolH 7[Rk KSVMe] 499 (a)gigls 7] @A (heagls
THEA
Fig. 3.3. Regions created by the KSVM using sample data. (a)Algorithm initial

stage. (b)Algorithm convergence stage.
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Create top n% region

using KSVM

™17

Region 11

Medium acceleration region

Region 111

Maximum acceleration region &
Scout Bee’s navigation region

Region I

Minimum acceleration region &
Limit the number of bees

RS\

19 34. HASS] o9 £k 7

Fig. 3.4. Region division concept of the HAS.

3E 31 99 e e

Table 3.1. Random number range for each region

B v el
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AA B o] o 1.0 715
AA A g 16 7 2.0
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(6) HAS®| A=

o] HEge HAZgFE B3l AAAEY ol XE AELS LHSE 7|4

Problem definition ‘
; )
Generate initial sample using LHS
v
Create regions using KSVM S
v
Improved ABC algorithm

Convergence check

@ Improved NM method
v
End

19 36. HASS =M%=
Fig. 3.6. Flow chart of the HAS.
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objective function
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a7 37 3% AlE g (@327 91 Al e 1 (I AT 167090 AlE
@ 2
Fig. 3.7. Three-dimensional test function. (a)Test function 1 with 9 peaks.
(b)Test function 2 with 16 peaks.

¥ 32 HAS9 71& daug &9 A% v

Table 3.2. Performance comparison between HAS and existing algorithms

Al 31 (971) ABC NGA HAS

F¢ 5 3 1105 1295 1030
REE 83.55 [%] 77.78 [%] 97.13 [%]

Al & 2 (1670) ABC NGA HAS

o TE 3 2100 1850 1765
AEE 84.88 [%] 81.56 [%] 96.01 [%]
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3.2 A¢tsl= HAH3 &gy F 2 HM

32.1 Atste daeF 2 v

As7] HA s
W= ZF AAWMF] Az 5 E A
Sl W AAWMSETE F el 23
Alzro] QAR AAWMFIE sojd
o} B =M e o3 EAE dE
Mes 24 dAst 2 ask At
g 4 9lE HMS Agtstdeh. 29 38
SAR Urol HA MAAE T

Sensitivities

Design variables

STEP 1 : Extracting sensitivities by

Qesign variables of the motor

1
- A

< @

less iterations  many iterations

STEP 4 : Update the surrogate
model and check convergence

TAFAANM 7= kriging WHE &8st diHRds YD

g A7 g SAE 4L, [42].
dA o2 A2 Axt

.

Low-sensi.ti;'irtry
STEP 2 : Determining the surrogate
\model grids based on sensitivities

SN U

% : superior peaks

STEP 3 : Exploring superior
weaks of the surrogate model /

a9 38 HMO| =A%
Fig. 3.8. Flow chart of the HM.
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Fig. 3.9. The comparison of grids. (a)Conventional grids of the surrogate

model. (b)Proposed grids of the surrogate model.
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Sphere $Holl A &3S oW HM=>
S oF 76307 AHow H& A
837.9658%1 Schwefel 5=l A< vl A= HMS 2=}

o oAF&e 107%2 Aets Puel A5S 9FT 5 Ark

¥ 3.3. HM$} 7|1 giglnde] A5 v

Table 3.3. Performance comparison between HM and conventional surrogate

model.
Sphere gF+ 71 dg g HM
g E 37 325 325
Aol &) 7.63 0.04
Schwefel 3 71E gy g HM
I oE: 3T 1261 1261
QA& 1.07 [%] 0.11 [%]
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Fig. 3.10. The performance analysis on high—-dimensional test functions. (a)The

sphere function. (b)The schwefel's function.
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A4 EV 758§ AFPM A357] A AA

AFPM A5715 AAT wf, o] 7kA] A Alof =315 aefsioF gtk
e et dE5712 FEEE EVY 544, d5719 A2 Asae] Asd AF
o Jgs wAuZ uEFEHol o H EI g Ik Asv|E ¥A )
of st W7o &3y % ARFs7F Holof gtar, wiHE e MY 74 &
AN AAREE AYG 2 AR A 55 st AASoF SrH45] whebA, &
ANx = EV 758 AFPM A&7 AAlo A&¥= a4 AloF 2318 F 41
o} o] MAstAiTh

3% 41 EV 58 AFPM d&7] AAe] 8+ =31 2 Ag =1
Table 4.1. Requirement and constraint of AFPM motor for EV drive.

& = 4 T
=4 125 [kW]
A0 =g iq_:rL EA 51898 [Nm]
I Ex= 2,300 [RPM]
a8 92 [%] o7
=/ E% T 12 /18
A &5 12,000 [RPM]
B gE 10 [%] o]&}
vl E 2] whx}A 360 [Vpk-dcl
At A 187.06 [V ik pnl
17} A7 Agk 690 [Apd °lst
&= 4ol 1.5 [mm]
242 9/ 260 / 110 [mml]
31 d2 9/ W7 260 / 110 [mm)]
%= "rak 7o) 76.94 [mm]
AE wE 30 [Amy/mm’]
AR/ A A AQA 35PN230
o L2472 A N42SH (Brmi,=1.28 [T])
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4.2 Quasi-3D 3|4 7H& o] &3 AFPM dA37] Ad 44

AFPM A&7+ S @A WAy 1492 & 4F
TE A ER AAY A&E7F AT dAw AFPM A
371 918l = 3D FEMeo] &% a1, 34 Alte] o8 A= A4
wrebA, JiE AA A A= A Aol AUld ez HA A8

NME BEe] 27 MARS =EaAL AAE 27 29
]

TERE A& g A
5

3 g, E 4200 7] AAe Rah 4 Ane eoksich en Y 42t
27) mde B9 ARAE /FAA SE-Ea 54 THS edr

a9 41. EV 754 AFPM d%57] 27| 29 4
Fig. 4.1. Initial shape of AFPM motor for EV drive.

¥ 42. EV %€ AFPM A%7] 7] 2d R3& 32 A3
Table 4.2. Load analysis result of initial model of AFPM motor for EV drive.

g e
Wit B3 52391 [Nm]
ey 16.37 9]
WA} At 178.15 [V,

e 92.87 [%]
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Fig. 4.2. Speed-torque characteristic curve of initial model of AFPM motor for EV

drive.
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4.3 HM< o] &3 AFPM A&7 H#Z AA

wodelAE e WEE A0 ned & g HMES Sal g A4 w7
oA BEA B EA AE M AAS FAsD, Tl Wit £AZ FIY
F oo 0F Ba 4488 #9990 2ea GTAN B 44 A4S B
AFPM 4%7] A4 A7) Hg4e A5t

Tav ]172 ('rz)
minf (z;) = A\ — 9’°)+A2 i

avg (xz rip,0

(4.1)

olwl], x; Tun(x), Trp(x)e= MIA AAWS, B3t B3 EA EFNY, Two T
T x7] AARMY it EA, EA gZo|th 1, A4, A= VAT E YE =
g, 7] AASte] A= Hit Ed= ojn] GASN Y, EF gEFS THHoR

AzrafoF st R 727t 04, 0602 HAAsHS

AFPM #e71e] EAsh BEa &2 st ngate] el uep njidgd o
= Rshy] wEel #HA AAS QWD W Add dANES AAser dnh & =
ol Ae Y nAA £F dHS AT 5 AdE AANFE dAste] g AR
7h 7k S A AAR S Aldetelth B, SPMSMt A AAA 545
7Hxl AFPM ds71e) 545 adste], dF 497& 02 a4ste 54 47
S Fstgth 19 438 YASA EFS) AFPM W7 HA4 dAE 9 724 A
AMSE Jela v AR89 AANSE F 5, AN W95 Fa, &%
L2, F 4 A, AN ST 7 AAWge] Wels & 439 2

% 43 AAWMTY HEY
Table 4.3. Range of design variables

B R
A4 Y= S 040 to 0.60
24 9= =) 0.70 to 0.90
£5E o2y 3.0 to 135 [mm]
Z 2 % 1.0 to 3.0 [mml]
244 57 5.0 to 6.0 [mm]
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Fig. 4.3. Structural design variables for optimal design of AFPM motor.
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Table 4.4. Design variables of initial model and candidate models

= Z7] AAY | FR A ]| FE Y2 FE ord3
A4 WS =3 0.52 0.41 0.5 0.59
AA Q]S =5 0.74 0.89 0.86 0.88
&5 9xY 7.73 [mm] 9.43 [mm] 9.26 [mm] 10.65 [mm]
Z 7 A 1.17 [mm] 1.91 [mm] 1.91 [mm] 3 [mm]
A 7 597 [mm] 5.06 [mm] 5.94 [mm] 5.74 [mm]
E 45 7 Bde] A vl
Table 4.5. Performance comparison of each models
Yz 7] A | ¥R BE 1| ¥R Rd2 | F8 5d 3
Hyt B4 52371 [Nm] | 514.02 [Nm] | 540.71 [Nm] | 542.46 [Nm]
B4 YE 16.37 [%] 4.82 [%] 5.15 [%] 10.00 [%]

2
>
=
2

178.15 [Vpk] | 180.52 [Vpk] | 181.27 [Vpk] | 182.23 [Vpk]

92.87 [%] 92.73 [%] 93.07 [%] 93.09 [%]

ol
o

I9 45 HA ARt AL Hx E¥E yEhde, 19 462 27 ARk
A AdAe] B3 gtyge]l vEhd gtk x7] A% wasdls o 24 A
ore] Wy B oF 326%, B2 #ES oF 11.22% MAHAL, ol HMS &4
dto] AeHorn HA dAs YA & 5 Ak vhAeR, a9 472 %
7] A HA dAcle] £m-Ea 54 adZE vud d34E vehi 3
q Rde AeA g 7€ RHEG ¥ B3 A4S SEsdon, 1k
Joel = FAS B A5 7H-S s & gl
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Fig. 4.5. Magnetic flux density of optimal model.
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Fig. 4.6. Torque waveform comparison between initial and optimal models.
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Fig. 4.7. Comparison of speed-torque characteristic curves for initial and optimal

models.

¥ 46, GFAA B 22 A =4

Table 4.6. Analysis conditions for permanent magnet irreversible demagnetization.

Eigss 9
A7 A/ AR A8 662.65 [Apd / 90 [degree]
= S5 2,300 [RPM]
Y 2= 150 [C]

B E=EolA Aldtsle diEls HMS 33 92 4 Aty €4 ad44&
AF37] A& & 469 2 A TR BV A A S st
ZET7b moldeE RASEEe HApEe] AV[7l FolA = I EF[ Ao 54
o2 3] HdE71e A ddFS F7] wiel, 7Y A2 39 AAE Fa
o ubaoF FUH48]. A TFAA] FWo]l F7|E o] FojW AFPM HE71¢ EAA 27}

. 4 5 REHoR AFS) A A ARe AL 90
2 Agstel G 2 WA} AEA Stk Y 48 @A a4
g Y] AT A7k AF UZE e BRe-pE-Rra F oA aAR

7
A S-S A Astar, T 2x1AM 9 A1y ARES EAEAE 2119 48(b)
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Fig 4.8. Permanent magnet irreversible demagnetization analysis results of the

optimal model. (a)Applied current waveform. (b)Back-electromotive force waveform.
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Abstract
Optimal Design of Axial Flux

Permanent Magnet Synchronous

Motor for Electric Vehicle Drive

Jong-woon Park
School of Electrical and Computer Engineering
Graduate School

University of Ulsan

In this paper, a study on the multi modal algorithm for the optimal design of
high-power density AFPM (Axial-Flux Permanent Magnet) motors is conducted.
We propose a step-by-step design strategy that divides the electric vehicle (EV)
drive motor design into conceptual and optimal design stages wusing this
algorithm. Furthermore, by applying the proposed algorithm to the optimal
design of the AFPM motor, we derived an optimal design that achieves the
target performances.

Recently, in the automotive industry, improving fuel efficiency is one of the
major objectives due to global environmental regulations and resource depletion.
To achieve this, there is a demand for lightweight and high-efficiency motors,
the core components of electric vehicles. In this context, interest in AFPM
motors, which can achieve higher torque density even in limited space compared
to radial-flux permanent magnet (RFPM) motors, is growing. Various automobile
manufacturers and research groups are conducting studies and evaluating the
performance of these motors.

In this paper, the design of the EV drive AFPM motor is carried out in both
the conceptual and optimal design phases. Since the AFPM motor has non-linear
electromagnetic characteristics in the axial direction, the use of 3D finite element
method is essential, which requires a lot of analysis time. Therefore, in the
conceptual design phase of this paper, the Quasi-3D analysis technique, which
combines multiple 2D finite element analysis results to approximate 3D finite

element analysis results, is utilized for quickly considering various design

,48,



variable combinations.

In the optimal design phase, the 3D finite element method is used to analyze
non-linear magnetic saturation, torque ripple, and iron loss characteristics that
are difficult to be analyzed with the Quasi-3D method. However, applying the
3D finite element method in optimal design results in long computation times. In
this paper, we propose a multi modal algorithm that effectively reduces the
number of function calls required for optimization by combining sensitivity
according to design variables obtained in the conceptual design phase with the
kriging surrogate model. By applying the proposed algorithm to the optimal
design of the EV drive AFPM motor, we secure the optimal candidate model
and derive the optimal design through various performance comparisons.

The research results of this paper are expected to be widely applied to the
optimal design of motors that need to consider various objective functions

simultaneously.

keywords : Axial-flux permanent magnet motor, electric vehicle, finite element
method, multi-modal optimization algorithm, optimal design, Quasi-3D analysis

method, radial-flux permanent magnet motor
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