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F2o]: 9l & AA®(In—wheel system), & W& & I+ A4

A%7] (Axial—flux permanent—magnet motor), 3229 (Finite
element method), FRM (Field reconstruction method), At] 3Hm|d A
3+9=(Relative permeance function), tig] Ed-& o] &3t HE B
A3l due]E (Surrogate model—based multimodal optimization
algorithm)
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A7) A5ATL vd) AEAe) oo FRAeR QA (1], ole weh
M, R, AR 5 Fe AR AN AL A7 A4S
AEA A1) AAYS A8 AW Ve Aol FEF AT AL
AMsm Qo Fo ANTAAE A7 ABA P 2T A9,

AA &g o @7 Asak 2y o ZAS Adsta ok [2].
20059 A AAAC® 14 3709 diel =33 W A7) AEak= 10d
gho 1379 oE dAE 2016 ASo®  200WHHE
Euaitial OECDAIA Barsta Stk [3]. ol A AA A1 Aa8&
1.10%e°l @lgstm 2010d A7) Asake] A1 AH& 0.01%°l vls)
1008 7k F74s Stk [3]. obF HW7] AbsAe] Al A&l
1%E XEv FolARE Ak 2w Qxer Aldo] FFHa gl
e 2] 7hAo] Qlabgel mer oz AV AFak By AW ¥
RAo =z gt

A7) AsaeE T Wel web Q1 #l(n-line) 7] THF
A|AE T Q1 A (In—wheel) A7) F& AAHOZ Ys & Utk <
2ol FE AAELS 3T 113 go]l HEUleAd wHAE & 5
% (Drive shaft) & &3 z} wi7]2 ddste] x=FS 43 [4

HhA A7) AEakg 1 8 AARE T AETis A A
g v ol dAteto] A wiFE FEeith o] wep %
71E R FE AlaE E o9l gl i AlAHCA degdd FE F
s 7109 22 T AY FAE AAT F Ak A F
Ao ot 7AY &AE AfEte] +d 2SS =Y 9
FA ek gE 24 Uy F3F gR7p golsitt [5]. E=d 7
S N AFoEZN 2F de 2 A3 dse FIANE S
o] wE F3 HAS Fre 4 glon kel Al AA)
Ao (Electric stability control) A]A&® 3 2}% F2F A|AE (Smart

parking assist system) 2] F&o] &o]3tt} [5].
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11 7E A mE AR g TS [4]
Table 1.1 Vehicle configurations according to the drive system [4]

BN 7 Ql afel A @
- o
T8 Al2~H T5 A2~ T35 AlAE
Battery
Pack
Layout

Power
Electronics

Slek 2l d AAF] BAL vy AEated] oqtE= W848
Asd, BAE BF FTEAACA wEk AAY AV Asag s
Ao Fa ok v [6]. 1 Te AAES 7IE 9 2Rl
A7) T Aa"el mla o A S 7P ARE AEEE
e vad 22 7led dAdES SHok g

ARl E e AA"Y] Aol AHA RV T o 2
TE AaEeE AE7E 74 wpEvig AHEER de)eh v=e
AXZE F7betar 1o w2l Ao Alxglo] Sateinh webM theRl
As715 Aofstr] Sl 1ds ZRAML A AAM7E S Eofok
et [71-[10].

w3 AE7)eh Ao Alage] Zb wpF e FAE Y] wEe] V& A
& AAE )L 2kel FE AAE in] 7hA o] Frksks A7 itk
A 1 B s AAFo]l A5 A dAlel 3lermg AR el

H5g BA BE2ANNAAE FF AT Bed golt
Geow 9l B AAYE AT/ B wWozRE | Fo|

44 Agus Fxoly] @R A%7) sEold 4% Asrh A

WA 5 vk weA wEd Ew A4, oBAW AgH 9%

® Drive = Motor + Power Electronics + Suspension System
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259} 22 7pEs 34 2eA dE7] A Asol Qs [11],
oI 37 1S nEst 894 (Housing) AAI7F Festeh.

Eok Q& Fu AAEE E UF F2 33l ATl Al
Azl 9 J@zy AR FRE oo stEE Asr]e] F3HE Aoko]
EAseh ek AE7iE FAVE S AlskE 3 WellA A% 9
TET AsS ZES AAFolop sttt [12]-[13]

Jd B AErle 1EA AYst o7 20E W A717] 98 %
1.29} #o] 7} AR HxFQl d & AAHE FF AEUE
sl gk

o 1A AUl AFAR 3 AR dAd] BH|AdA 3577 s
FlA g ZAA =7 H% 7] (Permanent—magnet synchronous
motor) & Q1 & A|AHE JEstlnt. vk d 23[kW] &9 o] 7hs3tH
olE FAEJF N 2025 HvHA IJRFEARY HEAA 20159
ZIHAFEE FEKNA ARAT [14]-[15].

o 9]¢ 79 Protean Electrice 2 7% (Direct—drive) ™2]¢]
9% (External rotor) W F23% 5 A4 (Surface—mounted
permanent—magnet) &7| A&71E NIt o™ 9 (Liquid cooling)
WAS AREsEYE [161-[17]. H dd ds7l= #9324
420[mm], 71 115[mm] &7elM A< A 54 [kW]7HA] A gt}
ke 9l E H% 7= 2006 Mini QED, 2007 Volvo C30 Series,
2008 Ford F—150, 2010 Vauxhall Vivaro, 2015 C—Segment
VW Golf 5¢] ZAIET}e] 2 &5t}

o

o XA glo]o] 3]ARQI Micheline 91 & % AlX
A sk Beola, FEAlE st dAlE FHE ULl e
AFEL Active wheel® WHEHSIIT. 54l #5717 Wdd +4
WAel g A w7 As7iE Adgesitt (18], i 30[kW]
Active wheel> 2008W Heuliez WILL, 2009% Peugeot BBI19]
2] 27 488
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« 5429 VDOE Michelin®} vixb7kx| 2 TelolH  vBHo]lH, |7}

A2 7F vbg] Sl AzbE B 1 8 Tefo]lH A AHEIQl eCorners
NEslE ot 3 (Air cooling) WA ATF JAdE A+ AA F7I
A&7 Yoz, vF 9 150[Nmle8 EAE A ARt o}
b 2ol A8 Abdl= flok [18].

o A9 Mitsubishiv= #H&57]7F d4d® HAd &9 20[kW] 9
AHE JT AA F7] As7IE dste] 2005 Colt EVel
Attt 1 o]Fel= ATF WA Ho =¥ 50kW] 4Y
AT A Er7] AE7]E JWEEle] Lancer Evolution MIEVe]
A &akdth [19]1-[20].

3 1.2 383 Asa 2

A2Y FEE A% A AL

Table 1.2 Development cases of electric motors

for eco—friendly cars

3|1k AE7] 84 TE A ZAET}
Ay @ AA 7191 T+ |+ N 2025 n]A
] Ea 71 A7 2] IREY AR (2015)
» Mini QED (2006)
Protean BRI P » Volvo C30 Series (2007)
Bloctric G A4 A « Ford F—=150(2008)
57 AF7] « Vauxhall Vivaro(2010)
« C—Segment VW Golf(2015)
Michelin G A 7101 % | « Heuliez WILL(2008)
7] AF71 Ligd « Peugeot BB1(2009)
o ATE
VDO @ A A « A8 A sl
7] 457 o
BRI 7]15% » Mitsubishi Colt EV (2005)
Vitsubishi 5037]? X;]j;] ATE « Mitsubishi Lancer Evolution
T 2] MIEV (2005)
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ra 3= A7Ao]l A7) wel A T A ]
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a¥ 1.1 9438 97 A 571 dE7 A=
Fig. 1.1 Configuration of external—rotor PMSM

shARE, wbg W A g7 A AE7] (Radial —flux
permanent—magnet motor) = Y F¥ =AY o FAVE gkn
Aol 2 FxREY FAF FAHIL A0l &L FxeM | adHoiy
[(23]. mebA A Ago] Sl 1 # O AIAElA Y P A4
€7 As712 e 295 e del @A vk 71E d #
AAER SAE G A B AdeTldAE F5 EaE Bee)
el AE7lel AEHVIE FHAsAY s 52 A 97 e
Aeetel A7 s Fole WA= ARESIth

A

= Wk 2% A 2 A7) (Axial—flux permanent—magnet

ofk

1% ¢7 A A 8l GT Aol FAA=RH AAHE A
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motor)= 1% 1.28} #Zo] FAxo] F AHo] F WIFo R

)

[e]

A7 AAlel wlEde [24]. weEbd F U AE T

ds71e FAZ ¢ekn

ol

ds7lz = B A5 7 A Aer1Y BEAae A7

=

rr

_

A2

Aol AdHoer T I EAE

arHoR WANZ - 9lal stE i Eefe]H (Hard disk drive),
Az W o) (Elevator) 53 #& S84 RHoloa] F7 AlgEo] o}
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Magnetic Flux Density
Contour Plot : T
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Fig 2.1 Magnetic flux density distribution generated by each

magnetic source [36]
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Fig 2.2 Cross—section of periodic model for a 20—pole 30—slot
AFPM motor
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Fig. 2.3 Air—gap flux density generated by each coil

(Bz: axial—component, Bt: tangential—component)
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Air-gap flux density (T)
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Fig. 2.4 Relative position between slots and poles, and air—gap
flux density depending on the rotation angle

(Bz: axial—component, Bt: tangential—component)
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Fig. 2.5 Flow chart for FRM analysis method [34]
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A =Na1¢a+¢mu B, (rj,¢,Z)Ai’(i’j +%jd¢ (2.7)

pr=Ro =R (2.8)
Ny +1
Np,
=D 2 (2.9)
=1
g = 9 A (2.10)
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Fig. 2.6 Flux—linkage calculation range of a—phase coil
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Fig. 2.7 Flux—linkage and back EMF calculated by using air—gap
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Fig. 2.8 Cogging torque calculated by using air—gap flux density
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Fig. 2.11 Air—gap flux density calculated by FRM analysis method
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Table 2.2 Condition for analysis model depending on driving points

37 S A5 271 R R B4

[r/min] [A] [deg] [Nm]

A7 1 300 28 96.0 136.2
=34 2 800 28 145.3 81.0
=34 3 450 28 122.5 119.9
+A7 4 550 28 135.0 100.7
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Table 2.3 Comparison of torque analysis results between FRM and

FEM depending on driving conditions

oS o] 83 | FRME o] &3 B3
$HH 2ol [%]
A 4 A3t [Nm] 4 A3 [Nm]
A" 1 136 138 +1.47
*AA 2 81.0 79.1 -2.35
*AA 3 120 117 -2.50
$AA 4 101 98.3 -2.67

% ALol=(FRM oI5 Ad—frat 229 h4 dab/fra 824 a4 d#x1001%]

E 2.4 @A 2o oist 3 24 slA 9 FRM 84 Az vla
Table 2.4 Analysis time comparison between FEM and FRM for

analysis model

T = T3 24 A Az FRM &4 A3t Z}o] [%]
7 EA 2hr 23min

97144 46min
=341 2hr 6min
+AH 2 1hr 59min 2hr 26min -76.5
=474 3 1hr 56min
=438 4 1hr 57min

= g 10hr 21min

s ko] =(FRM 34 AIZb—+f3k @4 a4 ARb /e 249 4 A17kx100([%]

% hr = AZF, min = &
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2mb,, cos(kb,, / 2)sin’ (mr / 2)

22 ;2,2 Ko
s (m,k)= 7 —k boa (262)
bO_ﬂsin @), M = Kboq
2 2
_2mb,, Sin(];boz /2)2002s2 (m7r/2)’ mr % kb,,
£ (k)= A o
cos( m;rj’ = Kb

A (253) 0% TRA] EolrbA] el 29l ool 39 AA AL
delshd (2.64)—-(2.65)9F &2 F4S& 42 F Stk

AZRk + BZR_k statoz = ZZC3I ( )lm’]si (m’k) <264)

C,R* + D,RF =B, ZZQ,( ) Zm&si (m.k) (2.65)

gz A 238 99 19 AAdeld FA zae
(2.66) —(2.69) 9} #th.
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(2.66)
dy,
Hylpp =——L)p =0 2.67
16 lr=r 29 =z, ( )
4 (k)R + B, (k)R + Mo g (2.68)
;ur(l_k )
C,(k)R* +D; (k)R +ML&2:0 (2.69)
lLlr(I_k )

A7IM Hyp = 99 Lelld HA 3F] AA AVIE SmEth
AR A9 FAES R I R R
o] Fgsts AA A7) Hyy o A7) 00] Hojop stk whehA

(2.67)°ll &3l =+ 4, ~ D> (2.68)—(2.69) & "HE53slojof st

oz AHgee)

RN AA A7 xdAd 4,
Biy, By.©l A&olojof drh. upebA A
ol Yekd 4 la (2.7 AV A7
st 2o FdstH (2.72) 8 2

Wal=r,=V1lr=r,

(2.70)
By, |r:Rm =B, |r=Rm (2.71)
0 0
_ﬂ()ﬂrﬂ'*_:u/)Mr |r=R :_ﬂ0£|r:R (272)
or or "
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2 (2.70)] A7 AZet ZdA 9 Od% e Aeshd (2.73) -
2.74) ¢ 22 S £ 5 duh T3k (27D 9 v W A4S
Ao A% 215 Fshd (2.75) - (2.78) % o] & 5 Ut}

—TdkTm A (K)RE +B,(K)RF  (2.73)
m ,ur(l—kz) 2( ) m+ 2( ) m

—ZskTm ¢, (k)RE + D, (k)R (2.74)
ﬂr(]—kz) 2( ) + 2( )

lan( 1 (k)R,, =B, (k)R, k)+u (A;[ika)_Aitmk
r S @)
IR, (4, (k)R - B, (K)R,,")
ll'lr

inf (Cy (0) =21 ()3 )+ gikkz)‘ﬁfSk
, C @76
IR, (C; (k) Ry - D ()R,

Hy

M, =M, cos(ka,.t +k6,) (2.77)

M, =M, sin(ka,t + kb)) (2.78)

]_

011

- =

webd 1)-3)9 AAl =21S A A, ~ Dy Cyol dst
SR (2.79)—(2.96) 3 o] Yepd &=

o},

o
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k+1
:_KBrc+KBts Rrr;k +B5kA5kZZC3i (m)lmnsi(m’k)
Hok R; Lo

B2 — %R’Iy—] +B6kA6k Zi:%:cﬁ (m)lmnw (m’k)

k+1
Kb K R”;k + BsyAsi 2.2 Csi () i (mok)
Hok RS Lom

D, = LJCKBICRZH = By 2.2 Csi (m) i (moF)
Hy i m

Kpre = A4k7(k)Mrck
Kprs = A4k7(k)Mrsk
K = A (k)M g
K = Ay (k)M gy

1
A, =—— 1k
4k 2/‘0

g3 el

(W)= il("")‘”‘(?—’f+<k”>[§’Tk_

K —1p m m

(2.79)

(2.80)

(2.81)

(2.82)

(2.83)

(2.84)

(2.85)

(2.86)

(2.87)

(2.88)

(2.89)

(2.90)



Bs, =R;* (2.91)

s

By, =R,*R* (2.92)
AT P
A5 =— 1 -1)| = 2.93
=) )+ 2 (299)
o[ P
Asp =— -1 )| - 2.94
= (a4, = 1)+ (21, + )[Rm] (2.94)
My = My cos(keo,t + k6 (2.96)

% 99 29 B3 A% ARE T ANAE 4, ~ D2 VA
g ook shedl ol oAl Gl U B4R dehjelxuz

Cie Telof AFH o 35 A% des AR 5 v GE 78]

F

r=R ~ By, |r=RS (2.97)
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By le—r, ==y Zk[Az (k)R -B, (k)Rs_k_]JCOS(W)

(2.98)
—,uOZk[CZ( JRE =D, (k) R Jsin (kg)

Bsir |r=r, = —Hy 2.5uCsi (m)Sil{ (¢ +=E— ¢, ﬂ

for ¢ —b,,/2<¢<¢ +b,,/2

F (RN (R Y™
5, = Ln K : j +[_sj } (2.100)
Rsb Rsb Rsb

2 297D+ &7 S8 (2.98)= FHol waR st 4
(2.101) = (2.104) ¢k o] vepd = 3l

(2.99)

B,, |r—RS:_IUOZCsi(m)Sin|: [¢+ % ¢1\J:|

(2.101)
for ¢ —b,, /2<¢p<@ +b,, /2
Csi(m)=Zk[A2( VR~ B, (k) R* ]]Jsi(m,k)
k (2.102)
k| Cy (k)R =Dy (k)R [z (k)
oy (k)= If_”m,.(m,k) (2.103)
rs(m, k):j—”cf” (m,k) (2.104)

oa

o]F o]&ste] A (297)= W (2.105 % £ FHES e F
AL (2.79)-(2.82)F ol&std ¥ A4 FEe (21
52



(2.107) 3} o] 1 < Sl

8,Cs: (m)= ;z{AZ (k) RE = B, (k)R o ()

k[ €, (k)R =Dy (k)R ey (k)

(2.105)

A, (k)RS =B, (k)R =G, /12203,( Vot (m.k) (2.106)

C, (k)RS =D, (k)R =G, - AZZQ,( Vmsi (m.) (2.107)
R k+1
G, :( R’: j [ 7 ()M + & (k)M | (2.108)
R k+1
GZ :[R_r:j |:7(k)Mrvk _g(k)M¢ck] (2109)
J R 2k
ﬂ:—R—S[AM{RT] AG,{} (2.110)

4 (2108)2 (2.106)- (2101 & ol4std Fead (211D %
2ol v & gl

8,,Cs; (m Zk[G, (m.k)+G, (k)zy (m.k)]
;kﬂ( Jo (m, )ZZQ;( Nama(ik) (211D
"2 kAk) s (m, k)Zchz( )26 (7:)
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A 211D A9 B 7 29 S G UE ERORYH
F&Fe W] el nuAdE BN FHE e webd &%
&= EF nyst] falde ek 22 HAdd A S o8 AFel
AA FEE 7bA W Arke S8 Eolof dvh Py # =29
SEE AE7l =5 Rk A3t o Ad Hujda o] Ae e
Aol Qlemz &5 e TS ded sigith WA A 211D S
Aez wdahd (2.112)-(2.122) 9 2t}

6,C3, =

T T
Yo =Bl 2:Cst — Ot 4:Ct

0, =diag(5,§,~-',5)

NyxN,

=[T ool

T
T T T
Tt =|:Ts]’TsZ’°“ sN\:|
. ~oa
M o Oy
S = Poa Tt
S 272_ S
Pst = o-stl(/,i
Qst z-st1</?’
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(2.112)

(2.113)

(2.114)

(2.115)

(2.116)

(2.117)

(2.118)

(2.119)

(2.120)

(2.121)



X =diag(}(,){:"':l)Nst$

o714 2 (2.113)—-(2.122)9] 7+ ¥

omlatm 2 (2.123)—(2.130) ¢l °J&l A <]
£ 9tk

Mot &5 9 =9 1x9 A s

0= diag(ém )

Cy =[ i (1).C3(2),+-,C5 (M)

Y= O-si[ZGI + Tsikéz

K =diag(1,2,---,K)

G, =[G,(1),G,(2),-.G,(N)]

2 (2.112)F olgstd  (2.131) 3% 3o

g = ook

-1
T T
Cs = (5t + Pyt X + Oy stlt)
55

g2 E &3
%T:]" N_Y? M’

K

AANE B

Y,

st

TN

(2.122)

(2.123)

(2.124)

(2.125)

(2.126)

(2.127)

(2.128)

(2.129)

(2.130)

(2.131)



ANA yo= 109 FAANM F & F 9 m$- = g ek,
webA oy, & XSS gy AAAS e EFZ S (Overflow) wAlE
o}7)5Fe] date]l AL wojmArh QWIS EAES A
g3l (2.132)-(2.138) 3 o]l x & EFFe= MEE WHF (B
Aolsle] (2.131)9 g™ AAANA ¥, 5 AAL F A

C, =7,Cs, (2.132)
Co=[chclch T (2.133)
C,;(m)=Cs;(m) x,, (2.134)
5C;, =6,y7'C, =w,C, (2.135)
We =diag (W, Wooe- W, ) (2.136)
w. diag( ) (2.137)
2F

F (R /R,y ™+1
W, ()= = B Ry) (2.138)

Im R (R /Ry)" " —1

A (2.13D)& co "t Aow tAal EHshd A (2.139) -
(2.140) 37 2o} 2 (2.140) % o]gstd A Al F (NM)YS 2
5 zheth o] W &F & N dAsty Mo A7]el  whE
E0o] A (Singularity) A7} ZA7I= 3ok M dA o)A
FFoME AL Ao T JFS F vArg &3 Fo we} 20—
30 Afolo] == ATk

WoyCo =Yy — stnst Qstgst et (2.139)
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(2.140)

1
Co (W +Pt77st+Qst§St) Y,

E Xé 9/] ﬂ 9&1\_] TT_j— Astamrﬂ—

AMZ Fold "W 8 olgste] 7=
Buuws (2.141)—(2.142) ¢} o] %3t 4= Qlal o] & o] &3slo] vHA
UEE (2.143)—(2.152) 8} #o] &

Hyekyl A wkske] I A&

T Atk
Astaror (k) = ZZ i (m) 5 (m.k) (2.141)
Biasor (k)= ZZ i (m) &5 (m.k) (2.142)
2= B, cos(k¢) +§Bmk sin(k¢) (2.143)
By, = By cos(k¢)+;B¢sk sin (k¢) (2.144)
B,k :(KBrc +KB¢s)fB, — &8 Astator (2.145)
B :(KBrs +KB¢c)fBr — &8 Bitator (2.146)
By —( Koy +K3¢c)f — 88, Bstator (2.147)
By = (K + Kigs ) /3, + 25, Asator (2.148)
1y = (RLJ“ (i—mjkﬂ ¥ (RT’”TH (2.149)
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k-1 k+1 k+1
r R R
| B i Bm 2.150
k-1 2k k=1
k r R, r
&s, :—'L;g As [R_J + gy (7) (R_J (2.151)

k k-1 R 2k k-1
,Ll r m r
a5, =5 4y (R_J 4, (Tj (R_J (2.152)

A RS o] g8t 2.2.140M AFE Wyl s A Hn
= 7 A AR 72 ¢ du 3R A gl w2 AT
A s (2.153)—(2.154) 9F 2t

Pr (7’,¢,Z,9r):
BrZ’SIUtleSS (r’¢_6}”2960)Br2 (r9¢3279r)

(2.153)
B3 stottess (7-# = 6,.2.6p )2 + By stotess (1 # = 6,26 )2
N B3 stotess (19 = 0,,2,0) ) By, (7.4.2,6,)
B, stottess (s = 0,.2.0p )2 By stotess (1 # = 0,26 )2
%(r,;b,z,@r):
By siottess (-8 = 0,.2.09 ) By, (7426, ) (2.154)

Br2,slotless (r,¢ —0,,2,6, )2 + B¢2,slotless (V’¢ -0,,2,0 )2
_ B¢2,slotless (V,¢—9r,2,00)3r2 (7",¢,Z,9r)
Br2,slotless (l",¢ - 9},,2, 0{) )2 + B¢2,slotless (7‘,¢ - 9,,,2,00 )2
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2 b
o
—
D)
it
)
ot
N
lo, X

HE Gl g B AL Gy A
A Aerle] 7 A dd
B AL G A AT = AE

(2.156) ¢ ol& o=

>
B

PZ(I"j,¢,Z,9r)=
BrZ,slotless (rj9¢_0ra2590)8r2 (l”j,¢,z,9r)

2 (2.155)
BrZ,slotless (}”j,¢—9r,z,00) +B¢2,Slotless (Vj,¢—t9r,z,00)
i B¢2,slotless(7_‘/’¢_9r52500)3¢2 (’?j’¢’299r)
2 2
BrZ,slotless (rj’¢ - 19,,2,90) + B¢2,slotless (l”j,¢ - 6’},,2,90)
P¢(I’.‘I»,¢,Z,9r):
B stoness (1728 = 0+, ) Byo (1;:9.2:,) (2.156)

BrZ,slotless (rj $-06..2,6 )2 + B¢2,slotless (rj p— 9,,2,90)
B¢2,slmless (rj :¢ - HraanO )Brz (rj ,¢,Z, 9,,)

) 2
Br2,slotless (rj>¢ - €r7Z>00) + B¢2,slotless (7.’/‘,¢ - 9,,2,90)

2
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2.2.3 ALE Ao Hudx FE HEF FRM 34 71
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il
o
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O
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i
o
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kY
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i,
ol
2 Z
2
o 2
B 1x

719]

i
i

f
[0 % =
N
f
2
-

N
bt
=L o

offt

olg% 7 HA% o004 F wa

éslotted (r7¢9279r):leotless (7’,¢—9r,2,90)13(}’,¢,2,0r) (2157)

BZ,SIO”Ed (V,¢,Z,0r) :Bz,slotless (1”,¢_9r,2,90)PZ (V,¢,Z,0r) (2 158)
_B¢,slotless (ra¢_9raza90)P¢(7”,¢,Z,9r)

B¢,slotted (r’¢’ 2, er) = B¢,slotless (r9¢_6raza eo)Pz (rn¢:za er)

(2.159)
+Bz,slotless (V,¢—HF,Z,90)P¢ (r’¢’Z>9r)

AA4 A >
A4e (21617 2ol Holdr),
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1(r8.2,6,) = Byoyeq (1 4,2.%),  0<k<z,

B (r:$.2.6,) = /,(r.$,2,6, — 7,16, /7, |)

A7 A& 210804 AWasiel udA 714
o] gate] FUs WHoz FI S 9u HA TS A%
(2.162) 9} o] A71A A% Bosk d7 AN A% By, 9
LeRE = ol

é(r,¢,z,¢9r):l§s (r,¢,z)+l§pm (r,qﬁ,zﬁr)

(2.160)

(2.161)

% e oo
o x
ol o

f

(2.162)

ke FRM 84 7o +=AZE 2" 2.2090 AHsslx

g0 14§42 ok F4el 71E FRM A4 Z1H g
A Pre Aoz EAST

B ow=Relq Ad FRM 4 1S olgshd A /A
e e A% @ A9 AAA £ o A8 2d% /14
42 ) 9% @ 39 A FE 2k ANow AFI) A¥e
F3 22 Y Ase fARA AU 5 ek
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Obtain air gap flux
density generated by one
slot without PMs from
finite element analysis.

r

Calculate stator basis i
function f;. i

1

Obtain air gap flux
density generated by PMs
for slotless core from

i,= L,sin(omt+p)
ip=I,5in(@t-27/3+p)
i,= I,sin(wt+2m/3+p)
0" = ([)fllt

!

Calculate air gap flux density
created by stator winding

!

Determine air gap flux
density generated by PMs

v

Calculate total air gap flux
density

2% 2.20 Ak FRM a4 71 =A%
Fig 2.20 Flow chart for proposed FRM
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Obtain air gap tlux :
density generated by PMs |
for both slotted and |
slotless core H

using analytic equation |

Calculate improved
relative permeance
function P_, and P,



2.3 /1A¥ FRM 34 718 AHAZ

FRM@ll4 71M& Asshr] flsl ofe
FRM 314 713 71 A suda
e 24 sl 7Ie s dds
CEA = AbekE % 259 (53], [60]1, 74 A

7HAL B mEe] o] At

FellAq ZAS]

OFAAT 2 =TdAe 205 30&E% F W
A5 G A AE71e S5 7kl tigh S04 ¥ a,(= ap/a)t EF
= wg, A T hp ol didt #HZ AAE FIsth webs 7 AA
ol wWsle] dfs] siA¥E FRM 34 7199 Agwrt HAIEHook
Ela=3
% 2.5 A5 24 A%k [63], [60]
Table 2.5 Specifications for validation models [53], [60]
Fu EX wd 2 v 3 2 4 =d 5
2p 20 24 20 20 20
N, 30 18 30 30 30
g [mm] 1.5 1.0 1.5 1.5 1.5
R,[mm] 140 80 140 140 140
R;[mm] 75 40 75 75 75
a, 0.79 0.7 0.9 0.79 0.79
w [mm)] 10 8 10 8 10
h,, [mm] 3 2.0 3 3 3.5
&% 3 Hhe &% Hhe &% Hhe &% 2EEF HHe &%
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Iy 2.21 A W FY [63]
Fig 2.21 Definition of design variables [53]
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5 Be LellA A7 527l diet 5 A S
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At FRM &4 7198 A S HSetaxk siglvh v A 2o
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2.3.2 ¥4} 3y
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0 B(T)

() 221

[
0 B(T)

(c) 24 3
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[ ]
0 B(T) 1.7

(e) =& 5
W 2.22 FHS A UE R

Fig 2.22 No—load magnetic flux density distribution

45719 144 ALES PNO8E AgddT. 1A AL
PNO82 ¢F 1.5-1.7[TIelA 237t AtE2g A4 dHe FXs
L7ITIZHA dehdgdeh. ald male 738 4% dse o 09-
L3[TIoIA Rxahel, SReelr F9aQ L3t B, oF &%

TEE e Bd 4e vE 2l s &% Fol Fob A A%

WErh R WA &F ATHl WY WEe] FU A% 2

A erE FRM 3| 4] & Prop.FRMO.Z ¥ 7]8}¢t},

AA, i 2l B 13 g 5, X ¢ 29E g 2d
29t 2 F &F FxE e 2d 49 sty 7 Bd Hz & gk
FRek AL WAl Jd e FRE 2SS URE 9 2.239
ety 29 337 2d 5= md 13 6]%3 o 3 AE
U B¥XE Hol7] wgd 2d 1, 79 2 nd 49 ¥5 A%
UEvhs YepgQleh. adeA B = Q%o F W 2L WU
71E A HuldA Fd5E o] gste] dlAd Hfolm /3 Q4 &4
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Table 2.6 Comparison of no—load analysis results

71 g Al
pwasn | wom 420 ARk TR
ok Akl [%] ak Aol [%]
V[V] 101 103 +1.98 105 +3.96
EE 1 | THD [%] 3.50 7.20 +3.70 5.92 +2.42
T, [Nm] 23.3 35.0 +50.2 22.2 —4.72
V[V] 15.2 16.5 +8.55 15.9 +4.60
2€ 2 | THD [%] 7.61 10.0 +2.39 11.4 +3.79
T, [Nm] 0.701 1.16 +65.5 0.666 —5.00
Vi[V] 79.4 80.3 +1.13 81.9 +3.15
2€ 3 | THD [%] 8.80 15.5 +6.70 12.1 +3.30
T, [Nm] 37.6 49.6 +31.9 35.8 —4.79
V[V] 73.5 74.9 +1.90 75.9 +3.27
2€ 4 | THD [%] 3.15 8.32 +5.17 5.17 +2.02
T, [Nm] 23.9 38.5 +61.1 24.4 +2.09
V[V] 79.6 81.8 +2.76 82.6 +3.77
R 5 | THD [%] 2.89 6.89 +4.00 5.74 +2.85
T, [Nm] 25.1 38.2 +52.2 23.7 -5.58

V,, T, 2Fo]=(FRM a4 Az —3 o4y 4 A3 /fd 229 a4 d3x100[%)
‘THD #}o] = (FRM &4 Au-HF3 24 a4 A7) (%]

2.3.3 ¥3 34

Zk mdo) A FatelMe] w A sol W AL dE ExE 9
2.26% vk 2% 2.26°0M & 5 9l%ol, AA A 9 A4
%o JFOoT TR AR Fo] o A% Wt o Fopxl A

i
w3 29 % 47 (Pole shoe)olr =% Z3}7}
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Fig 2.26 Magnetic flux density distribution in stator core under

rated load condition

O 2278 AA Ratox 71E A Huldx
FRM &4 713 #Agte FRM &4 719 9 /3 2
TH AL UESE vus Aotk I¥ 2.27¢0A4 7IE A v

s 483 FRM @4 719 &fA A+ Conv.PermOE, A<t
FRM &4 7]'Hel &4 ZA¥= Prop. FRMO 2, 3 Q4o &2

A= FEMO® Z7|atduh. a8 22704 &2 4 9io] &= ubgk

T A Wiie V1S A Avds S A8 FRM 84 7

AetE FRM a2 7| freb 94 S|A Azl Aol dx

73



—FEM
== =Conv.Perm
- Prop.FRM
}’ 0.9 _-« ...... X
5 s !
© ¥ (N
ER § .
= o T
L P %
k5] et Fan
c L
09 V4
= v
-1.8
0 9 18 27 36
Mechanical Angle(deg)
g 1 = S
(a) 241 = Ho]'%]:
1.8
—FEM
== =Conv.Perm
- o Prop.FRM
=098 Fy
» ) 1 ’
c W % Fd Y
L} .
© ' | % § ¥
5 o 4 1 ’ 3
= » * o' *
(&} x ] a
2 ! - \
e s \f N
© -0.9 Fd o
=
-1.8
0 20 40 60
Mechanical Angle(deg)
(c) ¢ 2: e
1.8
—FEM
== =Conv.Perm
- Prop.FRM
=09 F
@ § 11
5 fa W ¢
- f %
5 0
= * b
L2 ! &
E :‘ . & . ¥
o A W
&-0.9 \/
= -
1.8
0 9 18 27 36

Mechanical Angle(deg)
(e) = 4: F g
19 2.27 B4

=]
-

Magnetic flux density(T) Magnetic flux density(T)

Magnetic flux density(T)

—FEM
== =Conv.Perm
Prop.FRM
0.5
— N LA
0 1Y Y ."" ,""‘
05 :
-1
0 9 18 27 36
Mechanical Angle(deg)
. al =
(b) 2= 10 A W3
1
—FEM
== =Conv.Perm
Prop.FRM
0.5
0 vy o 4 e M gt
' v | Y w2 L7
0.5
-1
0 20 40 60
Mechanical Angle(deg)
(d =4 20 " 0
1
—FEM
== =Conv.Perm
Prop.FRM
0.5
..' -“ P Y o
oL oo De—l
LEad YRS
05 ¥
-1
0 9 18 27 36

Mechanical Angle(deg)
(O e 40 Hd 4

& A 3 A% UE vu

Fig. 2.27 Comparison of air—gap magnetic flux density under rated

load condition

74

A ekl Al 1D opAE Aol gl w4 2(P2)°l
8 48 oW, 7]E A Huds 342 A es FRM A4 719,
Aetd FRM 14 7199 a4 A= ¥lusigdn a8 2283



2.7 1 A3E YERASIT

180 19
=—FEM =—FEM
== =Conv.Perm == =Conv.Perm
Prop.FRM Prop.FRM
160 18
£ y £
< <
ERELYA Y g
=3 g N g
S + =]
= [
120
100 15
0 3 6 9 12 0 25 5 75 10
Rotation Angle(deg) Rotation Angle(deg)
(a) 241 (b) 2 2
180 —FEM 180 ——FEM
= = =Conv.Perm = = —Conv.Perm
Prop.FRM Prop.FRM
160 [ ¢ 1 160

=

Torque(Nm)
B

Torque(Nm)
3

120 120
100 - - - - 100
0 3 6 9 12 3 6 9 12
Rotation Angle(deg) Rotation Angle(deg)
(c) 24 3 (d 24 4
180
—FEM
= = =Conv.Perm
Prop.FRM
160
— N 2%
1S
E l’ ’l R
\
g 140 ' \\\ J
g W
= A i
Al I
120 o
100
0 3 6 9 12

Rotation Angle(deg)
(e) 29 5

a9 228 £AA 19 ¥k BA &4 A
Fig 2.28 Analysis results of load torque under operating point 1

284 & 4 Slzol Ak FRM &4 7IRle] 71& A
F= 48 FRM &4 7IMEd § d&siA ds7] &
75

[» ot
\]

et



EAE AdSste 2e AT 5 k. B 2.7 7 2l 1A
13 £44 29 Hd B3 7,94 BF 2BF T,es UeERiIoh &
2.7°14 Agt®el FRM &4 7]H #3 Q4 sil4 Axset 2-4(%]
ool ztolg Holw faearw sA Ayst fAbekA dE7] &
EAS dS5she 3s 29 F

3E 2.7 opFe Hal oA EA A Ad vl
Table 2.7 Comparison of load torque under various load conditions

fa | T A snes AerEl FRM
oy | EE A8 FRM

x A @l | & | A %

Too[Nm] @ P1 136 130 —441 139 +2.21

v | Trippie [%0] @ P1 15.7 27.3 +11.6 16.5 +0.800
T [Nm] @ P2 81.0 74.3 —-8.27 79.5 —-1.85

T [%] @ P2 33.9 177 +13.8 340 | +0.100

Twe [Nm] @ P1 16.7 16.5 -1.20 16.1 -3.60

vy [T @PI 3.75 6.36 ¥2.61 143 | +0.680
Toe [Nm] @ P2 15.0 14.9 —-0.667 14.6 —2.67

Toome [%] @ P2 4.96 3.80 ~1.16 485 ~0.11

Tove [Nm] @ P1 141 133 —-5.67 143 +1.42

v 3 Tippic [%0] @ P1 22.9 41.2 +18.3 27.5 +4.60
Tove [Nm] @ P2 84.9 75.9 -10.6 81.6 -3.89

Toom [%] @ P2 23.7 52.0 +28.3 35|  —0.200

Tove [Nm] @ P1 136 120 -11.8 132 —2.94

wa y [T @P 17.3 31.6 +14.3 18.6 +1.30
Tave [Nm] @ P2 78.3 68.8 -12.1 75.6 —3.45

T %] @ P2 31.1 471 +16.0 33.1 +2.00

T [Nm] @ P1 143 135 =559 144 | 10699

I N 15.1 28.5 +13.4 17.0 +1.90
Tave [Nm] @ P2 85.6 7.4 —-9.58 82.4 —-3.74

Tipple [%0] @ P2 34.6 50.1 +15.5 34.8 +0.200

Tye 2F0] = (FRM a4 Aap—53t 2% ala d3h) /43 249 a4 d3x100 [%]
*Tripple i}o] - (FRM (’H/H él/}‘ é‘_ i —BH}'\_JII @i}) [%

ol¢} o] Alekd FRM 4] 71We AE7]e = 9 25 23,
4 8 E, S22l dg S9A Al %
=
o

Fa =
=2 A
7l F8 A7 W depAgE e £33 2
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el Aolz AEY] A 54 ARG F Ak AN g E 28,

2.9% #t.

2.8 7F ey BEO a4 AR mla A3

Table 2.8 Comparison of analysis time for each analysis model

TE F) vl
o aan | og g0 me ARk FRM
A AIZE A A7 o] A A7 o]
[%] [%]
7 BEA 2hr 23min
7174 46min
2d 1 | EZ(@PD) 2hr 6min 7min -98.4 4min -99.1
£ (@P2) 1hr 59min
T % 7hr 14min
I EA 8hr 52min
714 34min
24 2 | EF(@Pl) 3hr 51min 33min -96.8 21min -97.8
£ (@P2) 3hr 44min
z % 17hr 1min
7 EA 2hr 22min
71 56min
24 3 | EA(@PD) 2hr 39min 7min —98.6 4min —-99.2
E=(@P2) 2hr 31min
= % 8hr 28min
7 EA 2hr 33min
*71:09 lhr 11min
2d 4 | EF(@PD) 2hr 40min 8min —-98.5 Smin —-99.1
£ (@P2) 2hr 24min
T 8hr 48min
7Y BEA 2hr 24min
q714 g 56min
g5 | EA(@PD Z2hr 37min 8min -98.4 4min —99.2
E(@P2) 2hr 27min
% 8hr 24min
# hr = AlZF, min = ¥
“Zpol = (FRM 314 AlZb—fr8 @49 34 A7h/fd 249 d4 A13kx100 (%]
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71E 4 HrjdA g5 A5 FRM 14 71H 9 AlkE FRM
A 71 f3 Q4 B4 AR 1-2[%]el dldste AlREREO R
As7] 54 545 AT F Ak 53] AkE FRM A 7 &
1[%] 2] Alzkuto 2 wi5st vk a4 dys =& 4 QIS

TS X 29904 B F QlFo] Ad HudA rEE A EeHA
e WHol shutel mde] did 4 Az 34
Alzkol Ao el dbdd Aoty FRM &4 7IHS 4= #9o 14 Alto=
As7] & 54 AT 5 Advk E 29904+ Ad FHu|dA
s AEsA ¥ FRM 314 7IWMS 7] FRM @4 7]Ho=
E718lth. 71 FRM 84 7 g xks)h s)xdzte] 714 45
Tkl 2A1%F 2642 SA Alzto]l AQE WA ARkE FRM 34
71 gzt Al 71A s ek d o 4w @4
Alzko] At &, AF7]e TR 5AT i 5A4E Aitste s
Aotd FRM &4 7]He F3k 24% oin] ok 99[%]9 1A A|+e
AZskelal, 71 FRM 84l 719 oin] 97[%]e] &ld AlRbE
Azrstdet. oo wel zlek® FRM &4 7WS E8 A%r] &
EAS Axatsld {3 o4AmE¥ ollgl 7]1¥ FRM @4 7R
Hl st = alA] AIZFS g7 ow £ F Qe AL et

3E 2.9 7]+ FRM 314 A|zta} A9kel FRM 8|4 AlZF vl
Table 2.9 Analysis time comparison between conventional and
proposed FRM

71& FRM Aok FRM
3k Q4
Aol 7]
A4 Az | AN A CEIREG
[%] [%]
7 B4 2hr 23min
37174 46min
4] EA(@Pl) 2hr 6min | 2hr 26min —66.4 4min —-99.0
E=(@P2) lhr 59min
= 3t 7hr 14min
¥ hr = A7k, min = #
‘zte] = (FRM 814 Alzb=+Hgt @49 sl Alzh/fs 24 @14 A12x100 [%]
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Fig. 3.2 Sample distribution scattered by using Latin hypercube

sampling method
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Random©®. %, 7|& 2tdl sfo] 91 3

AMZ 71> MLHSE 77 27]8k9ith,

3.1 AE" 7N HASS S A @ [68]

Table 3.1 Test function for verification of sampling method [68]

Expression Domain
Test function 1 JE
f(x’y):x +y 420 —-10<x,y<10
(Sphere)
Test function 2 [y =—~(y+47sinflx/ 2+ y+47]
—51.2<x,y<512
(Eggholder) —xsinyflx— (v +47)
Test function 3 f(x,¥)=20+x" —10cos2nx
. —5.12<x,y<5.12
(Rastrigin) +y? —10cos2ny

LHS

Obj.value
Obj.value

Obj.value
Obj.value

(@ A8 &4 1 (Ng =50)
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Fig. 3.3 Surrogate model generated by each sampling method
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O 3.6 AR BES o] &3 HE Y HA3 daudgs oA

Determining design variables and
parameters
A
s Y ~
Determining gridsize,,.
at each design variable ( - h
\ > Constructing surrogate model
-~ 4 over subregions with fine grid
\
Generating samples based on the v
TImprovedLatin hypercube sampling s A
v Adjusting thelocation of optima
' N \_
Constructing surrogate model based on +
Kriginginterpolation s - T - 3
\ ; Evaluating objective function
- - L for updated optima
Searching andupdating the optima
A

L
a-

Fig. 3.6 Flow chart of multimodal optimization algorithm assisted by

surrogate model

Altd HEERY HAZ dugss AV77] HA A
Agstrlel oA, A el AA AEste] e HSe FHselY
71 FEE4 "HEHEY HAS dudds IR HT LR
HE R w7 (MO sy "EyRY 289 (MFP) didas
Aortd LduEI wlwasict [45], [69]. T3, 39 o B
e AEsA e 7€ AP (CK) HIF 71HE ke R §h
JE| B #HA 5 dugss & =EoA AEs dagsa vaskich
o714, 71& dugFS o AHEAE B dTE oE A IEE
ApEstlem® [70]1-[72], 71€ <aesel dig AFdE ==
gt Ao AsE AT AE 5, 6 i B.3)-(B.5) ¢ 2 [63],
[68]
f1(xpx) = 50— (x; = 5) +5cos27(x; = 5)+(x, = 5) +5cos2z(x, - 5) (3.9)

,2.55x;,x,<7.5
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4
Fo(xp,x5) :4[[4—21)@2 +x?]]xf +x12x§ +(—4+4x§)x§] (3.4)

,—20<x,<21 -13<x,<1.3

f3(X1,.7C2,.7C3) =50—(x1 _5)2 +5COSZ7[(X1 _5)
+(x, =5 +5c0s27z(x, = 5)—(x;-5) +5cos2z(x; -5)  (3.5)
2.5<x;,x5,x3<7.5

AR BE S 2% 36 @A B 5 Axol, MA Bz Ul
AHge] thkebAl AT A B Ul AW F 25007
EAS, AAY RE #skn FAsA Se] wEel, 4E
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AH4e 44 AT F U AE ook, 29 37 9 AE
@5 pE F 649 Aol AN, o F 24 AXPS vwA
FYstol FBFEA WUWS 0§ AT A AMAZ FHAAL
A% ¥ e A wAAt A 85 LS A B 1
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37l AA Wrm SgE medolw
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Fig. 3.7 Objective function plot for each test function
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e, AP B 7eke] CKep Aljbd daE]Ewhs vl wEkglt

] o
uebA, 3 3.2004 AP 29k 3ol sl MCe MFPe &g+
WHWEE 3E7)8HA] gttt

71& MC «¢3els, MFP &18F, CKeb # w=iolA e
F112]5 SRSK(Sub—region segmentation Kriging) & Bl w3t 23}
3 3.3-3.5° YERITE A2 A= 10032 AlEEeld A
Jakoez Aosrsitt. 3x°] RMSE(Root mean square error)i
gAlE HA el AA A Ato] @Ak Ayt HtE on|Ehtt

¢
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F 3.2 HA A s dadgs Hae 4o

Table 3.2 Definition of parameters for each optimization algorithm

AlE 1 Ald g 2 AlE g 3
7] AZ 25
MC ] =T
P 0.25
z7] ME F 25
MFP ] T
; 0.25
CK 27 A& 25 16 49
S A 1Y [0.1,20] [0.1,20] [0.1,20]
27l NE 16 5 40
SRSK e T
AT A Be [0.1,20] [0.1,20] [0.1,20]

¥ 3.3°4 B 4 9l%o], 24 RdE o]&3 HElny A3
A eE]EQl CKel SRSK7F &&5&4 wWe MC, MFPXY © Z&
52 g AA 2 ZgeA BE IaE e A gas 5 vk
T3, gEl SRSKE ¢ & A A7|dA % CKe 553 F79
s e AS AT £ g % 349 AE 5 200A4=
kel SRSK7F ] 22 ZAap Ao Zo|ME CKHEY ¢ &2 54 sk
A A5z o A3t HH&5 2= 2 Fod 4= Qv T, %
359 Ag &5 3 Ao B £ %ol 3P A FreA
SRSK+ CKeF 5 7719 AR E o 4L 54 g4 AAl 3¢z
o Ags HAHE = AS FJTg = Qo wEbA, sER
HE| g HA3 dugFe AA F3tel i =F sk kS HA
=8 = Q= A7 HF AA EAHE AE JMsE Aow

2l

FEed A48 daelSold gl WA I el dIE A% PAIES 3
7] e, 99 BB 71Ee] B A9 YL Az B A9ow 4EL S0
Fgo| UEr% AnE Adow A A9 52 BFol Hop
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¥ 3.3 A% &4 1 H¥H3 A7

Table 3.3 Optimization results for test function 1

MC MFP CK SRSK
4 s 25 25 25 25
SRR RS 25 25 25 25
52 3k Ak 4233 4329 225 232
RMSE 0.5 0.8 0.5 0.5

A7 - - 250%250 50x50

¥ 3.4 MY g5 2 A3 A9

Table 3.4 Optimization results for test function 2

CK SRSK
SERMES 6
SRR RES 6
52 g Ak ¢ 96 80
RMSE 1.3 1.1

Zahy 500x500 50x50

% 3.5 AlF 34 3 HA s A9
Table 3.5 Optimization results for test function 3

CK SRSK
EERES 125 125
gag 93 5 125 125
54 g At - 2134 2063
RMSE 2.6 0.7

ER 50x50x50 50x50x50
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3.2 A&7 2A 71

& U A% 9T AN AENY AH AAS s, A HEe
AA W5 ARl Bk o B A2YE A5 nEd, nEE,
AR 9ES A SEL o3 vk B Aedt o @ AxHE

B

WF AL 4T AN A7 HA B 4
A WS aAFL, AEROE & BT A% IT AN 4B
_]

47 4AE A% A WEE AP,

3.2.1 EEZA ¥ F 9 &% 5 A3

W A JT AN AR T2 EY 3 WD 3T AL 9
T AN AR 1A JAAE dEoR TR golatt. u
epi, wgAsh Sl Tl wek 1Y 389 wol kd EERA

(Topology) & A A7} 7Fs 3t

o

AFPM machine I

Single-sided Double-sided Multi-stage
AFPM machine AFPM machine AFPM machine
I
Dual Ista\tor Singlelstator
single rotor dual rotor
| | '
Core | Core I | Coreless I
| Slotted I | Slotless I | Slotted I | Slotless I | Slotted | | Slotless |
[Ns | INN] [Ns| NN

1% 3.8 F W A& I A4 AEUY n g W s HdR EEEA
[73]
Fig. 3.8 Topology for stator and rotor of AFPM motor [73]

o T wAA @ 3 A (Single—stator and single—rotor) =
Wk ks T A deUS v R b B3 wAERo] ARt
94

a A&

- -

o] &+



7hg dest FRol FHE (compact) 3171 wiZell AF S, AJE, 7]
oJul A (gearbox) 7} ¢l d#H|olEHE AT7|2 F£2 AAEY [73]-

} Exs
7] WEel ekl wWeld felsteh, ol P

fsgzw & %9 nAA 2YeIA 1ol B
wow AF7] FEol sbsety] uRolt

« @G wgA o]F 3 W AF(Single—stator and dual—rotor) TF
&= A I A widel wE g Aol Jhsekth WA,
NN B> &5 31329 wjde] 4 gs) ‘Qﬂé}“ &, NS EFl2
FS5 B Ak wjdo]l A717b 180([degl Wk #tel7b v FEHIE Tsh
NN BFJ> 2% 3.9 (@A & & SA%ol, &= A AHol
DA TR FEs 2R, 1A 2739 AV S8 g
of x3tE Qs A5 &4o] glrk. vbH, NS B2 19 3.9 (d)el

%ol, A ApLo] WS S AAE 2 F-Fxo]7] U
ol 1A QA% AHo] s =4 kvt wEkA, NN B dE7| K
T2 235 A AAE 5 i, 1A FZoJE AATE ZoA
(Coreless) Bl #E7] AAE 7tssit). HZos nAA 23w A

718H= YASA (Yokeless And Segmented Armature) E}J9 % wWhak
A G- A As 7)ol el @Wol AE itk YASA B jlel A
7= AZro] goldEnt ol mAAF 3o HEN FTUo FEo|
ol g Aol JbsEtn we &Y WLE 2= Aol b
[79]—[81].

S WY AE AT A AEU AAEE 58 29 =0l W
Hell 71AAQ A7 A8 w), Ao} S HAE thFo 2 FA5=
Y YASA EQI9 A% 2 3oz AZEY, 39 FAEL NHNToRA TS
AR A T AR Hele) B AABe A i LS A g & 4
th ool 7Y HAEe] e AW 3.2.2 FEA v dETh
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(0) ol 233dAF 43 (NNEH)

il ——
=
(e) ol 3-dA F+x(YASAEF]D)
a9 3.9 F WY As5 AT
Fig. 3.9 Structure of AFPM

A4 AEN Y T TR
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S
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() multi—stage 7%
A AE7) EZEAE TE
motor depending on topologies

2 o =mollAE 5kW] Q1 & AARE 5 Wk &5 g 24 A
7] AAE BRE St gloH, did w7 Gl Agst A718) v
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A7) Wgel, g AFE Qrlshren ;o) ) EshEsl Ao,
of met 97 Al AF Aw A%l T Z7k FAg] Wt A

Wepd A ow % 47h wold4®
]

e E 2 AskA et
719l BA% ZF7)sk [54].
A8 As7] T S QSR E, & =FolAe 1EAE
L e e

)
¢ ofl

N

i
oz
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_0|L

N

do

%
do g
o 1l

—

BN

[

Wi

)

oy R
oy M
B

Agatr) 98, 28719 94 A
oh WA, 2 ERelAE 3% A4

Ry

i
o, Mo

S

o

39 wlg7E Hojof sttt HA A4 (Winding
|~ (Distribution factor) 2} @4 A4 (Pitch factor) 9

Foz BAAM, 9T A4 A%ol 14 DA Hmsts P

o-1-=

UEbdith [85]—[87]. dwtdew HE HerldAe F=E olsH

(Double—layer winding) W22 AFgsta, 7Y =&
H

o
= =
Aed Aol ARgEH. wEbA, o5 HFA dAAH WAl 7ted

=
A Aol BrsSAY 34 Aol

, 205 3%, 20= 6%
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G 2@ el BE A4 AFE E 3.6 et
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¥ 3.6, 1% FFA 5

PN
T

&% 5 236 B 1B A4 A5
(U/B: Unbalanced winding) [86]
Table. 3.6 Fundamental winding factor for double—layer

concentrated windings depending on slot and pole combinations [86]

Pole

<o 2 4 6 8 10 12 14 16 18 20
3 0.866 | 0.866 U/B | 0.866 | 0.866 | U/B | 0.866 | 0.866 | u/B | 0.866
6 0.866 U/B | 0.866 | 0.500 | U/B | 0.500 | 0.866 | u/B | 0.866
9 0.617 | 0.866 | 0.945 | 0.945 | 0.866 | 0.617 | 0.328 | U/B | 0.328
12 U/B | 0.866 | 0.966 | U/B | 0.966 | 0.866 | u/B | 0.500
15 U/B | 0.711 | 0.866 | U/B | 0.951 | 0.951 | u/B | 0.866
18 0.617 | 0.735 | 0.866 [ 0.902 | 0.945 | ©/B | 0.945
21 U/B | 0.538 | 0.650 | ©/B | 0.866 | 0.890 | u/B | 0.953
24 U/B 0.588 | u/B | 0.766 | 0.866 | U/B | 0.966
27 0.525 | 0.617 [ 0.695 [ 0.766 | 0.866 | 0.877
30 U/B U/B | 0.640 [ 0.711 | U/B | 0.866

E 375 ¢ € 2P w2 s dE £ 5 [86]

Table. 3.7 Number of slots per pole per phase depending on slot

and pole combinations [86]

N0 2 4 6 8 10 12 14 16 18 20
Slot
3 0500 | 0.250 | UB | 0.125 | 0.100 | UB | 0.071 | 0.062 | uB | 0.050
6 0.500 | U/B | 0.250 | 0.200 | U/B | 0.143 | 0.125 | U/B | 0.100
9 0.750 | 0.500 | 0.375 | 0.300 | 0.250 | 0.214 | 0.188 | u/B | 0.150
12 U/B | 0.500 | 0.400 | U/B | 0.286 | 0.250 | u/B | 0.200
15 U/B | 0.625 | 0500 | UB | 0.357 | 0312 | u/B | 0.250
18 0.750 | 0.600 | 0.500 | 0.429 | 0.375 | u/B_| 0.300
21 U/B | 0.875 | 0.700 | U/B | 0.500 | 0.438 | u/B | 0.350
24 U/B 0.800 | U/B | 0571 | 0.500 | u/B | 0.400
27 0.900 | 0.750 | 0.643 | 0.562 | 0.500 | 0.450
30 U/B O/B | 0.714 | 0.625 | U/B | 0.500
3.2.2 1RZA Fo] W I AA
5 W 2S5 G A AF7Y AZ4AE A7) T2 Qs
&S At ZY FZdo gl A" AEHo] afFo=
5255 AZ2E AFste YA FAR FAEL ATV EAE
Fdof 32+ F A7 nHA 7ol ARef o] AAFHr).
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, Fde 2= F AFE ANAME7] Y8, 7L FHo &
AR Wxel 7de AAE(Slot—fill factor)S Folx HWo] 9t}
g g AF UEs A% £33 dEr)e Wz w2

[e)

. S
Aol Ae mde Ay 4 AF UEE 1.5-5[A/mm?], ¥4
WAL 5-10[Ammy/mm?], $Y¥4L 10-30[Am/mm“lo|th [54], &
R E A W7 WA AYsialy] ", Zde Hd &
A UEE 35[AL/mm*ZE stk =3 FAHES =l Hl,
B o= §4 mde ugar B Fo] Az w08 Adsiglon
[63], 2+ &3 Fojo FFHAew AXAS A= Asd wae +xd
u] AAFo] =g Wyl oflel, FAY Wi Zolrt Fide] £
AF UH BE2e 29 £ Jd= Aol Jdvh 53 AL 1EA
FAolA s QB A2"EE ATl HERT T2
HjZo] A7) wiel, A5E AM B S ALgsE Ao aypF o)),
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DR TR u -
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oy
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do
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ofj

of], SMC (Soft magnetic composite)

= o [89]—1[91]. 18 SMC Foj= =
7] wizell, AHA 5Ao] 71E 7] Ab o] W
of &% Her] =9 AstEu HE A axrt
Qs Aol ARREHY, F2 Q7] FI 500[Hzl o]delA
Ag7lelA =t ow ALgHET [86]. & =i < 2
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3.3 A&F7] 34 AHA

3.27% A AWE kgl o], & =RelAs ? # AARE ATF
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Fig. 3.11 Torque—speed curve for traction motor
103

2 M Ef gk w



HE AE 7 A A o 24 W AR 2ds e ik
ATs AR FAHER AL 1EA A oM TeEH, 2
el As717F FaHolof stre AF7] @3 F Aolel tigh Al
zo] EAgH

¥ 3.85[kW] Q1 & A~®E F BT 3

QF 1 W A =71 [53]

Table 3.8 Requirement and constraint of AFPM motor for 5[kW]
in—wheel system [53]

g = zk
%% (P [KW] 5
JOL?_ }—Zj Ei(Tmax) [Nm] 119
A7 3H £% (Npe) [r/min] 300
A %% (N [r/min] 800
e ] wA A [Vl 300
57 974 [mml] 280
% Zo] [mml] 90
Wzt w2 A Yzt
= F/EFE F 20/30
Ae =7 &= [mm] 1.5
El
a7 o] S45C
Shinetsu N36Z
A4 244
(B,=1.2T)
AP
5
A2 o] PNOS8
3.3.2 A%/ B4 %4 9 4A @S 39
ol & AAYE HF7ie AstE 3 UeAd =2 EA9 =2
298 A FAC Aol A% 9d Ea dEe 29 Aedt
alth,
2 =wolMe dsre &% 74, S37bel ud S39A &,
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6 [mm]<w, <11[mm] (3.6)
0.7<a,<0.9 (3.7)
2.5[mm) < h,, <3.5[mm] (3.8)
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Fig. 3.12 Searching for current phase angle [54], [87]
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FH 3% 4% AAGCER Austad. AF F WE A% JT A
Ag79 A4 AAke 19 3.13% 2

% 3.9 H& A 47
Table. 3.9 Optimization results

FH ] T 2 T 3
a, 0.90 0.83 0.79
w, [mm] 7.0 6.8 10
h,, [mm] 2.7 2.9 3.0
Ao £ [Nm] 131.8 126.5 132.8
HAd £ [kW] 6.8 6.5 6.0
7 Ea
=5 7k o] [Nm] 46.0 37.9 23.0

v

+ hl]l
wymm] | afdeg] | a,[deg] | 7, [mm]
10.00 18.00 14.22 3.00

a9 313 & W AS

Fig. 3.13 Optimal design of AFPM motor

108

2% 14 T 8t

AT AN AE7) HH A

.-'.___,.-.

.l



ARk FRM 3|4 7|H& o] &3ato] T3t & AA%Fe] 7]
g2 2 ogdxr 714 s :L%‘ 3.14%8} 1% 3.15¢] 3}
1% 3.149F 19 3.15904 & F W V1A FE, 4= HAA WE

[}
A4 FEE U 7 w7 We &% En 2 %9 ugol
oA r R 79 3149 19 315604 B & %ol W] g /)4
$ o] 2 gebth webd % W@ A% 97 A4 A%

g 5 Nl 9 AFgEs geiEz B E=RdAE NS 57
AAskAeE 29 3.149 2% 3155 I FoAE A A, A WA
A WA G Ao nA gz 71A el sdx VA4 FeE 24

=
xS A7 A WA G wAE 42 81.5[mml, F WA
G el WEAE i 107.5[mm], Al "R de] HERE e
133.5[mm] o]tk
- oo - ool = & oo . =
< S— e < — o <L —_— e
3 B S ] B Eotl &
3 0~ T : 3 0 =~ e e * 2 9 ey o z
S 0005 |- } } 8 0005 |-t 8 .0005 " ‘
S i S =4 i
2 oo E oo 5 001
0 9 18 27 36 0 9 18 27 36 0 9 18 27 36
Mechanical angle (deg) Mechanical angle (deg) Mechanical angle (deg)
r;=81.5[mm] r;=107.5[mm] r;=133.5[mm]

% 3.14 HZA AAREY 7 9 8 u Ay} A e
Fig 3.14 Stator basis function for optimum design according to

the radius
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9 3,15 HA A ZF vbd ¥, 3 d7t H 3 dA 7 A e
Fig. 3.15 Rotor basis function for optimum design according to

the radius and rotation angle
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Rotation Angle(deg)
9 3.16 #lQkE FRM 3|4 71¥& o] &3t -3
HA AAR 47149
Fig 3.16 Back—EMF for optimum design calculated
by using proposed FRM
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' o 3
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1% 3.17 AlRkE FRM @A 71W S o] &3fo] 7%
HA AAS 74 B4
Fig 3.17 Cogging torque for optimum design calculated
by using proposed FRM
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Fig 3.18 Load torque for optimum design calculated

by using proposed FRM
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Fig. 4.1 Segmented core fabrication [53]
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a9 4.2 1A AlAd 24 [53]
Fig. 4.2 Assembling process of the stator [53]

% 4.3 = ol 4 [53]
Fig. 4.3 Configuration for the end winding [53]
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a9 4.4 1372 9 32 Ald 74 [63]
Fig. 4.4 Assembling process of rotor and stator [53]

115

A& &k



4.2 NAE AZ7) AY 9 &4 A7 v|w

4,21 F53 Ay A3

a% 45% ANYEE derle A9 A4 e deEhdo [63].
AdE HAF7](Test motor) o] 3% AFE <A77l Y&, SMPS
(Switched mode power supply) Z5E ALS FFHtol DSP (Digital
signal processor) 8} ¢ E (Inverter) = o] g3dlo] dst= AF Fu<¢
9 A7), A7 el EYEHES AoE FadEith Ay wolA
=85 E 3 ARe HITZHoE AFE ATl A7kdEnh o o,

B3}7] (Load machine) &= Q¥ & o2 HE7]d HtE QA7lstes 92

Load
machine

motor

e

a9 45 AF7] A AE [53]
Fig. 4.5 Test set for experiment [53]

i AT 54 Ay a3y 2o 3449 dAde vyEaAdo
ddE Qi T4 el Wil EAstEE FAT Al A
Ade AT GATY =99= AAsk] 98, U-V, V-W, W—



AE ARS 25 A8, X 4.1 19 46904 B 5 Q%o
M AFol BE 5[l 2Y Ads AAsm, 4 1 BRFo
Ad s e AL qAF 5 At

4.1 A3 A A =4 A3

Table 4.1 Measurement of line to line winding resistance

T A7 A¥ [mQ] =74 A% [mo] °at [%]
U-v 57.8 55.2 4.7
V-W 57.8 55.1 4.9
W-U 57.8 55.3 4.5

O% 4.6 B A 54 A3} [53]
Fig. 4.6 Test results of winding resistance [53]

a9 4.7 AE717F 400[r/min] & 2 s)dg o HAAsE A
A7 8-S vERd Zolth A3 A3 549 o 3
Axtel Ad Ayt 747 98.3[V], 95.9([VIZ, F A#e e ok
2.5[%]° a5 Helth
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Fig. 4.7 Experimental and analysis results for back—EMF.
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Fig. 4.8 Experimental results under load [53]
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Fig. 4.9 Analysis and experimental results under load [53]
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Abstract

Optimal Design of Axial—Flux
Permanent—Magnet Motor for
Electric Vehicle In—Wheel System

Hyeon—Jeong Park
Dept. of Electrical and Computer Engineering

The Graduate School

Seoul National University

In this paper, to minimize the total analysis time required for
the optimum design of an axial—flux permanent—magnet (AFPM)
motor, an improved field reconstruction method (FRM) is proposed.
By using the proposed FRM and the multimodal optimization
algorithm, the AFPM motor is designed and the wvalidity of the
analysis and design method has been verified through the
experimental results of the optimized design.

The FRM can compute the motor characteristics with a
minimum number of finite element analysis(FEA) based on the
geometric periodicity of the motor. In particular, the AFPM motor
needs the three—dimensional(3—D) FEA due to the asymmetric
structure. Therefore, the computation time can be drastically
reduced by using the FRM for analysis of AFPM motor. However,
the analysis time of FRM is still high for the AFPM motor because
the 3—D FEA 1is required rotating over slot pitch.

To address this problem, this paper introduces a relative

permeance function(RPF) concept to the conventional FRM. Based
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on the RPF, the FRM can analyze the motor performances with
fewer FEA than conventional FRM. In addition, this paper proposes
the semi—analytic RPF to take into account the distortion of
previous RPF caused by pole transition section.

In order to find optimal solution satisfying various requirements
of the AFPM motor for in—wheel system, a multimodal optimization
algorithm assisted by a surrogate model is used. This paper adopts
the Kriging interpolation method for generation of surrogate model.
Furthermore, the sub—region segmentation and improved sampling
techniques are implemented to solve the memory problem of the
Kriging method. The multimodal optimization algorithm is verified
by various test functions including multi—dimensional problem, and
finally applied to the AFPM motor design.

The AFPM motor is optimally designed to maximize the torque
and power as well as minimize cogging torque and torque ripple by
using the proposed FRM and multimodal optimization algorithm. The
validity of the analysis and design method is verified by comparing
the experiment results and analysis results under various operating
points. As a result, this paper contributes to reduce the analysis and
design time, which had been a problem in the design of AFPM
motors and it is confirmed that the proposed methods are useful for

actual AFPM motor design.

Keywords : In—wheel system, Axial—flux permanent—magnet Motor,
Finite element method, Field reconstruction method, Relative
permeance function, Surrogate model—based multimodal optimization
algorithm

Student Number : 2012—20776
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