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T80l @ 3 (overhang), 23 u}e}m|Ef(overhang parameter), =712 7t
Z}(irreversible demagnetization), & 2 A 7 (optimal design), 5 7F27] 3] =
(equivalent magnetic circuit method), AR -2 A5 7] (radial flux
permanent magnet motor), A+ F A4 5 7](axial flux permanent
magnet motor).
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| o A& (flux) WS Est] AA o FHASHS dFoR o,
FORFH AVZAo®m a2vka "olA Qe A I A Alolo FA
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2 oA AR o R B ow dAAS Aol Hol IER[F A4
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S g-axis

d-axis

g-axis

a9 22 WidE A A,
Fig 2.2 IPM motor.



SPM A&7 FrAkAlo] st EHe] F-2Eo] Qo] fE =
o] dol7} sjxate] fAe A#glo] A48ty Wl dF qF2o A
Aol A7 FLsg wEbd, SPM AE7E dFH qF 9 AVIAF
(magnetic reluctance) x}o]ef o]t z}7]#3 E F(reluctance torque)= Al
shA] growm A ugA Ao deAgow Qe WSk A
A1 ¥ F(magnet torque)THS AFE-31A F o)

SPM A-s7]& FHe] F2E grapAol nA A AMde] o5 st
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&o] A S FdskA al A AAws Fds= qF Azl Bls|
d& A71A o] AA Ha, o] Ax dF¥ qF o AVIAF zho)7 A
shoh, webA, IPM As7]elA = d53 g5 A71A 3 Aol olst at
ZN1AG Bzt dASHA HH, FAA s agA A7 AsAgow
el Aet= A BEAR A ARESHA

IPM A&7 AAlo] 3]z vjFo] AFqlEo] Slo] dad=#el 9 #
Ao vAbs WA & Qe ERE o Q1A A71AF fAdelA Hg
sk Aol 3 THO JFAA ] AHA R AEE= SPM 57

= 298 &% s g oAk e] AXFAK(thermal demagnetization)
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2.2 RFPM A&F7]18 AFPM A F7|

FTAA AF7E AHol ¥ AveE el wet RFPM M5 7]
s} AFPM dAE7|2 T8 4 vk A pFow & o dsre M
TAA O ZHE B T A
WEsTE RFPM A5 719 a1 g &)
5719 14 Aet FAsteH5]. RFPM

9 213 19 229 ol %

H=0], RFPM AF 7] AAAQ F-xof wpet 3-z7F 18242
W& A% 7](inner rotor type motor)e}, 3] xH7F 11

913 % 7|(outer rotor type motor)= & 4 Q) 1

25¢ 77 WAdE dw7)el AdE d57|e 4S5 dE

% 23RFPM 5719 1A @4
Fig. 2.3 Stator of a RFPM motor.



4 24 YWHY del.
Fig. 2.4 Inner rotor type motor.

a9 25 949 AE7.
Fig. 2.5 Outer rotor type motor.
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(c) (d)

19 26 AFPM H%E 79 FA
Fig. 2.6 AFPM motor configurations. (a) Single rotor and single stator structure. (b)
Single rotor and two stators structure. (¢) Two rotors and single stator structure. (d)
Multistage structure including three rotors and two stators.



AFPM AF7& A e 25 E dAsts T A5 Wwdge] H W
&F(axial direction)S w2l EXE3th AFPM W5 7]1E= 18 263 o] 3
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1A PR viglgor 78 ¢ Utk

e, AFPM 57N EAES F7HA717] S
917 (outer diameter)= F7F Al1717] flaliA & wlol 9
2 (axial force), 3] AA2} ZH(shaft)e] 71718 Agte] QlojAxol H
3] 73 (stiffness) T 22 AlgE AFakEo] QATH63]. AFPM -5 7]l
A EAE SV 7P dElA) S I9 2.6(d)9k ol 1
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9 2.7 AFPM A5719] 1 RF @A
Fig. 2.7 The stator structure of an AFPM motor.
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A Z(lamination) £ 712 1#3t7] 93], AFPM A7) 1A= 18
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Fig. 2.8 The stator of an AFPM motor.
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Fig. 2.10 Proposed manufacturing process of stator.
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Fig 3.1 The RFPM motor with overhang structure.
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Fig. 3.2 Simple linear translation motor topology.
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(@) 19 3.200 tist S7F AV R,

D,/24

D /2 CD 4R,,| | 2R, R 4R,
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% 33 T7F A 2R
Fig. 3.3 Equivalent magnetic circuit.
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% 330l o= TSRS, O AE(flux source)s ZHE LHEL
H mgﬂ' Rino (I)QE]- @, °ll, Ry 2t mmrl_ Oy Ol NGB A7) A
gk(magnetic reluctance)s Z+z YebdIth M= 28210 A7) A S, R

SRk A7 A Fg= A7 dEbdY Wb 0=, --SH(no load condition)

Al g zkel sldzke] waEEvE glvkal hgekd, Ak A1 A R,
o} AR A7IA G R T ATNIATG Reell vlsl FAIE 7l
79 33()= 19 3.3(h)E 7rekst #)

1% 330N Run@ Rs Rl BEE H3tA HH, A7 2=
AA A FAAES R, 07 T, 18 33(c)2 7HF3 dvh a9
33(0)8 Ra AEBDFH 2(33)= F3l vk o+ Sl

mm :& (3.1)
1+2n+44

=R /mmr (3.2)

= FRino /R (3.3)

78 32004 HolFE, Aol o8k zAp&e] H R} PASE A=

CO

52 circular-arc straight-line permeance model= ©]-83to] 2)(3.4)%E 2

(310)& Ea YEhd 4 Qe

Ap =Wl (3.4)

Ay = (Wi + W )l (3.5)

D, = BrAn (3.6)
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Ry = g (3.7)

O 1 (W +29)1
R I (38)
"ttt A,
T
= (3.9)
mm
Lolg In(1+ 7y /Wy )
Ry = (3.10)
Holy In[1+7rm|n( )/I }
AZIA Iz ATHA0l, B 7Y RAs W g ws 719
=& (permeability), Ayt A= AT A I BFo I W "R S 7zt

ek,

I A% o A% (flux source) 2] ALl (flux division)E &3
A@IE ol gate] T F 93, FFANCRNE BAE AL O
e o rRE 2(B12)F ol &3te] 73 Sl

_ Jn®r Al (3.12)
PR+ Ry 14(Ry Ry, ) (1427 +44) '
1+(R, /R ) (27 +42
. (%o /Hvo)(27+42) O (3.12)
1+(Ry Ry, ) (1427 +42)
O%ol, ¥=A% U gk Best 97 A A HE A By 21(3.11)
7} 2(3.12)E5 dFshs JH 9 DJ o® UYHFOoEN T F
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¥ 31 57F A7 23} 3D FEM Alol2] A v,
Table 3.1 Comparison of results between equivalent magnetic circuit and 3D FEM.

&4 23  3DFEM A} 2k

g(mm) wi(mm) B(T) Bu(T) By(T) Bn(T) By(T) Bn(%) By(%)

0.5 5.0 0.40 0.36 0.28 0.35 028 -0.88 -0.75
0.5 5.0 1.07 0.95 0.75 0.95 075 -086 -0.74
0.5 4.0 040 0.36 0.29 0.35 029 -059 -0.90
0.5 4.0 1.07 0.95 0.78 0.95 0.78 -0.60 -0.88
1.0 5.0 040 033 0.25 0.32 025 -143 -0.24
1.0 5.0 1.07 0.87 0.67 0.86 067 -144 -0.21
1.0 4.0 040 0.33 0.26 0.32 026 -1.34 -0.35
1.0 4.0 1.07 0.87 0.69 0.86 069 -132 -0.33

_ An/ Ay
. _1+(mg [Rng ) (L1+ 257 +44) ° (3.43)

1+(Ry R, ) (27+44)
1+(Ry R, ) (L+27+42)

B, (3.14)

m:

¥ 318 eW3 FF7F 9= SPM AZ 7|94, 571 713 =¥ 3D

FEMS o]&3fto] Axtst Faxks U gk B9t I7#k4 2 A&5E % 3
S 24z} vERdT o, 4 A3 A= 3D FEMS 7|02 A
=]

%Y
A wdo] nga AEdol= 100(mm)o] AL, AAT ZE w2 20(mm)°]
o

=
A%zt 4749 WA A1 FIAL UE
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L BFA0l gk AN A Aboldl F w 2eln FTAAL A
FOASUE % BE WekAsY ARE pASRYE GTAN A7A
% W% g Bol Wk $EA% WE @ Bt /bg 2 WaE e
v, $ ol go] Wl mE TI ASUE 7k B Wakurh, 443
A4 Afolo] E wel Wste] wE $F ASUE % 8o W B
2 A% g9 2 & Atk

%319 ARERE, GEANY R4S UE g 4 Wk W
sh= AR A E 57 4715 2] D FEM Astel 2 2t glol, 33
ASUE G Byot FTANY ASUE gk B,S FHI| AeE AL
sl @ 4 A9tk AW, 5] AEe nA% AYeINY Bzt

O;

ok
o

312 A" S7F A7 2

B Ao E, SPM AZE7])9 end RS uddts A" =717
=S Ajsta JiAdE SRS RS eud e RE dAE
A2 AR E 19 349} 7ol circular-arc straight-line permeance model-S-
Abgste] relg) Spglk. 19 359 #o], W3 FxE Zh= SPM A
719 FEM dlIA S F3l dojxl JHEHH, AHo 2= oo 2
o] = /Mo dYoE T Ho Zdy Hrh
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1| Second part
Lo of overhang
First part
g of overhang ¥
B A5 /0 SRR R Z
Rotor Magnet| Air-gap Stator
a l, L, g l

11 Second part
Lo of overhang
First part
8 of overhang
B 25
Rotor Magnet| Air-gap Stator
I- ] 'I‘ ] T o '|‘ I 'I

(b) Circular-arc permeance model.

1% 3.4 Circular-arc straight-line permeance model.
Fig. 3.4 Circular-arc straight-line permeance model.
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O 35 oW ol o A& AR
Fig. 3.5 Magnetic flux path by overhang structure.

HA FAE, Wy F3relA e A7F F5H0] gob 22 AA

A ] Frro &, o] 7oA 2] permeance modelS- straight-lineC. & 112

o AR J9E, e F1reA e X7 o] gRth & A

HE, W3 do] 1,7k IO R, o] koA 2] permeance model<>
circular-arc= 119 gttt

I% 3.6¢ A RES Yepdt ke ASdole Iola, 3Rt

oF FTAAE A 5ol Il Bl 21, RE 1 ASHolE 2t

=,

nZi o N

i
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Rotor Stator

/(,,,I Overhang part :‘[

Y

% 36 LY 25 zh= SPM Hd-s7.
Fig 3.6 Structure of SPM motor with overhang structure.

Aol AdFe &S vgoz e FiteAe fFava HolE
21(3.15)= A EFA 7],

g2 +12°, 0<z<g
Oy = (3.15)
VA
EZ , g<z<ly,
R = Jon (3.16)
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= 3.17
" Lo 1, W, 0z 317)
R = 7 (3.18)
,uoln(ljtﬂ'g"h]dz
Wi
Ry e (3.19)
mln(goh,T)
HIn|1+7 | dz

2 3.15)%-E 2 (3.19)F Sall, LW FrolA ] Sl wE
AZIAG grEol AL HaL, olE Wi oR W koA 9

T L7l A T
oA

2}7}e)

N 28
15 %k By ok g7 AA el A5dE B e 78 F A ¥
A W g By FT A e AS WE A By & 43207 4(3.21)
ol 7b7h vEbd Sl

B = A“/Ag

B
P+ (R Ry )1+ 27 +42)

(3.20)

~ Wi, + Wy

B
/urwmgoh '
1+ Fr=mEon (142 +44
(Wm +Zgoh)|m ( )

28



1+ (R R ) (27+42)

"L (Ry Ry, ) (14207 +42)
(3.21)
ﬂergoh
1+ orem=oh . (9p+ 4]
— (Wm+Zgoh)|m( ) B
/uergoh r
1+ —Fr=-m2oh (14 2n+4)
(Wm +290h)|m( )
o 7] A,
I, In[1+7zmin(goh,vg)/lm}
n= (3.22)
24 Wy
I In(1
1= m n( +7Z—goh/wf) (3.23)
7T Wy,
olt},
¥ 3.2% ¥ 33

7k By Oﬂ?x}“/] A&
Eldith old], a4 wmwle AR HAZZol:=

= 325 AP ApA o] AEAp
3 YA AFRAE Y

@3, ¥4l g9 AMF A At F wy, G TAA

o 5 A%
W % B 11 9Md Aol 1,E MY AuE B



¥ 32 AerE 571 2713 29 3} 3D FEM Atole] A3 H]aL (B,=0.4).
Table 3.2 Comparison between equivalent magnetic circuit and 3D FEM (B,=0.4).

sl A% 3DFEM Ay} 2=}
gmm)  wi(mm) lpn(mm)  Bn(T) By(T) Bn(T) By(T) Bn(%) By(%)
0.5 5.0 0.0 036 028 035 028 -087 -0.76
0.5 5.0 7.0 0.34 027 034 027 -039 242
0.5 5.0 10.0 0.34 026 034 027 -080 3.96
0.5 4.0 0.0 036 029 035 029 -061 -0.89
0.5 4.0 7.0 035 028 034 028 -014 231
0.5 4.0 10.0 0.34 027 034 028 -054 3.86
1.0 5.0 0.0 033 025 032 025 -144 -0.24
1.0 5.0 7.0 032 024 031 024 -133 252

3% 33 Aljke 57F A3 2 ¥ 3D FEM Afol ] A3 Bl (B=1.07).
Table 3.3 Comparison between equivalent magnetic circuit and 3D FEM (B,=1.07).

&4 A3 3DFEM A7} 2.2k
gmm)  wi(mm) lpn(mm)  Bn(T) By(T) Bn(T) By(T) Bn(%) By(%)
0.5 5.0 0.0 095 075 095 075 -085 -0.74
0.5 5.0 7.0 092 071 092 073 -039 242
0.5 5.0 10.0 091 069 090 072 -080 3.96
0.5 4.0 0.0 095 078 095 078 -047 -0.73
0.5 4.0 7.0 092 074 092 076 -001 244
0.5 4.0 10.0 091 072 090 074 -042 397
1.0 5.0 0.0 0.87 067 086 067 -144 -0.21
1.0 5.0 7.0 085 064 084 065 -131 254
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T 37 oy Aojel] whe A% PR,
Fig. 3.7 Magnetic flux path according to the overhang length.

MR SRS 2 e, e FERE HAE A5 AR
circular-arc  straight-line permeance model= X 2= X <SlIth circular-arc
straight-line permeance model-> QW3 FxZHE] WA8d =0 F=i}
VAR Yolrbs Ao R PR shANE, 1™ 3.7(b) ek 2] 54 4
of olaom oW o7k AojAw, emal FEFH WAR Aol
FH3 04 ol9 g FROZ vobbA Hrk Yol oMY PRy
B AR Lol ¥ uAART veolrkes AS 7RI circular-
arc straight-line permeance model¥} tf& Wake] =5 FAshA At o
ehA, £ 329 E 3302E, oMy Polrk AWFS 9k Fkehi
e g2 & 5 o

g, e Fxo

©
)
lo
=
o2
bop
:‘—I'



= Agd owd doloA AgtE Sk F 22X o] &y olrzt
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ol
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rir
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pae
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3.2 FEME ©] &3t 34

2 dollA =, 2D FEMOlA 23 a3s aeste 484, ed 3
2}1] B (overhang parameter)7} A|QFETh 3% 34% A B
Epitt. 77 3.8 @A Rdlo] YA vebdTh oM
o & &% Fovt AEE= Afole A

wEy de7l= HgE eHe

¥ 34 34 2H9] Abe

Table 3.4 Specifications and dimension of analysis model.

- 4
Ex% T 24
232 WA /17 (mm) 751120
S| AA W /217 (mm) 40/74
132 AF o] (mm) 65
A7NAF AF (Apear) 10 (iz=10)
T ASEE (T) 0.53 (Ferrite)
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19 3.8 A Bl
Fig. 3.8 The analysis model.

ewd g eWd  Fxo] 9F ¥melA 74 (permeance
coefficient) 2] W35 AFE3t}h Huld A Ag= A4 (demagnetization
curve)oll Al 24 9] T2 (operating point) 3} ¥ ¥ 7|2 7] (operating
slope)2 4, AF7] A Al 242l F&Ho] =7 (knee point) ©]7
o] AFF-1tel ﬁ Astes Ak st Qaoltie2]. T A F
AL Fr ol Fo

—_—

H | ol o= A71AFd > I P”J
SASA ol wet depA A Ha, o] Ao w2 HE FFAA Y HuldA A
= H o Fh(average value)2] 7l o Z vlel 2 ot Q)

H 3.9+ 1A 9] 232 (magnetization angle) aE Xt 19
3.9 4 d% | 715 Z(reference axis)® LA &lof s A7} HEAHS B
Ak 4= Qlom, o] $H|oA] 2)(3.24)ZHE] 2](3.26)2 o] &3] A4
o] HulAdXx AF PE AAFST
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Reference axis

d-axis
a_
a_ '
' \ at
05 at
19 3.9 A3+ q.
Fig. 3.9 Magnetization angle a.
> [ B, xcos(a) + B, , xsin(a) |
B=_n (3.24)
n
> [Hynxcos(a)+H,, xsin(a) |
H=o (3.25)
n
P = B (3.26)
uH
o171 A,
By By: A W] xS, y= AT
Hy Hy: 27l 74 5 (magnetic field intensity) 2] xZ, y& 73+
B: Ashr el el A&HUn
H: Zpshdakol A o] AAZ =
n:FEMoI A G724 2] & A (element)
a - AF3}ZF(magnetization angle)
u - T A (permeability)
o]t}
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Fig. 3.10 Permeance coefficient of the PM.
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P,=B/uH 7 0.6
P;= B/ pH“ ’B-.
)AB
o
=
{1032
: - __ 0.0
2300 -150 B H
H (kA/m)

1% 311 P oA P = HujAdXA A o],
Fig. 3.11 Permeance coefficient P, is moved to P .

9 311004, I w2 O] Apol ABE A(3.27)% A o] dht.
AB=B-B’ (3.27)

{714, BZ B FEM d14g S3l ewdo] gle Ry onsyo]
Qe melo)x 3 Jfo] ForRE ALY Hi HAHS

2327 = ok dAMd AX(factor) wE w3 FOoEM, 21
Tz o JFAA ] A A WEtE ov|ss 2w uElu|E OP
7F 21(3.28)¥ 7ol yEebdt) 7he, ewd o]zl AF Zolo 10(%)kE
o AXA HH, 2P Fxof -%H HAAE Apgo] dRPHoR AH
Aushs A7 DA witel, dE-AA Az wE ol &3] ey It
2B S BAgeA "k

OP =w (AB x number of poles), 1<w<1.05 (3.28)
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=300

H (kA/m)

2% 312 209 FetvlEE o] g3 AR B,
Fig. 3.12 The corrected demagnetization curve of the PM.

Aoty WS Z3, 2D FEMolA oW d avE vdd & A ok
TAHoRE, A HA dAdA oWy FEE Zhe AF71Y 548 B
2 3D FEMQ] 3t ~El(one step) 31412 T3l AAtskAl "ok F WA o
AA ewdo] gl Hds719 44d B2 2D FEM & ~AF] XS
ol AAtetAl Aok A A dAgE T AR Sl At SR e
2ZRE, W metulE oP7l 2](3.28)S Fdll Lot

Beurve’ = Beurve + OP (3.29)

21(3.29)¢F #ol, 71&9 ZAA Byl W3 melvlE OP#ES
Hall FOo2M, 2D FEMolA o3 &35 w#lshs ZATA Byne ©)
AATE 19 3125 owd sEuEE o] f3te] AR AAITHS
UHERATE,

7% 389 MRS wgow, Aty WS FI 2D FEMORY
B AxE A3l 3D FEMO ZXHE AXE AnE A vla o zH
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Voltage (V)

Torque (Nm)

$4 7%l e 9 Az e em ol
Agstol 1 Astel B AFHATh e IF 313%E 1
% 356l Ueht 93, ol % Aol ofd Wt ® 359 U Qe

o
[-‘O
Ot
Lo
bt
e
o
o
ko

e
>,

id
:oér
1%
ruﬁ

0.3 0.3

-8 2D FE analysis 9 -8~ 2D FE analysis
-&- 3D FE analysis . - 3D FE analysis

Torque (Nm)

-0.3
0 15 15
Mechanical angle (deg) Mechanical angle (deg)
(@) Imm <.H Y, (b) 3mm 2.3y,
19 313 ZHEA "l
Fig. 3.13 Comparison of the cogging torgue.
180 180 :
---- 2D FE analysis ---- 2D FE analysis
3D FE analysis 3D FE analysis
z
0 o 0
g
S
-180 -180
0 90 180 0 90 180
Mechanical angle (deg) Mechanical angle (deg)
(@) Imm <.H 3y, (b) 3mm 2.3y,

O™ 314 971 vl
Fig. 3.14 Comparison of the EMF.
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10 10

g g
---- 2D FE analysis ---- 2D FE analysis
— 3DFE analysis 3D FE analysis
6 6
0 180 0 180
Mechanical angle (deg) Mechanical angle (deg)
(@) Imm <2.H Y, (b) 3mm 23,
1% 3.15 ¥4 W],
Fig. 3.15 Comparison of the torque.
3% 35 54 4.
Table 3.5 Characteristic analysis results.
2D FEM 3D FEM
Tave (NM) EMFpeak (V) Tawe (NmM) EMFpeax (V)
omm 2. W3y 78.9 150.0 78.7 144.7
1mm 23 79.6 147.2 80.7 148.5
3mm 2.+ 3y 84.3 154.9 83.7 154.5

3 3.6 2D FEMOA b5 A5 W o] S
Table 3.6 The Increment of remanence flux density in the 2D FEM.

@ H3Y OP I}2}v]E|
1mm 213 0.0073
3mm 2B 0.0368

39



¥ 3.7 A& Ay

Table 3.7 Iron loss results.

2D FEM 3D FEM
Iron loss (W) Iron loss (W)
omm @ 13y 70.2 70.4
1mm 2.3y 67.4 72.8
3mm 2H 3y 71.2 76.8

10° 103

y'\T/'x

(@) Omm 2.1 Y, (@) 3mm 2.1 Y,

(W/m) (W/m?)

% 316 HEUE,
Fig. 3.16 Iron loss density.

=5

3.6 2D FEMellA ew3l a3s 19

w2 oWy vetuEE yebdt ¥ 352 FE, oWd P27t A7)
o VIS BEAE FY A= % - Stk ey Fx7F gl
2d3 Hlwsle], eud Zdolrl 1mmY u] EaE oF 2.6(%), oW 2
o7} 3mm¥ w} B ok 6.8(%) =713t 3D FEMS 7|07 &4
Aol exbE, oW ozl 1mme W EA7F oF 1.4(%), %717t
°F 0.9(%), 23 Zol7} 3mmY W] EAV} °oF 0.7(%), 71 to] <k
0.2(%)°] A tt.

sh7] 9%, e ol
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B Hysteresis loss Joule loss B Hysteresis loss Joule loss
90 - L
2 2
5 5
0 o | NN Iam
2D FEM 3D FEM 2D FEM 3D FEM
Stator Rotor
¥ 317 HE @A A Gmm ).
Fig. 3.17 Iron loss result in 3mm overhang.
¥ 372 Fuwd [65)], [66]2] H<(iron loss)sl A RS o] &3l Al
kgl WS F3) 2D FEMOZYE AXtE Hald Zel 3D FEMO.
25 AL AN dds dehdy % 3725FH, eHd 27t
A 37 AASE B S Aok v PRl e md vas,
oW Fol7k 1mmd wl HELE oF 3.4(%), 2@ del7F 3mmY w A
£L& ok 91(%) S7FektE 29 3162 eHd Zolo wE HEYE
PEE etk oWy 722 A% 45 2 el FIAL 2o
S7hE Qlete], o] RRe| o] ke AL T & & ok
3D FEM<= 7lFo = AE afjA A3 exbe, 23 Zol7F 1mmY

u ok 7.4(%), 2H & o]t 3mmYd w oF 7.3(%)o]3lth AltE W o
23rEle] E39) o714 Aol v A& A Azt oxrt 2 A
S el & 5 Qi) o) Re 19 3173 o] Agtd WHE o] g3 H
& XA, 2 F(eddy current)oll 2%+ Joule £ A3 Wk E
7] W&ol @ xp7} E=7Fsk Ao 7 dE )

s, 79 3.89 A mdy FAd o FxA FAS b= thE =
T, €% Y 2o r Agd e AEsielth 11" 3182 4 K
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%j@

(@) 6= 27&%. (b) 8= 24&%.
% 318 34 mEL
Fig. 3.18 Analysis model.

%38 5 g, €% ¢ %ol wE 2DFEM¥} 3D FEMS] A3} H] L,
Table 3.8 Comparison between 2D and 3D FEM with different poles and slots.

2D FEM 3D FEM
Tae (NM)  EMFpeak (V) Tae (NM)  EMFpea (V)
omm 2.3y 88.4 161.1 88.1 160.5
6= N
y72as 1mm W 90.4 164.2 90.3 164.6
=X
3mm 2H Y 96.2 174.9 94.5 171.6
. omm 2.3 84.5 146.2 84.2 145.8
85
SH
a2 1mm 2™ 86.2 149.1 86.3 149.3
3mm 2 93.3 160.8 90.3 156.0
E 38ENFE AdH WS OE F 7, £F 7Y AR o8 eHd
dolo xgolr & 2agle] 2w adE Ridsts Ae gl &
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(b) 6% 27& %,

% 319 A mE.
Fig. 3.19 Analysis model.

¥ 39 7 &, EF F %] W& 2DFEMT} 3D FEMS] A ¥} H] .
Table 3.9 Comparison between 2D and 3D FEM with different poles and slots.

2D FEM 3D FEM

Tae (NM)  EMFpec (V) Tave (NM)  EMFpesi (V)

4= 1mm 993 8.1 157.9 8.1 161.7

2455 3mm 2H 3 8.6 166.9 8.5 168.8

6=  1mm 913 9.9 179.7 9.7 177.5

2715%  3mm ¥ 3 10.3 186.3 10.1 185.0
B9k, 19 3198 o] A B Akl Aol vE A el
Aoty WHS AEEATh F 39Z2FEH oE F F &5 £ A= v
T W3 Zdolo 3, AE71e FAdeo] detAH e, Aljte W
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33 LY aFE vHI A

oy

=
mdlo] ¥ ¥ 3

Rotor

% 320 A mE.
Fig. 3.20 The analysis model.

¥ 310 a4 wo Aped,

Table 3.10 Specifications and dimension of analysis model.

o <)a mﬁg a0 B4 gIstel, 17 320 HA
02 4 o] AJFS Lhehuc,

8
24
7517120
40/74
65

0.52 (Ferrite)
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— , B(T) 1.6

(@ e 3Po] gl =E. (b) 2ol ¢l mdl,

9 321 e mate] T AS F delAM e FAE UL
Fig. 3.21 An increase of air-gap flux at the stack end by overhang effect.

eHY T2 AT T weR 22 YA oRNEH F7HER
2SS WAAZIN, 19 3213 o] FAE AEE ST o
F grxel o ey ans BAS] JEAE Ut o Ugd A
%ol x,y,z HF ARoR Fejd Jart vk 19 322¢ oW Fx
o] of o] wE x, y, z WFeIA Y AHUE FEE Yebdth oW
x5 Zt= RFPM dE7lelA, 1 sjdsts 2 s oo 744
oz whE Aol AujA o, o] HRorFE ¥ 3167 ol AF

o)

719 &4 B4 gede @ 5 vk
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7Y 322 ASAUE X W AR 0 @ SNl B 2
o

=
o, =
44 Bt 9 £M90] sl w o A bl y I

3 2.0
B(T) B(T)
(a) &H o] gl AF7]olA (b) 2Bl Q= AF7]elA
A AU B A ASEE HE

T4 323 2nd gt oF S & oAl ASEE X

Fig. 3.23 Magnetic flux density distribution at the end of stack by overhang.
7Fe, 19 328" e Fxe] oF ARl x3tE Qe 3
AR Ao wE AW (flux linkage)Zrol T dskA oFohd, 971d 93
of o= & 4 Sk 1™ 324 WA Frxel s ke =77
b QAT B 2akw qlate] H el o] WA S ek

o,
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300
===Q0verhang Omm
—Overhang 7mm
z
o 0
g
=
-300
0 60 120
Mechanical angle (deg)
(@ 9714
300
B Qverhang Omm
@ Overhang 7Tmm
s w0
¥
g
o
S T
0 _ﬂ_-:__:.—-:\_-ﬂ__:\

123456 78 91011121314151617 1819
Harmonics

(b) 91714 %2l THD.

= X H =]l EX
O]' = 5]-

12 324 QW L2 oo wE T
Fig. 3.24 No load characteristics in the motor with and without overhang structure.

A, GTANES SR BFNA, FTANY 47159 AL 2
=

UTH62]. G721 27141 AAg WAl 7|
olylA o

Q3 oy = FFAA Y Ao wet gepxith5]. I e
Hzpo]lE A9 FHtf o %] & (maximum energy product) & 3| & A}A]

r

fo MU p
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oF 10(%) A== dHA UrH14]. wEbA, dHetelE zpA e marE )

FAE WEE EF A4 BAYD AHAs weel v 94 dk
[l 581, W mAS 2t A= AL Agstel ABIE 27
e Ao, 2719 447k 214 wANM WEA T Hojol @
o,

WAste] ogt A Aol o F A

of Wztet™, AL
A A "k 13 3.259
A, GTFRA B2 271 20°Co A 80°CE ArseEtAl W, FFAkS

ro
k

N
L
e
ol
2
of
1
2

X

(o]
oift
oo
k)
rlo
AUy
_Y}i

W% 32 TAA(B-B) Ha BAYLE S (H—H )3 HH 7t
24 Al 2xe wet GepA Al Ak 29 3259 #o], 112(80°C)°ll Al
o] F#o]l F3 (knee point) #lell U= Aol thA] Wzto] #

O
E(80°C—20°C)oll Al = FTAHORE FoleA ﬂﬂ, olgfdt A&
7}3 4Bl (reversible state)2F 31 $HCt

(L4

I (kA/m)
9 325 2% Wiglel] o3k A=A 7 A,

Fig. 3.25 Reversible characteristic of demagnetization curve by temperature change.
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Operating point

(L d

H (kA/m)
9 326 S5 wslo] 9 7ATAY Brjel B4,
Fig. 3.26 Irreversible characteristic of demagnetization curve by temperature change.

Operating point 1

(g

H (kA/m)
T 327 9% Al @ AAFAe Bk 54,
Fig. 3.27 Irreversible characteristic by applied magnetic field.

50



Operating point

(L) d

Kneepoint
Kneepoint |

H (kA/m)
19 3.28 AgtAtel oJF FyAY == wsh
Fig. 3.28 The change of knee point of by thermal demagnetization.

§ 3267 o], FrAA e T4 =7 20°CelA 80°CE }6
oA 2 o, 12280°C)ell A9 s=do]l =7 (knee point) oFefiell U+
Aoz, oAl Wzto]l ¥ AE|(80°C—20°C)oll A o] FAHOE %
oo E3HA ¥, ole]st ALE 714 H(irreversible state) 22 &

s, WA A okA5(field  weakening  flux)¥ S Wbz}
(demagnetizing field)7} A A= of x4 2o AT HOE =HEof
7}A] Bl A3k (magnetization) ] A=A A o) stti67]. o2 £
d Aol AR A e FA el AR F57 olst®
gojz uf AystA fvk 19 3.27904 ﬂ N A7bE AT S7bet

of, GTAN Y Fapel R obdle] Ui ASelE, dFelN Arte
AAZE AAD W B R4S WE @ BE HEl s 2o,
ojur wre 2F ALZUL @ BE gady] @Rl o] 2e WA

g A o] Brkel HAE ehit,

FTAN Y B A AVAY AVNE FHFORA B A
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AE7N9 %29}

o
1% ghel H9ETh AN Bore] ARt wy
#asA sa, 971A%
Z|

i)
=
°
12
l
s
>
0
o
X
i,
£
(o)
o - J
>
ik
1o
we rlo
N
-~
_10
Ij\]
N
£
T
r
2
N
2o
o
2z

EL7H W3tE S8 FAE 7 dARE ST AN AAbE e &
E; F(level)> A7) A
Egh A %7} 7..%%}—5— 21(3.26)8] Hu| A~ AFE AR5
= 2L X
= -

Bohe] A ofng

AN 5 ek A, Bk 7
A olgol A71He 4o WMol e, 2RAL AFow i

o=
ndAA AL A2 GO Z(P —P) WS
FHAE =R E 2

DA 27F A °4T9]r A
Alefl 138l 98, Z.}X}H](demagnetlzatlon ratio) D= 2J(3.30)3} #o]
ol st}

D, :(1—%j (3.30)

before

A7V, Buels AFAAT QA7FEA ke AEelA o] ATAA R
A% UE ZhOlT, Bue B7H A o F9 dTAA IRAE wUr

golth. AAME B @AE GO BEel £ ofg 27
_]

AR o] o] AVAH QA AL WA FAA] gror RdE & gl
o]

1
I, SPM A%V A0l B EH

A Al ofel] wAss A3 AVIAF RbARge] AfAoR mE T
wel =7k AAbel =2sitt [5]. W@ TR G e AIAE
= WA, A4S & ol mgd A % 2ol el A
G A el vlE) oA o® vtolR = 5AE ZHA St vl %], e
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TE2E 2z SPM AE7]e] BApEo] vt o] E ApA S ARE-sto] of
2 Ao7F g w, HF & ol wEH JFAR o] BrFA ZAlo
ety mEbA, W BAE s R AE5UE ghs 2 HEolE
A9 =4 54 ®F ofY el e d F-F(overhang part)ell A1) &2
o] wropx= FAAA o4 wiel, eHd FxE k= SPM AE7]9
AA GANA A 9] B7Fe] A e Eolof gtk ¥ 3.29%
e Fxo &g J A e =27 AAE UEhd #3112 9
3299 % Z21E& eI

(@) Omm <. 33, (b) 5mm 2.3,

T 329 P A9 AL
Fig. 3.29 Demagnetization ratio of PM.
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¥ 311 & Rde = XA,

Table 3.11 Driving condition of analysis model.

;87] Z]' X_] ‘l‘%‘ (Apeak) 12
A $1°374 (deg) 75
S 12
—Ferrite magnet e 4
--- Rare-earth magnet e

(4

0.0

H (kA/m)

9 330 AltE oWy Fx.
Fig. 3.30 The proposed structure.

& & kx4 (large demagnetizing field)S 3] &g

w2838 AtHe7]. Wb, I EF A 9 dF AR[FES AMEEHY]
kx}& Ao 5 Sk 7PASG Bl A=) $uis), [6], [65], [66]. 7t
g, Hapgo] g mgto|E AAo] §o] dF AFE AFESHE SPM A
700 AREETE, AA Al A 0] B AAE WSk A
FQs Fio|tt

wetbd, eud T2 zk= SPM HAE7)19 gTAA Brle] AAE
Zol= MRS Fx7F Atk 13 3302 AstE w3y = e

WY, 17 3313 2ol ATAAY F A4 BREE sgols 44S A}
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galw, ova FEL uAHo B HEF AL ALTORH, oH)
g Lxol A% Brke] wEEE GTAAe] Brle] el B ¥
AZ AAY = 9w, Aol= AHUS ALgsh ema ol uld
02 A% S J0E 4 oA Ak w9, et = A4 e 7}
Aol g HEF AL oma PR AgFowH, Az g
2712 29 & e el vk

—Ferrite magnet , —Ferrite magnet .
--- Rare-carth magnet A --- Rare-earth magnet /|

()«
()4

H (kA/m)

X ‘\L y
[ - N
0 0.1

(@)

29 331 oM Frel nhE gAN e v (@) A= A
HER AN S A A 9Md Tx (b) ATl E AN
N LIS

Fig. 3.31 The comparison of demagnetization ratio according to materials.
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Al 4 F AFPM AEF718 ¥ a3

, RFPM 570l A& 5ol gt W3y = AFPM &

4] 530l mA= G el sl ”ﬂiﬂ #

g0 Jes W3 5 Qv FFE AAISTE T3, AFPM W57 A

quasi-3D FEM[40]-[43]°11 4] oﬂ:ﬁx}’“ of wlal 7=k

=49 o, o] WS AL F v TAFES AAlsk,
[e)

2= 7% quasi-3D FEMS xﬂowﬁ}

4.1 Quasi-3D FEM

FAA 7|HEe] g AZE o WEE Qlsto], FEME ©] 83 7]

71718 A W AAZE AE7] Hokel A o] Foi XAl QITH[5], [40]. FEM<>
AE7)9] #7] E3}(magnetic saturation)?} 72 B]AE EAS 1173l
N4 Agge RAstA T, 7)88He 271 3xkgel EAle] Qo] A
ARl Eol ARivkE WS 7FA 3L QlTHA40], [43].
A, AFPM A5 7)= 3209 A F3xo 93] 3D FEMe] 2|3 34 o]
Aot} [43]. AW, ALE AlZte]l @ A= 3D FEMo] AFPM A
719 7] AA dAFY AEEE S vlagdolty. webA, quasi-
3D FEM©] AFPM HE7]9] AAle] &= o] girh39]-[43].

Quasi-3D FEM<> AFPM As7]|E SE3 4o S3HE AL 99
(computation plane) .7 ¥-8ta}o] 3|

o

(o}
1%

>
>,
N

;

e

rSL'

l

[nt

3t} Quasi-3D R & o] ¥ o A
= 9 AFPM g7 @FEATE Qs ol Jhe] ARUI7F HER A
A€ AAH BAY £ AR O S 2te v AFPM dE7)
2 FAHE AAY B 4 9th
2% 412 3x1A 9l 1sekA 2 E Zbe AFPM K%F 7S, quasi-3D
FEMo| A AHg-2 231291 7)8betd 22 Wgtsts WS vebdd.
H&ol, 288 24749 g9S M F AdtE deeziE el Ay
_%

#ee 8 de71e AAHA 4

ﬁﬁ‘“



7Fel# quasi-3D FEM =2 quasi-3D X2 & o2kl $HtH[39]-[43].
i, 19 429 ol AFPM 571

g FHE zhevie6]. AFPM HE7lold AAE e %7“’ 51511&
ggat7] 98 £xs B FAHE we=A Hd, 1A WAE S A
of| ;2] &3 A (slot pitch)oll g =S Zk(pole arc)e] Bl& ko] A7gsHA|
A Ak [68], [69]. B15ol, L xF Aol A L] A (teeth) Ho] apoll thgh
FTAAE S22 g HlE Gk adpiol, LA A lM e A Aol q
of thst YA 574 B0 vlIE W alf™ AE HHEA Hrk ol
oalfy Fol alf, FET AA FHa, oleld FiES mAxF W/ oA 9]
FARSo L 3o ois] JEFS v A A Aok

13 413397 7]518HA ?&% Zt= AFPM d-57]& quasi-3D FEM
oA AbEE 2xke Al lstets FxE Mekshe .
Fig. 4.1 Method of transformlng the 3D geometry of AFPM motor to a 2D
geometry which can be used in quasi-3D FEM.
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Rotor

1% 4.2 AFPM HF7].
Fig. 4.2 AFPM motor.

ul2hA], quasi-3D FEMO A 5 712] 1 1H7 (average radius)= 7152 %,
o shhe] Ala G o2 AFPM X%Eﬂ% siAats Wl AR e
4 "olmal Al ©uh40]. ol e A W2 el mE dE 7] e
Mol 23t dEekAY F2 §7—}0ﬂ gt =32 vlE& Fh(pole
arc to pole pitch ratio)o] 124 x}2] Wk whgl dAschd HE7 ]4 ds
= ASsk=d ol A & 5 Ak 71HE, 5 sS4 giE 53
& grol 1A WA wel wsteotd, FHE o
23 o] gebd & Q7] "ol oaE HAE & vk gl 1
A2 AL Abke ARt o] olEd SAS ke g1
719k THDE 7] flal wk=A] arefafof & Apgro] €t

Quasi-3D FEMIA A57]19 Bwbd & 7o ® A she WRle &=

58



g glol Nz tE gow Asd, 2| 44U
A3 AN Ay WOt o] R
Jom, w3k = w7t st A9 v

4
M
rl
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-
X
1
1o
oftt
O~
&
r
)

—}

& ™ol gl ofdd A

o 3o

o=, AEo] AHUxef| oist v]AE Folr] witel, AFPM H-57]
= oy MY SHE AL F9el diE dES Adkste A 2ol
quasi-3D FEM ] AlAF 4 9& #e8 Fa7t Stk

up2hA, quasi-3D FEMS AFPM dE7]o] a¥& oz #8317 &&A
= A%719 AukAel A&Hdn B S vgste] FEI ko HHd A
b odelo g Fagjof it oA wbE Wake] whel Ao A
o] WetAY X FAZE Mstet=A WBRE ofy g A ] AT (skew)
5 18T F e Aol At

H|Z AFPM A %77} 2R o7 3xpd Aol FAo)7l &} 2 Swak
0% ZE+ AHo] e AS 7P w, 7]EARD vy ghEo]
A7)0 RbE T st AgHox wiskstal, AL ghse] dukA o
2 AF719 Aol 57 Ho)7] wlEel, Zhzhe] Al FAo e Azt
=5 THshe Aox2ZHYH A7l AAA) dss = 7 U

1% 4.3 quasi-3D FEMOA ARE-E = AAIMTE HEFHAY Quasi-3D

FEMOA A ZZo] Igi= 21(4.1)7 o] vehdch

Ist Rout —Rin (4.1)
A7IA R LA} v WHA, R L AFe] <& wbA ot} i A
AAE Godof thet Ho WHE Ruyei= 2 (4.2)3 2ol A o) sict
| .
R...= —i—— (A<i<N 4.2
ave,l Rout N +1 ( ) ( )
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Fig. 4.4 The analysis model.
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Table 4.1 Specifications and dimension of analysis model.

= T 20
&% 7 30

132 94/ WA/ =ol (mm) 280/150/71

3| AAF 917 / WA / 3=°] (mm) 280/150/16
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Fig. 4.5 Comparison of no-load analysis between quasi-3D FEM and 3D FEM.
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Fig. 4.6 Comparison of load analysis between quasi-3D FEM and 3D FEM.
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gl

a9 47 A 2

Fig. 4.7 The analysis model.
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Table 4.2 Specifications and dimension of analysis model.

= 20
=3 T 30
132 2174/ WA (mm) 280/ 150
sz 9174 / W7 (mm) 280/ 150
FTAA 917/ WA (mm) 270/ 160
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Fig. 4.8 Distribution of correction function according to position of rotor (5=0.8).
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Fig. 4.9 Comparison of results between proposed method and 3D FEM (5=0.5).
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Fig. 4.11 An increase of air-gap flux by overhang structure.
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Table 4.3 Specifications and dimension of analysis model.

e 280/ 150
3| d& A WA (mm) 2d 2 284 /148
749 3 285 / 150
47 =9 (kw) 5
A7 3 (Nm) 119
474 4% (RPM) 400
A1 £% (RPM) 800
DC link ¢}t (vdc) 300
A712F A5 (Apear) 28
AT (mQ) 277
2 HeM = AFPM ds7le Fdst AARS VFo R 3|t )/
917 wWEke] wel 247t = ey HdolE AL W dr]e 54
of njx= Fgo] tis] LolEth ¥ 432 19 4129 A mde] &
st AboFS vERITH
a9 412)°] BY 12 oW F27t gl AFPM HE7lolth 19

4.12(b)8] &9 29} 1% 4.12(c)2] B9 32 FTAE AN S AFESIG O
W, 2d 2= SHAe] /el wEgez oW Fx7F J8¥ AFPM
Ae7lola, B 32 3] 9] WaFownt oW 737 A8%
AFPM AZ7lojth md 1, »d 2 wdl 38 H =RS B Aoty FH
At duEEE ol & HA AA RS FI dojxl mdo|th. HAF
AA e AEE g 5o gFE/ 2 Sk

% 413004 BEE 18] o71HSE Hujgke 214(V)ith BE 28] 97
Ak Hogke 226(V)ZH 2d 1] v]&l] 55%) S 7Fsklth 2E 39
A7) A HFS 224(V)EA B 19 HlE 4.6(%) 718

% 414004 Bd 19 71F EA FS 130.9(Nm)sith el 29 7F
B g2 136.6(Nm)EH 2E 10 Bl&) 4.3(%) =7Fskith 59 39 7]
T EA ke 136.0(Nm)ZA e 10 Bl 3.9(%) 71383t
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A5 F ITAY As7e HH LA

A717171 A gl oA, AA FAo] o7 sholn tE SAS
A8 kA fhote HE A AY ivr0]-[72]. @Al Hek=
A7N717] A A3k FAl= wFejof sk A H2o] MR AT &
ol tiF-oleta & & dvhri], [72].
ol Sl M717171 HA sk BA g AAbAIzte] o8 A
A3k A A sl(global optimal solution) o]l oJe] 749 =F4
# 4 3l|(local optimal solutions)E ¥ 3$8}= HIAE A A 54 ZH=T}[69]-
[72]. wEbA A gro] 7hd 2 A9 HAS ¥k ol HH s
o AZI7F A9 #E =4 HAMA] FRste] AL dek= #H A S
£ e Aol desEttt o)A EAFY 24 oigt Y-S A
W ofyet At = Ul A HAsE AT F A A
A (solution)= AlF3HAl FTH69]. weka, 717171 AAAE HA T2
2]
3

o &

o

gholl wet 7 Age g2 A Bus A Thssh thekst
o] w4 HAME A st HA gor Agstes e Asst
HoH71].

Multimodal # %3} A=k A9 HAs B9k olyet =4 HA 87
tEEe A5 ousithe9]. ¥ HoAE 74 HE719 multimodal

A gl A3tk Climb methodE AlFetri[75]. Altd LdielES A
FA T TES T APHer BE FAE59 AAE gHEE
Zlo] ohd Al F7e] thE Ed(metamodel)S F3 FE HAE9 $A
5 g8 e, &7 2% 35E =Y Y3, 7SS dagEE
I Hlwske] & o wE FHSEAS UEkd ¢ ITH75]
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51 71&9 H43}t 71

4 <are] F(genetic algorithm : GA)> thglo] 43k 2}l x3}o] ¥
211 A A2y E(survival and fittest) 2} 2} A Bl (natural selection)®] 2] &
EUz A9e HZA3 darglEo|vH85]-[93]. John hollande} 12] A%
=°] 719 GAdd g ATE T, AASANIIY Fgror W
[85]. #FA xste] HA o wet FelE o|F Mot A= &4
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gz AAdES F2 WFor ol YA HE= A v T 87]-
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3 BAAoE YA wFo] e B Wbk tia i olete M=
stal Alaketz] wiZel, v Al s Zte EAlFItlA daE
GAst=d Qlo] Asfiste A9t S5 LA Te7]. MEE HAES
Mo Eeso] 71EY UAE A AY =2 AR UARE
Eax

A4zt VAl WA Reshs AUES My B g5 TR ok

RIor

2ol
%t
X
[

N

A
2



Yeh dag el atshe At S7HE 7HA e Ha, olZle o
T =4 HAHAE S 7 UAvhe NGAY A& FA S St 53]
EASE e AxE] g8 FEMES ol gdljok sl #1717]7] HAH A
=AY Bgollis, B g5 $ES &78hs NGAZE Pt 484
= A

5.2 Climb method

GAL} 213} % =Zk(evolution strategy : ES)¥} &2 A EjA S Zwlste] e
HAst dug 2 Fdol ek, oy 7HH] SEEoke] A&l 8l
el TEet F RS ool A ARE-E o] 2LTH86]-[96]. GALF
& A9 HAMNE xdste 499 Vg daE e T A

_'C_|>_
%
= E4o] 6] 1y, e e HAE 7] g [A7]717)
=

dE

A3l EAlel Agst=d Qlol M & dRoE &gt I 5FY

7FE 5 EAYSTH96].

A717171 HAA g FACl o] a&4d dugFoldt HA4ET @S
A= MEE #@E A2 g 35S FIl wExn JgetA golgs
Zolgl & 4 Qlrh96]. & Heli= AL 3H(mapping)E A &2 w9
AF(mountain) & S4Hclimb)3lE Ao 2 HE J7S e A2 LS
S Aeketr75]. Algte WHY Fod EHorE duglEed g8 o
Tt s 3 @ AES FoldA 7H 54S NS A

At dyElFS dagEY Fdel dolA AKmountain) S ==
e Bty 7|4, A S (peak)S FaEl| &ebrtor & Ak A FIE
(problem domain)=, AHe] 714 £ B9+ F A&l (optimum)E 2] v| st
th o]t AHAH O ZHE AQkE WS Climb method2} $HH[75].

Z12A S F Climb method= &id-& 7IRFe® &S} A& 1t
thstk o 2] =@ (metamodel)&] &l 9l Kriging method[58]& ©]-&3}H,
AMAel Hsle] 9lojA= ESS ®Wo] AAA}(mutation operator)[94]-[96]&
o]-gal7] wiitel 71&8] stolBY = HA VM E AL HI vl

77



Climb method2] A

=7]3%

Step 0.

Chnin

A e A sk gt

COlmax

(25

7] #%

a o =

Clinit

7] 7hA e "8

=

Step 1.

Shet.

A

g 3

skAl A

(random)

1=
=

z7] JMAE A

el

| &

A

o A4

e

B

A

as 5

i

Step 2. iz

Fol el s A8kl o

3|

s ol

71 7R %

=

A,

==
"o

ol
Hj

O

X

—_—

<

3L (spatial distribution)”} 2 3} 17,

i

3l

KeX
=

%k (evaluation)

o

= (samples)=

2 gk

o)
=

vl & (spatial

%3] Kriging methodel 2
arrangement)= @A =11, o]

.

78



Step 3. Hassle free %<} 2] 4

..............................

[ ; m |
7515 : Contour 2
) M /Cbntour\l {
f / <«
¢ ( ./ [ ]
™ 21 X . // [ Contgurll B uaa
(@} i Vg ; .: \
S /
« ﬁ i O /:/ Contour3
= \ V /
/ )
© °
2.5 . - 2
2.5 7.5
X

% 5.1 Tad el xEE el AA.

Fig. 5.1 The construction of a domain involved in the level surface.

gl 2de ulg] Fow AxF7H(lattice region) WelA FAEC 1
HAut S B2 FE(leve)d AH(poin)se AEI EE AE0
AR Qo] Eo|A= %-‘;—E} o] 7S Sl (level surface) o >&%

TA A dFe] 1 G ‘4101]*14 =4 FHAA

12
=
o
3
E
mlo

<
Hassle free <3
(local optimum)<=

dole A W Ve,

Fmo
A

79
St W




O
oy
)
= I
o
r
1>
o
Hu
el
[
i
4!
X
)
12
:?LL
el
>
2

1o

e
LN
o

&

2 HAAH g 2 FE u g xelA
S %3] AArE 3, Kriging methodol] <] 3
2 HAAH M Aol QA QA e dd T

1 | ¥ :Local peak
Contour?2 1
| 1
S oo ] ~ " Contourd = |
C ﬁtou?l\\ 1 3 P e <_j 1[
/ | /, } 1/ /A : > 11
| / /' Contour3{/ /ul K ]
K / o 1 f:/ ]
LA gt |\ ]
3 o : -/ 5 |
i A i i PO T Y - |

Contour 5

2.5
2.5

x
O9 52 T dell E£3E FeH =4 HH A o5,
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Fig. 5.3 The difference between the estimated and the evaluated solution.

Fig. 5.4 Schematic illustrations to explain the validity of a local peak.
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Fig. 5.5 The prediction quality according to the number of samples.
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Fig. 5.6 Level curves. (a) Level curves on the xy plane along the z axis. (b) Level
curves on the yz plane along the x axis. (c) Level curves on the zx plane along the y
axis. (d) Level groups in the problem domain.
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Fig. 5.8 The estimation of local peaks in a space matrix involved in level group.
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% 59 25709 w4 HARE 7= AW g g4 B
™, 7% 5102 AlkE Wl o3k HAst S vehdy
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A 1Y
' ii i"(’i,m\\
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19 5.9 AlHEE

Fig. 5.9 Test function.
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(a) Iteration 0.
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(e) Iteration 29. (f) Contour map in (e).
29 510 AW el AA s 2.
Fig. 5.10 Optimization process for a test function.
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%51 A B5E A% AF 24,

Table 5.1 Conditions to execute the test function.

AA HHE 34 300
AA WMo A A3 7 o 0.001
}\éﬁ] ]\ﬂi’/{‘g] ﬂtﬁ tﬁi} %)\_ Oimax 0.8

3 52 Ajbd duYFd V& dugEHe] vl
Table 5.2 Comparison between the proposed method and conventional ones.

NGA Auto tuning NGA Climb method

v 25 25 25
gGaE 970 25 25 25
gress 3 7 7890 4961 294

FHE (%) 92.0 98.2 99.2

3 512 AY g E Adeked e VR =S Kol £k ARb
H dyEFe dss ASsh7] f8] multimodal #H A sl el gl 2
o] YA AdugE(NGAS Auto tuning NGA)I A 5S vlwatdt %
5.2 Al_td W YA duelFde] HA3 A3E delste] vErd
AT o714, FHES 5008 SRS we] A glo]r)

NGAZ £ A3E A7) gl HA3l 8 ool Al LA
_]

WS AAE FoF stk wkeF YA v o] v AAY 2 UF &
o a4 HHME FFA S S A €Tk Auto tuning NGAZF Y
NS AERor xd sdetE, YA wAES A8t B5Eke]
7F FAE BESAY o abr] wiitel, FHAR 3 SE S
T3+ . TE3H Auto tunin g NGALE &A 3 7FelA "Hi% yas g

=

'E_‘ [e]

At SHARE AbH ‘%}‘%’SMW*E 7}t 03‘3?4 HSH‘Jr N7t
o] ®HE 3l S=(iteration)ol] wEl AAT FAEY] wlFo] YA wk
Ao B A 2E WA TS (parameter dependent) A1 of 4]

=

to =
i)
|



Mol 5 itk
EﬂOIP— S2:E] AU

B Ao A= oA AAEFEE Climb methodES o] €3] AFPM % & 7]
o] HAHEAE FITE E 532 AEL HAF719 72 AA Al
[Sa=asi=g

55180 += 2Ws TZ7F = AFPM AE57|9 FZEA HA3=

ety 2 AgelA A8 AFPM A7) A Al 1Az @A
< S5 2% 97(pole shoe)7} Sl el H& & (parallel slot)

At weka, ZAEAS} EagEe] & WHol 7] Wil
[68], ZWEAE HATgFE HAL U Fo3 EAES Az o
2 37 H’it} 5528 = 551EZHE dojd RAFRE Huk

oMol ¢S HUE st HAY 2Hd dol= Climb methodE ©]-&
3l QXJSP?&EP.

%53 AAE A% S8 AR A

Table 5.3 Design specification of test AFPM motor.

=T/ ExX T 20/30
S=4o] (mm) 1.5
A7 4 (Nm) 119
A4 =9 (kw) 5
47 4% (RPM) 400
H1 £E (RPM) 800
DC link 2%} (Vdc) 300
Hol A5 (Apeak) 28
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55.1AFPM AF7]1¢ ZQEF A3}

AFPM A %7]9] 57 E = (cogging torque)= A3} Al7]17] 93 thekst
7|50 & Hé;ﬁ}[gn [99]. sFA|RE, o]t VW& 7|24 O = RFPM
AE719 IAEAE FHA3 A717] S8 AdEdd H S vH97]-
[111]. wEhA, o] 16* 7IME°l AFPM HE7]el Aed w, IAEAV}

Haszt HA4 e AR EC] Ut
RFPM HE7]elA ZAEAE HA3E A717] s HA o o724
=% Zk(pole arc) < 21(5.3)% Tt

=(N-K)/N, k=1,2,3..N-1 (5.3)

A7 N =N/ poli, pe 5 F N = 7 p2k €5 7 N9 FHAa
& ¥l 5=(least common multiple)°]t}. AFPM 57|l ZHEAE FHAS)
AZ171 e AT A Y S5 o ST AR Y Wel A el e Ak

ol oJst oz Qg ojxmrt kgt & s ZtA HrH75].
RFPM A7 FHAEAES HA3E A7) A5 2 (skew angle)< Tf
=¥ 2

Hoptimumskew =27T/Nc (54)

Hoptimumskew =2m /N, (55)

IHEAE HAZ A 274 5 & 27 €% Nee 2t 45

ol AG4et 21, 5 F AT £F N 2 Arels AGHet 2o

olwf, 5 & &% F7F A BFel= N = N7F "k 39, AFPM

AEINNA AA Afzhe GTAN WA A% o7
FEFoE 2(5.4)% A (55 T = 2l FH7E].

gool, 1 w=RoAY A4 ABRRE, JTALe] AFE A g

ol WMEA mARAS ke A7) g AL #el @ 4 Yo 19
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5113 o], 54 Fu x| tjd 55 7Fe] ZF(pole arc/pole pitch ratio) <]l
Mz AT AFE A&ste Zlo] 3dlY IAPEAE T
e g

o HALE AFPM AE719 A% Az A uAHA AA

o geel §AFES E 47k gl Fule) B 7L Ags o
W Al wA WARAAY &F SAel B £F YTl

opening)e] H|& Ftol EEAAl 7] witel, 74 EAE AFPM H57]
o WA oA AME oE e ZHA Hu, &F e dojzp mA]
4

webs, IAED HaskE faEl 7AA e A, S9 X sk =
378 g, G A dol gl &5 N Holrt AAMTRE
AR ETH AFPM d5719 A EA HAastE fst dAWT7E I9 512
o vebdTh

Torque [Nm]

O% 511 FAEA W,
Fig. 5.11 Contour plot of the cogging torque.
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3% 54AFPM H5718 27] ARGk
Table 5.4 Specification of reference AFPM motor.

=37 | F9A, anl a 0.8
2T} Ogyen (rad) 0
&% M- 4ol S, (mm) 12
24 Z o] m, (mm) 61

19 512 AARSE
Fig. 5.12 Design variables : Slot opening width S,,, Pole-arc a,, to pole-pitch a ratio,
Magnet skewing (Magnet ABCD is skewed to ABC'D") and Magnet width m,,.

® 54 AFPM dE719 7] BEde| dist =8 AFS YERSIT
HA g AdEHY IAED k=0l AZ vtk 9719 THD
7t Ge S A E vk o7]dete] THDE o 7441 9 ;q_d\_o]
EFe] drepvd @A o g TlostEAE UEleE HErE He, 97]A

el mE AE] A LE WA AL AN @iel

[t

ik i%‘Eﬂﬂ e NS Engz MAS 5 977 THDE

¢
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|AFet it 3£ 5.5+ 3709 SR did AHdE UEpdo SR 27}
P 2E IAEA S 7HAH 971-SE THD gtol 718 wt7] wj ol
1As HAFAHEA At TR 2= 7| ALtd ZAE
A gkl <F 30% ¥ 6(Nm)Q] FHEA e WA HY. 13 5.1
THAEA Aol thgt vwE HEpdT

0 N W
>}i02i

w
rlo

3% 55 FA3st At
Table 5.5 Optimization results.
SH 1 TR 2 <H 3

=357t | =9 ayla 0.85 0.79 0.77
T2 Ogen (rad) 0.55 0.75 0.52
Ex WA Aol s, (mm) 8.9 10 9.7
24 7o) m,, (mm) 62.2 64.7 63.3
Peak-to-peak cogging torque (Nm) 15.2 10.8 13.3
THD (%) 9.5 6.1 8.2

12 —& Casel

~€r-Case 2
< Case 3
—=-Ref model

Coggingtorque [Nm]

Time (ms)
19 513 IZAEA 9o njw
Fig. 5.13 Comparison result of cogging torque waveform.
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55.2AFPM A F7]18 W3 Zo] A3}

AFPM H-5719 s FolA 7IsEAY Fro wE %50l T8
st A HAo] "ot 7 AFeAs HugTeAe EHo] o &Y
o] 25(%)7F HiE AR AAsta, e 7o 542 A x

Hoz 1k
gHd, AFPM 571 g Ae] AR dolHu Ak wWAF v
F o7k 1 725 FE, eWd F2E dE AFPM AET)E 8
AApe] Wie)7d gl e Esheet FaAgGe] it JFo] v
woll, @& Aol /el el e v=A 482 & Aok &
oA, el 18 ens 27} gl X 559 FHE 29 AFPM AF7]
g, B9 2v Bd 19 IFA WelAd wEer oWy g2t 48"
AFMP 5718, B9 32 RH 1] Ak oF WFomnt oW
Z7F 489 AFPM HE 715 9w gt}
2 Ao B 27F HasEeM e F8o] B4 ghE WEeks
= A ony dolg AAgtt 19 514+ A W
E 532 M98 Ae7)e 71 A Abde dER

il

Ry

o

1% 514 AAWESF

Fig. 5.14 Design variables.
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WA, eme dols st 97 WFozw H43 wdl 30] N
&S MEsE eny Aols FES Atk md 30 BAFS e
EShE 2712 oW o] I,7F 5mm Al E3o] 6283.2(W)th &
2 3o e el ofs el 1o Wl S7hE A FAT A
Hore vpgow wel 2o Hgske] AF owly o) 13} LY 2§
& 2xE W,
[ Determine objective function j
v
[ Determine constraints and parameters ]
v
N Modeling and
magnetic field analysis with FEM
v

Calculate starting torque

Calculate power

L | Calculate ripples
(Torque, EMF...)

-

Climb method
-

Converge ?

Yes

End

% 515 AFPM 5719 A3 74,
Fig. 5.15 Optimization process of AFPM motor.
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#HA 3} dyENE, HusrEAe] E9 @eo] MR Hksidd, B
AgEo] W2 s A= f&ﬂ. EAES A7) 2AAN 5E%
Q7 AAZE glon, AAR JAEAL o= WA yFojof sk
Ao wEt 7lE= vk Oi‘”ﬂﬁ‘r E‘rJ, EagEo] AAA 24 A
719 71s= oAFA st aud 2Ee] delol = 5 37] w5,

EAYE2 H5FA {H(peak to peak) 9] AFolE V|EO R HAEAL] 10(%)
o]tZ A &3}t
% 515% AFPM 5719 HA 3 s vEbdth HA43 go
27E =E9 sS4 Anr As AFEE 94 ek Aok Climeb
method= #-83tA] drh dnbz 1 HAsh e A
%

"o
2 2
o

2 TARES WA R 0
QA RHETHE] AR, Ak HATRANE FR
A

Hgel e &
s U5 WA AdE Asske $ 4ol BeE JEE0] 54
g gl Rl 45 FF AA, FH S5 7 AVIES S

3% 56+v M TR g A¥E Yepdn FRE 27F 7P w2
=9 s ZAAN EagEe] 7P w7 wiiel, $R3 35 HEFHEM
Akt $RE 32 FJAEAC HlE] 27.3%) T7HE, ZE 10 n]s|
41(%) =719, 24 39 vl& 1.3(%) =719 89S el

¥ 5.6 HA 3 Ay

Table 5.6 Optimization results.

TH 1 TR 2 $H 3
I, (mm) 0.5 1.6 2.0
I, (mm) 4.7 4.2 4.0

2 (W) 6283.2 6384.1 6366.9
E3 (Nm) 75.0 76.2 76.0
EA8E (%) 11.2 11.8 9.2

98



Al 67 AIDE As71e 2A, A 9 A9

B Aol d Ak AN Y HAs duelZn AFH AAASE
Zal7] Slste] 2dl9) A E AFIE AA, AL R AP,

6.1 A18L RFPM A E7]

Aldg RFPM A-5719 Al A AlekS 3 6.19 YEMA L, AF
719 == 9 6.1°] AT

19 6.1 A YE RFPM A57])9] g,
Fig. 6.1 The cross section of test RFPM motor.
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(b) &=k

a4 6.2 AEE A,
Fig. 6.2 The manufactured prototype motor.
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¥ 61 ABE AZ7)9 7]E A ARk

Table 6.1 Design specifications of test RFPM motor.

= T 4

ExE T 24

474 4% (RPM) 1700

47 =9 (W) 500

ol AA S18
132 WA /217 (mm) 75.0/120.0
A2 WA /2174 (mm) 40.0/73.6

aQA AF Aol (mm) 65

&= do] (mm) 0.7

a9 620 A AEE AE71E YEhdt AlkE sS4 §
Al AAE W FxE ATstaal, ngA ek AR uE dd=
Zt= A iE Azl AEs Fdsdt BE 12 iﬂiﬁ” %LZ
7 fle REs vERdid, s Wy
A4 (B=0.47(T)) 2= o] FolA vt B9l 2= 5(mm) W3 Fx& 2t
ANk, g2 A 3 YR ZE2d R Aol Al U
oA AL Oﬂalxwﬂr A3 HZolE 2 (B=0.47(T) .2 o] Fo]A
Atk BE 32 5(mm) W TS AR uAGA A 3 fow

T

£28 prol JPAdel AEF A4 BAAT)OL olFoA U
AF7) FelA AGH G4 setol= AH oz o] Fold gk
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6.1.1 3|2} A¥AHAL vl

2 HAM = AEE dE79 s ddel APA9E vwstaa) sk
I% 63 AEE AE %— HolFrh Faf A Al e 29 =7 A
7h o= 7] wiitell Ay T8 el AASSIT

9 64%F 19 6.6°] 1000(RPM) & Al 71Kt 9] A 9
AAANE AT 2dl oA 2] Az 93-S 14.89(V)Sith B
9 2049 Mz7F I FAGE 15.73(V)EHA, BE 1o Hl& ok 57(%) =
Zvatdel, el 3oA 9] AzF W ALe 1819(V)EXA, el 1o us|
oF 22.2(%), B & 2] Hlal °F 15.6(%) 57t sttt A A e} AA A
7F AMEZRe] @2k glo] i FAEE & 9,1013% ol ds7le ¥

gt A delEt AR WH T &S L 5
AE EVARALAN Ao A A AEHY AL 5451
AT AT AN AAF A gasie

Oscilloscope

9 63 AlEE AE
Fig. 6.3 Test setup.
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—-Phase a -5-Phase b ——Phase ¢

20

Voltage (V)

0 150 300
Mechanical angle (deg)

(a) a2},

Measure P1:freq(C1) P2:max(C1) P3:--- P4:- - - P5- - - P6:- - -
value - 1505V
status EY v

5.00 YWidiv |5 5.00 Vidiv
0 mVy offset 0 my offset

(b) A4+

19 6.4 29 19 91t Ax)
Fig. 6.4 Comparison of EMF results in model 1.
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—-Phase a -5-Phase b —Phase ¢

Voltage (V)

0 150 300
Mechanical angle (deg)

(a) a2},

Yy
Measure P1:freq(C1) P2:max(C1) P3i- - - P4i- - - PS5 - - PBi- - -
value - 1654 ¥
status & v

5.00 idiv
0 mVy offset

5.00 Widiv
i 0 mY offset

(b) A4

a9 65 BE 29 oS At
Fig. 6.5 Comparison of EMF results in model 2.
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—#-Phase a -5-Phase b —Phase ¢

Voltage (V)

0 150 300
Mechanical angle (deg)

(a) a2},

Measure P1:freq(C1) P2:max(C1) P3i- - - P4i- - - PS5 - - PBi- - -
value - 1872V

status E v

5.00 Widiv
0 mY offset

5.00 Yidiv
0mY offset]d

(b) A4

TH 6.6 R 39 r)Heh At
Fig. 6.6 Comparison of EMF results in model 3.
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6.2 A|8L AFPM AHE7]

g AF71e &+ AES Hd £% 800(RPM)AA FHo =9

5(kW)E W3t AFPM A 57)9] 7tto|th A& AFPM A7) 9] 4
A AA A E 620 dehida, 2% 67S N84 E/)S 23
L2 vehdg
Azt @AY FPsglon 24 A A83d 4D 5499}
FAG AA A4S AAF [l
62 APE AE719 71 A AR
Table 6.2 Design specifications of test AFPM motor.
T = A AN
=/ Ex%F 20/30
px >=4o] (mm) 1.5 mm
S
DC link ¢+ (vdc) 300
5 © PNO8
241 280/ 150
544 3|2 97/ WA =g 2 284/ 148
»d 3 285/150
& 72 NdFeB(Shinetsu N362)
[ =9 Y A7 (mm) 2.2
S 33
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D

19 6.7 AlEE AFPM AE719 ZHE.
Fig. 6.7 Assembly of test AFPM motor.

(@ L=k (b) 3=k

% 6.8 AlPE AFPM A E7].
Fig. 6.8 Test AFPM motor.

APdE AFPM AF719 e 8 Tz mE s AFstaA, 119
A A2 O WS 2 Y] EAAE Al Aste] Ade st

Atk 1" 682 A AE71Y FdS HERAL
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6.2.1 3|2} A¥AHAL vl
(1) 97124

19 69% AlEE AMEE Yepdth 29 6.10%FH " 6.12¢]
400(RPM)C. 2 3] A] A7)t dl A e} ééﬂéﬂr% Hlaskgleh A
Agte md 14 39 126.6(V), B2 29 79 133.8(V), 24 39 H
132.7(V)=2 Z74 Hdon, sA4dze} élﬁ*éﬂrﬂ w9 fFAHS &
ATH o= AE719 F4 U A" 5SS sl FEs] wredsta

o o

[eNie} >~
E‘E%T%E}-

AFPM motor

..._.:;::a.'

* | Drivingmotor [0 0
\ e Ty o iaas
Inverter

T oo

9 69 APE AE
Fig. 6.9 The set for experiment.
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< Phaseb —= Phase ¢

Phaec

—rr—

200

(A) 951107

2200

Time (s)

SR

9]

@)

=
T
et o
et T S
o] , /VY.A/\/\.
TTHEC
aH/VXW
/. o >
S
/
S
Lk >
P acals

st

a9 6.10 2 19 orjdsk A9
Fig. 6.10 Comparison of EMF results in model 1.
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Voltage (V)

400

.°

-400

—— Phase a < Phase b

~<- Phasec

& o
/‘ﬂ *"’ Y
P
L
3

\*’}n’\ ,@

Vs
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-+

8

Q g 2
21
{05
% «" @ M

A ¢
x
Y

&€ ol
o S

'o

Time (s)

() 3442},

1
10.0msidi

(b) 24t

7% 611 24 29 97

ok A3t

Fig. 6.11 Comparison of EMF results in model 2.

110



Voltage (V)

400

-400

—— Phase a < Phaseb ~< Phasec

Time (s)

() 3442},

(b) 24t

% 612 BE 39 9r)ASt A
Fig. 6.12 Comparison of EMF results in model 3.
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O 613 AT 4.
Fig. 6.13 Measurement of pahse resistance.

i

A 289mQ) L E AAE AT, APFATE 277(mQ) L.
At 717] AAGA NN BRAHAE wdgsie] FAS FESF
Q7] Wiel AEzbe] ARt Ao AR Fel & 5 gk

=T
HooX
_O‘L

(3) E3 9 ¢

O3 61425 EH A 7HA] BEE giE] 714455 400(RPM)OA Q%

Q1 119(Nm) o4& BF W5ete As & F Utk X3t Al 714 &

do] ds] HuEx 800(RPM)°1]*1 L 2719 5(kw) oS BT W
st AS gl & 5 Ut

ewggo] AGHA oF2 Fdl 10 le‘fﬂ LH o]

B8t E¥delA 18(%) o14e oAFE Zde AS ¢

Agt AAFE A}%é}w Z*ZH Eﬁk‘i% aeste] 3lAAe] W
]

=
e HEde s & %E‘r.
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Torque (Nm)

Torque (Nm )

Torque (Nm)

150

6500
0 | -H-Measurement Model 1 )E)bx XXEIXU' o
#-3D FE analysis ﬁ >EI
130 B———08-x
s ----Rated Torque 4875 % JD .................
120 "
.
110 = E’[’
BX T "
100 b g 3250 it
5 e
%0 b -4
80
20 b 1625 -“B-Measurement
#-3D FE analysis
60 1| Model 1 - - Rated power
5 : ‘ . ol . ‘ ;
0 200 400 600 800 0 200 400 600 800
Speed (RPM) Speed (RPM)
150 6500
Beopr B8
140 i3] = - a -8 Measurement Model 2 ;,EKE}«
#-3D FE analysis =} R
130 ----Rated Torque 4875 F ’)K,’ ——————————————————
120 [
110 % ’rr
100 S 3250 o
: .
90 = "
80 4
70 1625 | g -8 Measurement
! ., AL +~ 3D FE analysis
60 Model 2 / = = -Rated power
5 - . . o . ‘ :
0 200 400 600 800 [1] 200 400 600 800
Speed (RPM) Speed (RPM)
150 6500 ”
150 —6— Q a -B-Measurement Model 3 ﬁﬁé%*ﬂ)h i
x =K +—3D FE analysis
130 s ----Rated Torque 4875 K pmmmm e
11 B . : o
N _ u,
110 -, = L
100 3 3250 /!
g .
90 = o
80 ’
. 1625 A -B Measurement
! - 4~ 3D FE analysis
60 Model 3 4 = = Rated power
50 0 o - : .
0 200 400 600 800 0 200 400 600 800
Speed (RPM) Speed (RPM)
S43 @Az
19 6.14 siA e A9A H] 3L

Fig. 6.14 Comparison between analysis and experiment.
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Al A 2o dfal] A A AT Ato]e] eabrh EAlEtE AE
1 & g AT a9 Ao w= ME FEile] oF s EE
o] B9 < E3| AFPM AT 7])9 EA ke A wEe| &Xo
uE HMES JIFE el & 7 Atk dAdAE ATl uEHA g
s EY= oA AlAe] WAL, A A (PNO8) = v AA
(S45C)= AHER7] wimol F-ateld Al Ao wlAdd el 23} SA
o8l s AolE TtAL Ao FHA & F At AIE d57]9
VA EFEL BT g o A FHLh AlEY o)A B
Folg RE" & gl7] witel FepsliA Al HAEY njdd A 54
of ola sjA3 AdAy} Ale]o] eyt EAehE o ® Akt
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A7 EE R FF AT

7.1 A&

B =Rox= o3 X7} RFPM A %79 AFPM A %7]9] HA}7]
A EAe nA s JFS AEHEST WA, 2D FEMeA oWy FxE
Zk= RFPM A5 7]5 #Astr] st 71E 759 AR o] zﬂﬁlﬂcﬂ
o, olF W3yl flsk ewd stetu|g 7t AJFE G ob&e, %7]
A GANA ewd dolg AAs7] s T7F AVIEES AEEe]
o, Zﬂ*l% W O 2 R E 9] A= 3D FEM A 39} Blmsho Z4 f4]
7ol S gl & 4 Stk =, oW Fx2E ZteE SPM A
700l kAL A7t Agd W, 7Y 7Y AR DA ¢
FARE A, olg 55T F e MEF 23 7271 Al

, AFPM 5719 A Al AFgEo] gkd quasi-3D FEM©o] 4 7-#F
2 o ]OH gz A =2 W A8E F gle EAES A
ki, o5 &S 4 Qle JNAE quasi-3D FEMES AlQkslich
RFPM 57]o] AEEo] gtd eHd Fx7F AFPM A 571 #842
w, Ax}712 Sl m A= Gl e A BRa HAY des UE
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= =wolM AR AT WEE oleledE e FxE 2t s
o AAg AT s A5E fAdMe vdd A7 Q@ HAF &

o ewa FxE zk= RFPM A%7]19 &7F Ao gt
TAES AAEAT olet #este] AFPM A F7]olA oWy 27}
E7He] Apel mA = o dkel tis] v & 7t Sth

oA AAIES ewd el = RFPM As7]1E 918 @A
Hol7] wjFo] AFPM dE57|9 #ds owd dehv]E o] A7 I
3lt}. Quasi-3D FEM 7]1® ol e® & wietu|e S #-&3tchd 2D FEM wHo
2% AFPM H57]° eWd a¥9E 18 & ¢ Qg FoE gk

SHA, AFPM AE719] 3% AxpH ol oJsk | ddel] o] 97 0]
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Abstract

This paper describes the overhang effect of radial flux permanent magnet
(RFPM) motor and axial flux permanent magnet (AFPM) motor. First, several
conventional methods have been surveyed.

The previous study considered an overhang effect in a 2D FE analysis through
correction of the remanence flux density in a PM. In order to correct the air-gap
flux density between models with and without the overhang structure, the
remanence of the PM was increased according to the difference in the air-gap flux
density. However, if the motor has a small overhang and a high aspect ratio, the
difference of the air-gap flux density between a model with and without the
overhang structure would be very ignorable. To address this problem, this paper
proposes a novel analysis method that considers the overhang effect in a 2D FE
analysis. The proposed method determines the effective remanence flux density
through a single magneto-static FE analysis.

Using the proposed equivalent-circuit-method considering the overhang
structure, the characteristic analysis was carried out to examine the variation of air-
gap flux density according to the overhang length. As a result, it confirmed the
validity of the proposed model by comparing with 3D FEM.

When the field weakening method is used for the control of a surface-mounted
permanent magnet motor, the overhang structure cannot be used due to the partial
irreversible demagnetization. To resolve this problem, a novel structure is proposed,
which can increase the motor performance via the overhang structure without
irreversible demagnetization in the overhang part.

The AFPM motor was subdivided into a sufficient number of independent
computation planes. Then, it is performed with 2D FEM on each plane, and finally
composes the overall performance of the AFPM motor from the computation
results obtained for individual design plane. Such a design method is called quasi-
3D FEM. If a rotor and a stator are longer than the permanent magnet, a quasi-3D
FEM cannot be applied in the AFPM motor because there is no magnetic source at
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both end-parts. Therefore, we proposed improved quasi-3D FEM.

The overhang structure was applied to the AFPM motor. Then, we analyzed the
overhang effect according to the overhang structure and proposed optimal structure.

The objective functions encountered in electromagnetic problems often exhibit
nonlinear effects, computationally expensive evaluations, and multiple optima. In
order to deal with such problems, it is often desirable to obtain not only the global
optimum but also the local optima as diverse solutions provide an insight into the
nature of input space and suggest alternative solutions against the limited
conditions. In this paper, a novel algorithm for multimodal function optimization in
motor design is developed. A new concept, named climb method, is proposed to
realize the multimodal function optimization scheme. The concept constructs a
level curve through the employment of efficient interpolation schemes in order to
estimate problem region and allows only one solution to survive for each level
group. Hence, the proposed algorithm is more efficient and practical than
conventional ones because a smaller number of function evaluations is required.
Moreover, it has additional advantage of easy implementation. The results obtained
over the test function and the motor optimization problem show the applicability of
the proposed algorithm.

Finally, the proposed methods were applied to design, analysis and experiment
of two prototype motors. Through the comparison between simulation results and
experimental ones, the validity of proposed methods is clarified.

Key words: Axial flux permanent magnet motor, irreversible demagnetization,
optimal design, overhang, overhang parameter, radial flux permanent magnet motor.
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