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Fig. 1.3 Representative commercial prosthetic products
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Fig. 1. 4 Classification of electric motors according to the direction
of the air gap flux

(a) Radial flux motor, (b) Axial flux motor
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A 2 A A% 959 &g WY 29T A%
FTAH A%7)9 BA

2.1 A o &ng W3Y As719 73 84
2.1.1 A% A% 75§ A¥719 ¥k 54

(a) (©)

(b)

LAN

()

(e)

4
o

a9 2.1 7FF A AR EE 107HA &2 27 9 9A4] B3

f

(a)Medium wrap, (b)Precision disk, (c)Lateral pinch, (d) Tripod,
(e)Lateral tripod, (f)Power sphere, (g) Thumb—2 finger, (h)Index
finger extension, (i)Light tool, (j) Thumb—3finger

Fig. 2. 1 The 10 most used hand gestures and grip gestures

1. 94 52 9 Z4A

2. T% 4 27]

3. £ ¥ 3 % 55 &%

HA, s g7t 8T 7 e 34 4 2 AAE g9
Aseld 7P S8 adolr. ARk &2 oF 21709
A}5-% (Degree of freedom, DOF, 38709 <%, &3 719 #z714L
zZkn QlojA Hgetal vherdt 9k w2 94 AAE TS QT (64,
65]. 1Fe &5 OdlE EAste AAAoz =7bsel 7k,

11 ! A—E — FH 1T



ol St s urdel HebAlal mige] Srben (7] 2%
Aol deAd 7 9 24 AhL Q3 £ & 54
Few oA 7] Wil A5 AHHE sHEs TEE ¢ RS
AgAR AA HRE e Zlo] adpHoelrt Qe e A
ste EAlg lede zger BRItn EFd d fE4E
A A wel elFeiRlen  [66-71], I 2.1&
AYBES%E  (Activities of daily living, ADLs)eA 7F& A5
AREE = 10704 &8s NIE7 22 o2 YEhdu(7, 72].

A oo T 8 A7 AR 84 8 Aoy AdHY)
Wl AN wkEAl mef ook dth[52, 53]. AA FH Al
mEw Al WY & e oF 400 golH, A9 wdel 50%+
cm * 19.3 cm 7|9 £ 7FAG[54]. ¢4 FE 1.1 U2 &
o] FHY #Zol dwbAo® 300-500 go FHE zErh o

K

=il 8.7 cm * 17.1 cm® =719 ¢F 200 g9 S
s AMEsglth. dAs odF FF TE AAES oF
el fIx]sk7] wiel AA Al FEAIAEL] AREARD F3F ARE
a#ste] AE7)e ¥ At e A ske Aol Fostt.
2475t Aol dANEEF (ADLs) S dgstA s el
A3 £r7F oy Ads sl dHEHAY [19, 55—

>

QTFEHE & £

58]. theket A7)1ek Ao EAE 51 ADLES 7eiA e &1 &
gs F4% A3 4 11 NoflA 25 N9 & & 3} 4 rad/s o9
A7) =& £x5 dew o [59]. E3E, o EtEbe &S
HyE BFor Axgo] ugHo vk 7] §& (Grasping) Ei
7] HZ(Releasing) & 3 Ale] o] AxEe] HHL o]7)E= Yo7
TEslor stk weEbA, dE 5o ¥k 545 Feofstr] fsiA e
25 #S o £ ¥, 52 55, 249 o AZHS oY= ¥
A7HA S 8ok g},

&N a8 W 7oyt Fa B AP FFE ol & #
3 52 25 Y] g8 dErlelA o s HY EA9) 7
£55 A @D Zo] AXtd F Utk o714 T, & 719 EAEE,
GR & 7lofH], p, € 7101 &, vt 37 & £%, Ywoor ©
A7) A AEEE on| )
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Gear

I 2.2 3HF At e

Fig. 2. 2 Grip force calculation principle

=—= = @ =V __GR (2. 1)

max motor gear
GR ngear

I% 229 #ol AF/7E o &t dAE A & € e
71l Ea el thid Ao® uehd 5 glom, 4 (2.2)9 3o
deedt

G r putiey Linger (2.9)

A @D A 22)F o&d A BEAE &2 o i Aoz

gelstd A @233 2o A R, & & &8 9,

liger = 2F2F 742 A WA 23} whe) o], Ty = ubet

r

finger

g E2le] A EE o etk

rpulley lf inger FGrip

T =
max
lfmge" GR nGear (23)
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Fig. 2. 3 Energy flow in the integrated drive system
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4% FES BE TE A2RY oux 53¢ 19 2. 3% o)
e 5 glth
AG 5ol 4 A4S A © A £E3E P& £ (Stal

[e) —GE
torque) & FEHlE YERIT 75 B ®F AE7]9 W £2E 00=
EJE gujdt. 745 A 3d S0t
0c]7] wiel ZE¥€& &l TS WSk ARkl
As71eA 71E Al 827 G55l = AE (locked rotor) oA
WA BE45 7 H &7 75 A AE719 #d
9 agglo] Ay 7he s 4 @<= 7H7IH, A8 Foke 4
EA met FxelA & ouly v& AA s deRE 7o
dolsitt, Aol Bt 7% Eas oE JidolAnh A8 dE71Y
AFFAE o] gete] AFVE AAPske 7IEY ATE oA E&EE
o] ZT}H[60, 61].

O 2. 47 A gFeM 34 s2e T3S wo Ho B
zzads yede F7] sF (Grasping) % ¥V &
(Releasing) ollA  d-s715 4tk 37 &l 4% EA7)
dAEE 12 54 5 ds7i7F A" W #5777 AV w3
A ol%, =7l TFAAE &7HERE #7] St Axd

Adsts BEaE B8 ds717F 2xg

o
B
i)
i

d

Grasping Motor off Releasing

A
. S
A

- -
g r‘

Stall sittilation

Torque [Nm]
o
—
o
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0.05 x
0
0 5 10
Time [sec]

29 2.4 958 B4 B FAsY] @ FeED Tl

Fig. 2. 4 Load torque profile for prosthetic grip action
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a9 2.5 £ Y AF 95 T
(@) o &3, (b)) o UF 3 7% A" E] A
Fig. 2. 5 Palm built—in type prosthetic hand structure

(a) appearance of the main body, (b) arrangement of the

integrated drive system inside the palm
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E 2.1 A% o 7 AAE AR 2

457 2 AL
Table 2. 1 Electric prosthetic hand drive system specifications and

motor requirements

A Che
T Al A ARCE
7ol & 0.5
7101 ] 23:1
&7kt dol, FA [mm] 30, 7.5
3% 3 [N] 4
A7) QF AbE
£2 @ [kef] E Ere 73
7 Aol 3 Enke U
T%5 7 [sec] A S <1
2w 27 300,000 3] o) %
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Fig. 2. 6 Example drawing of an axial flux motor
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AAF] Jol e AnsAor Ak AF/NE A Foln T
2 585, el g, 48] @M Aol A T

a9 2.7 FWF A% GTAN AFT1 2A We

Fig. 2. 7 Design variables of the axial flux permanent magnet

motor
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A. 8- 3 Hlo ™

A%7)9 &)
=2 77 5k

AE718 w2 5 77 9 dyof st

o — 1o
)
ﬂﬁ_io

5 d EWE gold UNE

AABY, FHF A% A%/ A AAA) 1R Aele] Qo]

A4gty] WEel, AAE wE Fedom Bwdel WAL

gee] saRe W HAAe LPAL B @Al dold 5 vt
F Qg o

e (Thrust bearing) < 3d}z©°] %9
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(b)

Fig. 2. 8 Axial flux motor armature shape

(a) End winding and lead wire, (b) Bobbin for insulation

ol
=

¢}eld (end—winding)

m AN

ol 19 2. 8 (a9 #ol

AR
GEM upE Qe

Jﬁmo

.
T N
L

W
3
5 2
buu
%0
o X7
N
(@]

aum
N
150
T ©
= .
jant

o B
)
e

FUGN
—
-~ N
o 5

)
=

A71Ape) #H

ko]

B

;01_
)

ojy
T

jan

4
y

Tl ©
B2

v}

5l

A

o
L.

factor)

A& (slot—fill
A A

4571

Felael

A=A

Mo

=
;Onﬂ

S|
=

]

3ol

o

t}(65]. 1

S °F 30% A=

=
1=

o 40-45%°] A

S

Al
2. 9@ 2 (b) %]

S|
=

ol

f

o 2" 2. 9(c)el H

[l
=

t}(67, 68].

ol

)
)
HH
ol
oy

X
e

F-q1ﬁ}ﬂ

A -

22



(a) (b) (c)

% 2.9 7]E Ad '
(a) Orthocyclic winding, (b) Layer winding, (c) Random winding
Fig. 2. 9 Basic Winding Patterns

slot

W

slot

I% 2,10 €% U 49 1Ry 39 B4 %

Fig. 2. 10 Schematic of slot insulation bobbin and coil
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19 2. 11 Orthocyclic Winding Type

Fig. 2. 11 Layer of Orthocyclic wound coil
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( Hbobbin’ Wim" Hair’ Wair )7]' é@ﬂﬂd
QAT & Qe BB (W

EF Ufel AAR 7do] T AUE 4 stor i * Msior 1)0]
A= 7] ATl whet Weoir SV i S WHESHE layer #Hlgko]
A= 2 (2.8) % o] yepdth. o] wet Hof 7hsd Y ©
Ncm! maxS 2 (2.9) ¢} o] AA 4 9tk

|: Ws[()ti 1
layer s
wcoil . (28)

h, . layer
slot i max
N(‘oil,max = layermax[ D ] B |: 2 ( wmii <w slot i )
coil - (2 . 9)

TEN(‘(Jil max
_ (D = 2w, ) 2
coil ins

k =
co
4Hslot Wslot (2 1 O)
adow &% U BRE Agdel d4ae Adar 9
A48 95 W 29 470 A9 W A AsHe nelshs $yol
dostth dwtAow AF7] AFe] AHEHE T wm Ad 4

(American wire gauge, AWG)=S wWE2Ex AAHAS AML3t AWG
nl= 3 furtel s F2= AREE 1A =A9 A&
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¥ 2.2 AWG(American Wire Gauge) A4 1AL o3

Table 2. 2 Part of American Wire Gauge specification table

AWG A7 A A% 5184+

Hs (mm) (mm”?) (2/m) (A)

18 1.02 0.823 0.0210 7—-16
19 0.912 0.653 0.0264 5.5

20 0.812 0.518 0.0333 4.5

21 0.723 0.410 0.0420 3.8

22 0.644 0.326 0.0530 3.0

23 0.573 0.258 0.0668 2.2

24 0.511 0.205 0.0842 0.588
25 0.455 0.162 0.106 0.477
26 0.405 0.129 0.134 0.378
27 0.361 0.102 0.169 0.288
28 0.321 0.081 0.213 0.250
29 0.286 0.0642 0.268 0.212
30 0.255 0.0509 0.339 0.147
31 0.227 0.0404 0.427 0.120
32 0.202 0.032 0.538 0.093
33 0.180 0.0254 0.679 0.075
34 0.160 0.0201 0.856 0.060
35 0.143 0.016 1.08 0.045
36 0.127 0.0127 1.36 0.040
37 0.113 0.0100 1.72 0.028
38 0.101 0.00797 2.16 0.024
39 0.0897 0.00632 2.73 0.019
40 0.0799 0.00501 3.44 0.015
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(a) (b)
A5 (%] 40 56
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47 ek (%] 0 6.67
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H2.12 ZLE A Fo W& Ho A5 2 JAAE oA
Fig. 2. 12 Example of the maximum number of turns and space

factor according to coil diameter
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7Fs stk [78, 79].

ofel e BHE AFeA BFE eI
o dgol WAT 5 Y] WE BEHom Fmuole} st
GTANE AR AL EASed, HAAs wgA A

wolt gelo] Bk weby W wAA @ HAA TS Adustol

AAE At =g, A

WA e AT

AFPM Machine

Single Sided AFPM Machine | | Double Sided AFPM Machine | | Multi Stage AFPM Machine
[ ]
Dual Stator Single Stator
Single Rotor Double Rotor

Core Coreless

| Slotted | | Slotless | | Slotted | | Slotless }

a9 2,13 Y A% ST %ol w4 @ A% 74
Fig 2. 13 Stator and rotor topology configurations of axial flux

permanent magnet motors
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Ueoz, A7 Al AAdd 4 dsre 5 ¢ €% F
2= AR dsr1e 5 a7 SAgsEs 5 9 ASEe 29
1A Fpojol] #dE AL ExE FA 6] wEel sk 510 93
FAZE sk, 22 AEH W &3 dEel AR s dEY)
FE AR Azl fs (80, 81]. FE A% Prg T A
(2.12) A " pote’ W stack’ hag’ Bpeak,ag = 7y = 4 A" Zo|, F=
dol, 35 A&UE Hujghs el

2
¢P= n Wstackhangeak, ag
pole (2.12)

B. = &%
AAASGE B EZAS Distribution  factor) & ©& A4 (Pitch
factor)®] HOoZ XdAY+ FOZ GRS AFEHo] uAA HA

Amshs FEE Yehith B ERedt 34 D8 AgE7] b
Sz A

&% v 39 "5 E AdAEor sttt o]Fd (Double—layer winding)

WAS AFESIgl o HAAES Eolil IY &S Fol7] S A

WAlS A EEte] o]F Hed A ®WAo] Ths3st 54 £ 279

AA A4 (Winding factor) S 3% 2.6°]1 YeERATHR0]. 34 HAAlo]
x| S o

=3P 3, HFdol B 2F/S wUIeHA @gken, 185 21
2= [e)
=

o H
X ol A A ZAR Al

B+ &% A=A (Fractional—Slot Concentrated Winding

FSCW)<S 7= Oé:,lX]—}_\:,] %7]@%717‘:— X]—7] ﬂig’ H]W%]
JAEo] A7) He nxy W B gZo] wolx
|2+ S ZAL zty At} [65, 82].

okl
)
&l
N
i)
)
o
_l

54c0=

=0

A W

ek The et = 4 d T 7 Boen A Asvh 22
T €% ATd £3e Agso @t Thed =23 T °lE

16 12 €% =& AAsislen, 25 a4 3 27

Aetd ZXE AAdE pEIAUE FUFE A& AE)e I &
skl [83]
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Table 2. 5 Motor design specifications

i) 2k
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. o A Tl AR HUE A4S
e G TAH A%
A7) (&4 x3
][(m;;m] ) 050 x 30
=9 [W] 22
3174 &% [rpm] 5000
A7 E3 [mNm] 42
T4 £33 [mNm] 250
dEIEF 3A/16=/1255%
agA 9 7d AR
244 A4 35pn230
23 FA [mm] 2
3= do] [mm] 0.3
3| AA; 9 7 AA ARGk
FTAA R AE UE
(=) [T] 1.4 (N50)
2 A [mml] 1.5
AFZE 917 [mm] 4
L3 F7 [mml] 2




.‘I

S
<l

=
=

AHEe 3

(6]

A 5ot el

o,

" B Ao o T o L - S _~
o = o WE ) or N = - =
SLTeF LTi LI0ZuESERERET IRETIG.
) ~— - —
Wﬁ;ﬂllmmul u_muu%oiu ZlmrtﬁrowATéa_l_uOC‘@uqﬂﬂﬁ_uxLE ﬂ,wLX_lﬂA_lL%iﬁﬂw
P BRR BT W L wT KT T o o e g
Yo Y - KR R N N 4 mh TN o T =
W) o o= gaﬂ_.ﬁuf oEiAﬂAOCT%ﬁMﬂATL}toﬂhﬂﬂm S N
—_— fite) °
TarTE Noh HeETesxitere’ o Fr Lt _ &
= BT X Ga ol momﬂgzo%moﬂl%qﬂmw ﬂ%ioﬁﬂxw}
o — _ I el QWA o mo O O - T =
= N B° O o of = N — < N T N _ TN K
T 07 o ™ = TT R = - — 3 . o oy o7
o B ™o e B ETEHIW LAY S Vg T ER P
= o Wy X o %cfﬁﬂﬂiﬂﬂwﬁ NJV_E%W@O%
o TRN T oom Pgw W o Moo BN R R
N s = &lwﬁqol NN ik XK _ TR = Hopéuf _Wu%_u
pE R L NG R I L B eI I DY e E s T B
T P X T <% o v L2 ol oy Eﬂ%%e
R R G UL ~ B
0 N T o " = oV R Ru L el ~ N = "
T o o N S e oo S O DG T ol
) E o] ™ ay ™ 9 L, /SN Wo X = O o}
T ow B R E%%ﬂﬂx) ok B TN R B oy
ar.wrﬂ_zﬂ i@%ﬂ%o%oﬁw%%%mﬁw«ﬂﬂ%xa_%@mm = *E
— .ZO ro_ L.Em.ﬂﬂ ﬂ_HO,.r_v
I N« T T B R T G e WA EoE o AT
Mowﬂﬂw_goﬁ ﬁa%iicTﬁeM_ﬂ;ﬂﬂnmﬂ 7ﬂﬁm%ﬁﬂmeﬂ}ﬂﬂﬂﬂﬂodo:€5|
<7 Hm ! 0 = = — X — ~ = _
TEETw T LT eI bt el R,k TEIETEET
%A_zﬂmﬁmm.plm%%ﬂmoxm.ipaml%%}%%%Wﬁﬁﬂﬁ%ﬂ%ﬂ
0 o0 w2 N = N Lu,l’ﬂAl‘._vmﬂ —
RS S R SR S A
RgBohe X Predor e Lg %%ﬁ%%%%%%%zﬂz:T
G TRy K R S A N e IO 9 K
%MﬂiW%ﬂﬂgwg_oﬂo_aﬂ_o;m7iEA_EEw@ﬂWﬂ%ﬂ.kwmrﬁa
fo 4 TE S MG KT Lo R E T 1P _ L0
a~a T = ) °f N oy o B
S B oF oF g KA A H K otk d N ME@AT%LM%

34



D. 3]}

e ARE FAske AR Folel AHS BRI
FrAder FHAHY. A7)V dAZelE AdY ERF AL
Aol FE AMEEY, 2Fg IEIE Q7 ol ouA
WE7F w2 EF ALY AHe AT de el AsTle
FHA Acke]l A7) wWEe] e EIUEES 9d JEF NS
ARgstel As7lE AAESIT @Wel ARgEE IJEFA XA
HooE A4 22 Td& (conductivity) & ZH7] wliell 3ol A]
F ST EAo] At ApAelA . Qg o AL dgE
T S ol WA fd A S ekl AR Bt
AR AF A% UE7F 14TE %S NGORE  AAsislor
2% s AEsth I 2. 14+ 947449 BH ABRE
L}

2} Fo] QAL 35pn2302 EFo|E AU EBFOE

ARESHE A AR dlel @ AstE "HEo] &

TN AE7) A AR A7)Ae] A A9t s S22 3]st
of A xfe] HlE| WA= HEo] How A Fojeo] Hls| A

I
RS
go] Zasts ARt 9ol Baol TxE AUt

B-H Curve

Flux Density, T

T T T T T T T
-Ze+B -1.5e+6

T T T T T T
-1e+6 -500000 0
Magnetic Field, A/m

[-20deg C [—B0dea C [~ 100deg C [- 140 deg C

9 2.14 9744 BH AX EA

Fig 2. 14 BH curve characteristics of permanent magnet N50
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Dt pricion & %716 A1gq Bujolgde] whde] og =3
22 ke 2a33s Lus 74 A%% 7M. Bolge] mde
AR EBR, WlolY Z7], AW Fato] od AR B =T
mpo] & Eel wla Wl Avka sbgstel A Al iAlsHTH
QrAN AET e ArFAel= EISs oA A9 ol
E7)50] gtk B3 A 4 (2.14)2 e 5 glom w9 Ang
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we EAsh MAEE 2S on gt

Istall (214)

h R R FANR A EA ASE FeAR 45719
£ 94 ol Frkehe AL ohith ® 47k Sk = Agol
AR gaz ool mEel AF/Y HH

Y doe BEAE 559 AwZo® o] dErd grelw 4
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2
B (2.15)

BH et BA g Abeld BAE 4 (2.16) 3 ol HYd ¢
5 ™
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2.4 A%7] B4 34

2.4.1 F3 24YE ©]8F AA HA

#3249 (Finite element method, FEM)> %] &4 7|9HS
o] &3] HA7] A|AE EAE A5t "ol

AN 18 Au WA e (@1 P

VeB=0, VxH=1J (2.17)

A A4 S BEY WA o] 3] HAS gt
B = A% 4% (magnetic flux density), H ¥ A4S Al7] (magnetic
field intensity), Ji+ 3 WX (current density) & UERATE

AH5UE B & A% BHEY HAS nkSsio] 2(2.18) % o

28 4 v, A+ 9E Z7] X" (vector magnetic potential) =
o

B=VxA (2.18)

AE/E EHY TANR ;e B2y 9R
o 4(2.19) 9 gol AHUES ek = 9ok

B = sof(1+ 7, )H+M} (2.19)

AZIM e = A+ FZFE] FAFE (magnetic permeability), g, ©
Z}3b-& (magnetic  susceptibility), M < =}3E oulsity, ¢ A2
o] gsle] A I} I FTEE ¥ AFILS Ze= IR E
AE 719 AuRkgAs 21(2.20) % Zo] A St}

Vxv(VxA)=J+Vx(vu,M) (2.20)

g7l v = A7) AEgE  (reluctivity) A 2 (2.21) 3 7o)
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v=1 10+ x,) (2.21)

= A& xS glof A&
HEFEZE A3t dro Fdo Husts A5S o I Ao HA
Fdoll  Hwdh= AHE = @228 P T F
ATt
N
o= A.dl, 1=§®i (2.22)
AE719 ZF AeA TAEE fE/1dEe 4(2.23)7 ol
AlZbe] M HwArge] WakgR i 5 oot
g- 34 (2.23)
dt

A. Quasi—3D FEM

0T A5 Hderle 3adZd FxE Qld 3Ad fetes
Aol Basht Ak Alzte] e A7) Wil 7] AA dAlelA
H Z&2o|t}[88]. ¥ =For= FEM AAF AI-E Zo]7]
Quasi—3D FEM< Aol A &3ttt Quasi—3D FEM:> 3x+¢2]
W3 AE dE71E WA BEFoR REste] 2ad e seet Rds
T%t H 7 999 AR s S WY AE dF57Y A
e WReldth. a3 2. 159 Fo] FWE AL HEFUE PAF
WEgoz 2w oy e AY dEUvF WEHE Jdde Ry g
PAs HATH89]. ¥ =AM AF71e Ho wbEelA e g
WAL =5 stack length® 2= A8 5715 7|52 2 Quasi—
3D REs FAseHn, HAH HdA F 3D REEE FI AAE
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a9 2,15 39 F2E Ze 59U A4 AT 71E Quasi—3D FEMS

g% 2349 TRE ABtE 37
Fig 2. 15 Process converting a 3—D AFPM model into a 2—D

equivalent model for Quasi—3D FEM

: Maximum Torque
300

250
200
150
100

50

|

|

I

|

|

I

0 |
500 30 60 90 120 150 180

|

|

I

|

360

Stall Torque [mNm]

~100 |
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a% 2,16 B9 FEAY A AaTlA A7 34 wE Ea
Fig 2.16 Torque according to current phase angle in surface

mounted permanent magnet motor
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B =
AE719] ?Lé—? T %XL Al S-S dlAsk7] Q18] A Aol A 9
= A E5E 0 rpmolH A7|AF AfH+=
d5F S DCE YolFo] d4s
HOREY g dErle wkadlE
E 3 (Magnetic torque) o 2&] 522 olAAo R AF YAz 90
degeld Ho) a7 A3t 19 2. 16 AF 947 e 23
e WERd "o, 90 degelld FHuh =7 ARG AR 934
90 degellA Z+ Aol AR/ > 2 (2.24) 8 2om, F Aol 2940l

s =377 2o 2 ¢ 2 AR ARdor wu A A
oldHor Hy EAS Y T EAS T F Auh g
AAR oo A B2 A% B A A x7]) ZEst @4
2e & oglon Hot T 2% B3 BN 98 Lot
g F gorw w AT AR AR 20s e
BEE D=

0,=90 [deg]

9]71'
I =1 cos|2aft+ — |=0
woa & 180

(0,~ 120);:]: \/51

180
(0,+ 120)HJ 3

180 2 (2.24)

I =Iacos(2nft+

IW=Iacos[2nft+

2.4.2 A%F7) 54 £4

opr Folxl o Atk whgow Ay 44 a9 Av £ag
WSS A%/1E 4As) skl A%/ 54

o
B 72 wae seles dgety, JH A4 W % ows
Wele AAsAch 19 2. 178 20T A% G4 Ao 4
WS Uee agoldh Hua Aues w44 .3 T
M ator yoke, 2% Z0aE 20) Moo, B2 20) Mag, G749 FA Mnag,
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slot
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Fig. 2. 17 Design parameters of axial flux permanent magnet motor

AS dol7b Aol HEE AAsS W, A (2.4), (2.5), (2.

T2

q , 2] . (2.6)%

o] g3std Ty Zo] Hu AT dolg &% T i 1ATFE
vebd = Qlvk % 20 18 YEhd AAH &% FAV ST S
Ao H R

A% ol Fasti webd ¥ AHUEe 2717} 7
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slot width [mm]
= - - N N
N o NN

RN
N

1 L L L L
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I8 2,20 97A S8, 2% T e B EA

Fig 2. 20 Average torque according to slot thickness and

magnet/pole arc ratio
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Fig. 2. 21 Average torque according to yoke thickness of stator

and rotor
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% 2. 218 nAAS AR Q3 FA wE A EI IS
el 237t FASSFE Hd EAVE SUFEE AS g F
NAT, AF7)e] FWa do] A 2Pz Qs 2 mm 2 3T

=8 Aol7h o L FAL AACAM & ¥ ASUEE
AT g dXRE st 7AA SEexE deR s Z7 EAl
AYEAE F7HAIZIYE [75]. & =wodAe AR a5 185y
a2 0.3 mmzE 1gsto] AAE PPk

As718 182 WA Ao d= gplgo] fiAer] W
3| Aol A ZE ATl AT E s F3tel Ao ey FxE AAT
T ATk FHAY] ewd Fxe JAA AETY v AS dEE
=

A7171 915k 75 F skl
el s wAsH] Sl&l Wd ewd 9 eI
Zdole] mE Hyt EAS A Hdwke 4 a4 2.22, 29 2.
23] Yebdlth ewWd Aolo FTdie o= AxE W WelMw HF7
=8 Fdol aEHIANE80], 7t eWd IS HuUR FE
719 e S7F AErh AA HolAA ol # =EelMe BEA UE
A

PYE S8l A AR Sk

1.5
g 0.086
£
=
w1 0.084
=}
9
oy}
= 0.082
e
—
205
o
< 0.08
]
o
£
0.078

0
0 0.5 1 1.5

outer overhang length [mm]

% 2,22 YA W dolo] wE B

Fig. 2. 22 Torque according to permanent magnet overhang length
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Fig 2. 23 Back EMF phase voltage peak according to permanent

magnet overhang length
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Fig. 2. 24 Torque according to magnet thickness and slot width
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A 3% FHFE AS ITAY AF71 HF LA
3.1 Hlz-%-9 #H9 HAH3 L=
A7) A BAE AS B 0 B0 wet gd 2T

nejste A" HE R BAo

=

[}

fet 2 2 (finite element method, FEM) & o] &
=z]u

>
=

<
:0L_,l ed
1%
Mo
o
bt
N
N

EARE, Aol wol wWhE Slape] A AEo] A Ak
g AETleh 2ol v 2 2M Y s B
of AlXt Alzke]l AA SRR wEbM s HA A

slpell &b7] wiimoll &2l A

PN
T
sl Hage] g TE 3 dlel FHAY e EEske SO

rir
on F
% o

HA st dugse @4 W wet 44 E4 W (deterministic
method) ¥} &EE74 WYY (stochastic method) 2.2 &3 I At}
Pattern search method, steepest decent method9} Z2 A =%
PHES Fdol dsta £ HRvb wEAN 278 wghste]

HAs)7F 19 HZ ) (global optimum) ¥ HAE 4= glr}. o] ulz}
Pz

il <112 & (genetic algorithm, GA), 2 3} q 2k
& 2]F (evolutionary  strategy, ES) &} #Zo] #d d4S s
gEE4  dagFo] AFHAUAT1E, 90-95]. FEEZF WHES
TR ARl Z|Hksto] o HASE S| witel A 24
WiHel wla] A7 EARE Ao w HAFHCEO AT H£Lvt
=g

HAg dugSor €A (exploration) ¥ 7} (exploitation) &
MEL Y9 E2

HAdl o wA= S WAsH] fa Hud w5
ot ool TS dargEo] V)Edd B ool
= € 1.0
= =

satels ol A

Aok Ol AR E S eaolvh B2 darg]se] A9
O

MFolAgt, F Q4 kel AAd 4y FLES Fd =]
duFe g S5 dl Al o] A ¥ [96-100] .
7129 HA3 duSTES 247 UE g4 9 sk 9k S 7

2437 §18 gelal Folof s A%
A9 A5e AN 99
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feel A7), 7heA A, Wl FE s AA @] Wl wE
dugFe A WEE dATeitt [101-1051. &4 W A4
> BAsta Al sk EAl ool AdsteE: AP Aorm AsFolof
sh=dl, AA Fst AAl FAllA AA Aol gle AREARE A
B9 AIFYE otatr] d=o] AEstrled oA wol Ut

A AL Atk o] (No free lunch theorem, NFL) 2 20417] %
= AR 2N 2S5 dAF o e dE EEECA AdE
Y52 AFstes A"l FaP=H, ¥R A F3 E&dE0
APAL ZRAle]l Y= wgkell olm] FAlgke] EFE o Stk AHS
H dstol A fFeEfstth olF m=o] AASA U\ Zejmwrlo] «IAt
A& ¢lth(There ain’t no such thing as a free lunch)”#}t& &
=7 2AA AASte] FQ3t o] o7 A FSkH[106].

7] 3]8] & (opportunity cost)old, RE A"o= 77} lon,
o' A& 7] g8 Adud B Z7]soF o= 1 799 A=
Ao}, v w99 (comparative advantage) ¥, & A8kl A
Ad=ro w32 7)gnjgow ik 9}{— © X*/]Hﬂr
[107] =, st yeprt 7 A5 25 ZAd 9l o Al

=
[¢)

=
= —
A

JﬂHU

DR
2% Y A99 ddeds ganst gdges o A4 =k
(180 go] AL) el Sakstol wojskH 45 oo UL 5 vk

NFL o2& AAsAon Abgs gololt HA3 dielZo)
e AR 4TS FUSEANE HgHEd 3 duelZo
AFE EE Gy FE 7S 4 59 S5/ 9o a, wE
TS AdAE b9yl Woldr Edol= omsk EAUTHI08,

109]. “No free lunch theorems for optimization” olAx& St
daelFo]l BE Aol ko] €53 £ dea 2] ofdeH 54
TAEl dste] Aol £ digE A=l sl s ol
dold Fatel fles TWelv[110, 111]. D. Wolpert= NFL
= F3st7] P e g w2 SAel wAlel S3tE A4
(problem—specific  knowledge) & &3+ Zo] FQsittn

rlru
M

S RS 9 Az
Austo] AwAel A% FAL mrd 4 vk AT 4717171014
443 ZAL s sA8 FAm, vA9 Qdeleln des el
g EEHQ HHE P & 5 gk webd vlaeele] deke



Adst7] sl wAE dsks BAgolA g4 o] ga&4R1%, H
S e A dddd HQr) gl
Albert Bandura® ‘A}3] Q1A o] (social cognitive theory)’ell

M2 Az oAl A A #IE8HE (observational learning) 2}
N

A3} o5 (outcome expectations)©] sFo] ATFS = = AT}, AR

w4 g5s TE Uy 4 g5 ANE G 558
AAE AIE Fshe sHe Fojstal dyAow AEs AH4E o
Y& FoHl12].
—N N
Observe Learn Select
Strategy

17 Xy changed 7: converged

2! Xpeer Unchanged 8: not converged

3! Xpeq repeatedly changed 9: local optimization

4! Xy repeatedly unchanged 10: increase population size

5 reached global minimum 11: decrease population size

6: reached local minimum 12: change search method

O 3.1 HAsE dagFelM ] AeAFZE A

Fig. 3. 1 Example artificial neural network in optimization

algorithms
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(Artificial intelligence,

A As

jad)
=

¢1#] 3} (cognitive science)

AT) ZoFell A o]gl o]

=
=

1o] 7= glom,

-
13

o

bl Aare

S

7V A 2 43} g (activation function) o]l Ul

—Selecting Hybrid Optimization Algorithm,

(Strategy

I %

ol
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el
il
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op
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E

T

ol

fite)
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Tor

o

ol

Tor
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o
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2ol

7™ 3013 2k [115].
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3.2 A3 EAY v A A9 olB= HF
3 ¢3YF

3.2.1 ¢xdF9 74

2 mrdAdE #F Fg5s FE Jd¥doRE HEs AdYste
Mz HA3} dugES Asig [116]. AsE dugF
TEEE Y 3.29 o Ay Aey solBg= HZH3
432]F (SSHOA) oAl dArtd el J3Fs vA= F 7HA F2 @A}
Atk Gx AA A eNA ARE AHEer] A& Al HA AEE ATt
EER2R=3

Create Initial Population
& Calculate Fitness

>
A

%

Observation & Learning

v

Strategy Selection

¥

Search Using Current Search Method
v

Calculate Fitness

Termination Criterion
Satisfied?

1% 3.2 SSHOAS 4%
Fig.3. 2 Flow chart of SSHOA
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A #HEA
w2 Ag Ob)e #H49 ’“E"ﬂol iR R B =

i Ao b SleE
B L PR e A L s B o e B IR O
sk o= B4 Slaes Ase ZIsste 7R e HATE
AW 0oz 7|5t "rh #F edldd 9L ARe FHE
=sh= sl 7ol "
o Ob'=1+1  x! =xi-]
0 Fhest * b (3.1)

2] (3.1)9— w2 Alee AE dEhdn A71M okt =t WA
HAlA S F g AuEta, Yhey =t WA BAS FHEE

A = 7HE % WA G2 ov g

0(|_4

B. 85 A4+ (Learning factor, Lrn)

st A% (Lrn) #kol 0 EE 191 o 247 ootk A
golg Aol galo] Mo st f= s AFE 002 FAHAT ol
AZHE el 8o At 1o ik

Aol Balo] WQd AL Fhy 7} AEAow ANHT Qe
492 math Yha 7t Yhe o 9445 RalE A AAe Aol
G oz Ao gas Adstn gon Aol gale] ALste] o
Row =3 > g

o] o=H= Ao sdue] FAHe AANS e BIS
AUl ojel A Aekg SRS EIE B oo We) gl
AH Yhy 7 ANEHA LS AL Yy b ANHT QAT
grdom eAe RS A Ea L& Jole]a] FRHl AL
B Q= A 2Hel AMHIt Qe Ao ST £ uh Ao
A4S 2 Hoz o=Hi AelHE mAY 7S Zof v
2303 ANE Zolw £7 FS MEA BEAZ 5 ik AT
2o AR w2 AAND S WAT S 9] wEel st
A%7b 19 Aez AZse] UF NS AZse d%e Aol
gaS st
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C. &4 9 (Activation threshold, Th)

@ Aol ZINbste] &4 AA= HAEs FAHAE AVE
AT gholth. 3 3.1 ol AZfE 99X (Thl, Th2, Th3)7}
Ao glow, Zkzt Thle siiwe] =7] 44, Th2& @4 W

W7, Th3t 49 o3 dge f4stehs AT o] AYsolx
Yhew 7} AAEA kol w2 AFT) A 2 B oA muAg
o ole] sFEE A% R} AA = AEAL PAT F QAR

Th3+ Thl1¥} Th2xt}h Aok shry,

3.1 24 9% 24w

Table 3. 1 Values of Activation threshold constants

Activation Threshold Value
At A7 4 Thl 10
A ] "7 Th2 5,15
5 o= Th3 20
Tolerance 1%

duze TAHD T BFe ey 2ok o F w9
3O AN e EE 29 3300 Yeha

1eA - =7] s B 9@ F2 g 3t A4 (Create initial
population & calculate fitness)

At Gt SATEE AYFL A WSl B WA

Jelgth. A 98 x7 A A7E Aekm old wAA
TA9 7 ANES AMEL BATS @e AT o] WAy 27]
sl w3 B4 olx) e AR B
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| Observation & Learning

Xpese Changed?

N

Ob=0b+1 7

0Ob=0, Lin=0 |—

Ob=Th3 >

Strategy Selection

P=P+2

Change Search Method

Ob=Th3? Deterministic Algorithm

N
—Y | O0b=0,Lm-=1,
Xpest Changed? PPt

:\]/:
v

19 3. 3 Observation & Learning, Strategy Selection A&
TAE
Fig. 3. 3 Detailed flowchart of Observation & Learning ,
Strategy Selection block
29Al — B &<5 (Observation & Learning)
dokel ARE AL £d AU g

2aAe] AR eMEE 8 3.3¢] YeERITh Yhee 7F 7BAEHA

il
r

4
-1
IS Ao T AZ7} 2SI Yhey st WA AT Xpow OF S X7 1%
ol A% A B Afst sg ALt 007 2713 Hrh Yheo
—1 ~
7 Ao X et 9 927 1% ool A 8 o= HTES
Z=gat7] 98 BF ASS Thl 84 ox= A}

b i
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3eA — A=k A8 (Strategy selection)

=
=

e =27

9]

el

a0 S
Sh =

o

=0d

A Fel et Lrn

= A~
IS

—_—

Ny

il

=17

=0

H

AR
B

Ob7} Th2 (&

Z A

o

o

PN
T 5

A
A

Jol =4 Ytt. Th29

(genetic algorithm,

=
=]

31e)
17

a

=

A

HOLb;] o7

(particle swarm optimization, PSO) < A &13&}9it}.

Aereta,

GA)E

)

olo

el

ze)
-
oT
e

sl

e,

ol

)

a5 &

A4 Ob7} Th3(H

el

&

X

—_
fiie)

ol

hest
o @27F 1% o]

!

P
T

It ¥ 3¢ 2%

)
30

|

=1
best

Xpes 7} 7B E GO} X

Newton
)
=

ol A=

74k (exploitation) ©]

K

gt

Q
a

o= Newton W}

e}

}E}

7} 7o),

el

7R A 7}

o]

gt

=DelA HAsE A
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Table 3. 2 Basic conditions of GA and PSO

o4 AH4E GASE PSO 7]

3] Newton methodE
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B wReld HH AAE FYRLA e FUF 4% A

3abd AL Aes A mah, &8 5 GO v

545 etk A4F JpHoR olud wAYE exs

oAy W] FAHNE AHgIA gow P A#E o
3 5

offh E, 3xkd #Ees sfdo] He

3000
2000

1000

L2 10000

10
5000
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ao

a9 3.4 Ag ¥ FE
(a) Rastrigin’s function, (b) Rosenbrock function,
(c) Ackley function, (d) Beale function

Fig 3. 4 Shapes of test functions
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)‘_X«.(’?))ij‘«g > (O ) (O O K
NSNS 2 23

AN

(a)

=

()

T 3.5 AAel o A AddTe R A

(a) Rastrigin’s function, (b) Ackley function

Fig. 3. 5 Peak positions of the test functions with multiple peaks

i 3.3 48s Ase A% A9 &

Table 3. 3 Test functions for performance verification

. o4 99 g
B 22zt
Rastrigin’ s function —5<x, x,<5
f(xl,x2) =2n+ x%+ x%— 10( cos2mx  + cos2nx2) £(0,0) =
—2<x1<2
Rosenbrock function
F (% p,) =100( 2= x2) 24 (x = 1) 24 1 = I<x,<3
f(1,1) =1
Ackley function
—5<x,, x, <5
— _ _ 2 2 1 2
f(xl,xz)— ZOexp[ 0.2‘/0.5(x1+x2)] £(0.0) =1

- exp[0.5( cos 2mx | + cos 2, ]+ exp( 1) +21

Beale function
f(xl,xz) =1+(l.5—xl+x1x2) 2+(2.25—Jc1+x xz)

1”2
+(2.625—x1+x1xg) 2

—4.5<x,,x,<4.5
f(3,0.5) =1
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Al ¥9=+= Rastrigin’ s function®} Rosenbrock function, Ackley

a2

function, Beale function® ZA£3}%t}t. Rastrigin® s function¥}
Ackley function Al A HANE 7AW o2 JHe AY
HA S zt=t} Rastrigin' s function?] A%, HAa A s
AA= HEstA zpo] yAIN ghe] zpolrp Ak A HA sl 7+
77k A9 HAH = (0, DI (1, 0), (=1, 0), (0, —D)A 29 s
#s Zte=th Ackley functioneld e A 7 77k A
HA M= (095, 0), (=0.95, 0), (0, 0.95), (0, —0.95) A 2.589]
S s etk AAo] oy iRl F AR A AAE a9
3. 59 YeERA . "], Rosenbrock function®} Beale function<
HAS 2A7F vl BFsto] HAME A Eshes AE FRA6H|
£ AggFoltt. AlFTTel st Y A, e Ageol Hel,
HAaHH A= 13 3.4 % 3. 3¢ Fsk).

GAS} PSO, stelEgls dagFe #ydd Z7]l= 308=
¥ 1 SSHOAS #dw A7) 10< popsize <50 2 A543},
212 AdE e A 20% MAIEe] 5 GAE]Y e<10-42
T A o g8 TR v Qe A A4S A8 7
25 100 A ESATh A1 e Aol HA

s3] dwistel <aglsel 100W 73 Al Ht ¢ s ®2d

oo w2 R ooN K
18 n® Rl ool HU o

HAso] wz B4E g oR o5 ¢ gt o E 59
Rastrigin’ s Function®] tj3le] 100 H A3 LSS 33 Ay
Ho 4 Zko] 1.03Y A9, 100 = 3Wo] 29 Ao H A&

FHEF o 97Ho] WY HAH A or FHES A5T + I

¥ 3. 4= GA, PSO, Hybridl, Hybrid2, SSHOA®| tj3+ A|&lsh
A A5 Aydgs JEebdth e ghel Lol 1o M i At
2grs Agsty 3 =23 4
Mo Agedo A SSHOAZF 7} AL Hd & 3% 2
+¥3st9tk. SSHOAZF 7V Agst 3 5FA4] = 3,
zkol= 3% gEoln, A AlZke] AujAR] G L2 E A nHPS
o

- SSHOAZF p-ratths dE&= WE o 9

i
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¥ 3.4 Agsh HAs A3 v

Table 3. 4 Comparison of optimization results of test functions

No. of.
Test ) ) Standard
) Algorithm function Mean o
Function deviation
calls
GA 4074 1.08 3.82x 107!
o PSO 11028 1.00 6.81x 107°
Rastrigin™ s - —
) Hybrid1#* 2926 1.04 2.42x% 10
Function _
Hybrid2#+ | 3413 1.01 4.58% 107!
SSHOA 1314 1.04 1.49% 107!
GA 23034 1.02 5.64x 1072
PSO 10992 1.02 1.53x 107!
Rosenbrock . )
) Hybrid1#* 18197 1.01 3.19% 10
Function _
Hybrid2#+ | 13965 1.01 3.01x 107"
SSHOA 1592 1.01 5.35x 107?
GA 5206 1.02 7.45% 107°
PSO 7094 1.00 2.13x 1074
Ackley - -1
) Hybrid1#* 2984 1.09 3.25x% 10
Function _ —
Hybrid 2% 2588 1.05 2.19% 10
SSHOA 1608 1.01 2.56%x 107!
GA 26706 1.00 4.93%x107°
PSO 8393 1.00 2.97x107°
Beale - -9
] Hybrid1* 4801 1.00 5.75x 10
Function - —
Hybrid 2= 5427 1.01 1.28x 10
SSHOA 1476 1.00 2.67x107°

*Hybrid1l: W] 8AA GA 3 & 7P £ do] tis] Newton method

2~
T3

xxHybrid2: GA 3 & ulx|dho] 713 £ o] 3] Newton method

PN
3
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ofo
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o2
ﬁN_,
1B
o

T4 A%/ 44 4

B AN 22 W A o8 S A5 A A9
= =
=

ARsta #HA AA dAE

kA At Alst =1 delA AARdE HA W HUEA A
2S5 WSSt ds71E AAs7] flete]l Al WaE AdAstkar o]
e AF7] HA AAE ATt 2.4.24-04 FA%E AF7
=4e wgow 19 2179 44 A5 %5 A4sg0om A%
% T, dPANe FAS AR AA Az APsdn. 44
Mo WMelE E 3. 59 uuhith 9FA TG Ax uele
QTN AAA @m Aol Foldumm AF A st
Agstgon, Aunos e 9 T 27 44 B e 33
dojo] of 5-l0Wlz AAstE Zolmw Hu WelE ¥ ol
10ME WA REs ARSATT5]. AES F T Ao Wl
Ha A AR ALY BolT &% S b gom AR,
Hz o¥els WA AsE A AAEe] 0258 de 5 us
EEET

% 3.5 dAF7] AAWFe W
Table 2. 8 Range of motor design parameters
A W SRR
F T FA [mml] 1.0-3.0
IZA &% T [mml] 1.2-2.0
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CRREE

o 314

o
vy N}L r—
e

Quasi—3D &9 55} 5| 4]

L2
Quasi—3D &9 Y5} &4
v
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l

Al

A5, AgdAlgt =4 w2
Yes

]

Fitness A4t

Yes
3D s|Ao® A A= AT

E o D

SSHOAE o]-8-gt A4 3l A4
[
a9 3.6 HA AA A%

Fig. 3. 6 Optimal design flow chart
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33.1 39T A% JTAY A% 48 AA 2%

a¥ 3. 7% 3 3. 62 SSHOAE o83 2 AA ZAIdE

«— Stator core

Colil

« Rotor core

(a)
Stator core

Coll
~ Rotor core

(b) (c)
g9 3.7 H7 24

(@) AA 2d (b)) 82 =% @d FA (c) 3HdA}
Fig 3. 7 Optimal model geometry

(a) full model, (b) stator teeth cross sectional shape, (c)rotor
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% 3.6 dw7] H4 2A 43

Table 3. 6 Motor optimal design results
Parameters Value
-9 23 974/5F4°] [mm] FHd 50/30
9]/ /F4°] [mml] 40/11.928/15
3755 [rpm] 5000
44 E3 [mNm] 42
Ho] 3 [mNm] 250
Adf =4 A7 95 [A/mm”"2] 9.15
EER 0.21
=7/ EFF 169 1253
&= 77 [mm] 0.3
A7124 510] 9 / W7 [mm] 37/14.928
71244 2ol 5 [mm] 2
A7 &5 59 do] [mm] 9.2
A712 D N E F7 [mml] 1.5
A so] 8l FrAY 93/ [mm] 40/11.928
3] d2F 2ol T [mm] 2
FTAA FA [mm] 1.5
T A4 (Us 715 [mml] 0.85
% A& [ohm] 0.0283
A A4 35pn230
AR / &3¢ 9 Hed /59
Vo -:I-'.I




HE AAREe Ae Y A= v 2ok 19 3.0 8-3. 113
¥ 359 HFE AAY AF JFE FUI L5 A4 AE7]9
FEMS %3t ¥3stEa, wxzet, IFAEA, 97189 e

Axtetol  yeRditt. HA AAA AAEHEAE Quasi—-3D EEe

A Aol 3D REe] A A ztol= i 3.7¥ Eoh

X 3.8 719 &ty UlFdY dE o5 dET)el B =ielA
AAD AE7|E vusts #Eolth 7|E9 g8 A%UeE BF kA
WEE AE darleln A7) 9 Bx AE EF, 7Y, A8 oY A
7 Fol A trE7] witel &8 EE 7] AAE vlust]elE ol
o] Qth. B =R Eat p A A" HE ® 257579 7)oj]
7V g ool nlElA wol wEdm B sty A 7 whx o
wrro] AAZE g8 Holow, B =R AAY dEr|e B4 Ux
7F e 5E dEr)sh Blaste] EadE W AE EF7F 9t
kA gk 28-S s 58 AE7IEA 448 U A& dE
718] AA7L o] FoAR S-S on] gttt

¥ 3.7 Quasi—3D 223} 3D 24 &4 43}
Table 3. 7 Analysis result comparison of Quasi—3D model and 3D

model

Quasi—3D model | 3D model | 232} [%]

e 97149 [Vpeak] 0.58 0.61 5.2

LS 77 EA (pk—

o ];)k) (] v 52 27 o
44 A5 [Arms] 3.7 3.9 5.4
47 At [Vpeak] 3.1 3.3 6.5
2% A5 [mNm] 27 26 3.8
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Back EMF [Vphasel

Cogging Torque [mNm]

Max : 0.616 [V]
RMS : 0.436 (Vi

oo oo
N &= O o0

Electric Angle[” ]
% 3.8 st A71de siA A

Fig. 3. 10 Back EMF no load analysis result

20 Pk—pk: 27.6 [mNm]

0 10 3 40 5) 60

Rotor position (mechanical angle) [* ]
19 3.9 FHe ZAPEA SN Ay

Fig. 3. 11 Cogging torque no load analysis result
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0.08
0.07
0.06
0.05
0.04
0.03
€ 0.02

0.01

ad Torque [Nm]

L

0.0005

Avg: 50.3 [mNm]

0.001
Time [sec]

% 3.10 ¥ 34 An A7

Fig. 3. 8 Load analysis torque result at rated load

10

Load Voltage [V1-I1]

—10

9 3,11 33 s A3 4

0.0015

nEA BT

Max : 6.68 [V]

240 300

Electric angle [* ]

#

=

=]
T

SFA

RMS : 4.72 [V

Fig 3. 9 Load analysis line voltage result at rated load
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% 3.8 A oF &vte UAdE dE 7] vl
Table 3. 8 Comparison of palm built—in motor for electric

prosthetic hand

£ dss nd Michelangelo Sofltgand AA 24
w2 4%485325;) REI\E;(;?Zl -
A7) TE Radial BLDC | Radial DC | Axial BLDC
47 At [V] 12 4 7.4
A7 2% [rpm] 4840 10700 5000
A7 EA[mNm] 20.1 1.91 42
7@7]% 2% 7 [mNm] 70.8 45.4 250
A5 AF[A] 5.24 13.6 27.5
47 &9 [W] 10.2 2.14 22
-3 42.80%8.4 | 210%31.5 400 =15
99T [W/em?] 0.84 0.20 1.17
[ri?ﬁ;g] 1.7 0.18 2.23
7ha Tx T2 A 4711 kg 710
d 2] 150:1~200:1 84:1 23:1
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A 43 NBE BT A% FTAY 457 A
29 A

4.1 NBE 2938 & d3xA AX 7] A}

A e AES A AAR DS FUY
A% GTAN AFNNE Adstol APt

(a) (b)

(c) (d)

a9 4.1 U A5 "7

(a) AR Zof, (b) FA %] &H, () AR
(d ZAd ®HAl (e) & FH A5 +
Fig. 4. 1 Armature of the AFPM

(a) laminated armature core, (b)side view of stator teeth,
(c) core with insulating bobbin inserted, (d) insulating bobbing,

(e) end part of roll—type laminated armature core
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= Wk AL g AN AUl dbE W dsTiel gEA
DA w7 Wekef tfsk A<= (lamination)©] ZHQdH7] wjFo] A=
21 A7) Aws ol E(rol) FHY FolE AFHATH117]. AP

W A% AT A AEZ9 AR Folt 19 41 ()9 7o)

% =
A7) ARs B FHE AIce WAoE AFHAL. A5 A £
ol mE dAYdE Higsl 98 0.35 mme FAE e
35pn230S AEsAth. 17 4.1 ()9 Fol B Hy HF F9
B> Algx FHE vpgkE =], ol2 Qlgk A AR b 2HY
Al EATE AZIAY 3308 A 214 s Eske A9 42
T Utk & =EeAE dE oY, FEAY F1hE st vE
T AA 7] wite] olet #e Al HAskA 2otk AF
A7) A gfolo] AH 7y WACo®E 9 4.1 (b) &} #Zol A
A o] kel BA TrEdtnt. ofolo] AYW Thy WA glojojst ThEE
° WS AnaR JhEES ZEde

7
oH118]. I3 4.1 (©%(dE A HWly wHHlo] Ajlw
o .

4.1.2 3=}

I 4.2 A4 SFA Fof, AXel RAHE IAA, FH3
Holgs Add s vebdy. 3da gFe e A4S dR
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(a) (b) (c)

a9 4.2 SHE AS Adsr19 At
(@) 317 "4, (b)&dzr Aol 52Ae F33 2, (o
Azt F& 29T e
Fig. 4. 2 Rotor of the AFPM
(a)rotor core, (b)rotor core with permanent magnet attached,

(¢) shaft inserted to rotor

a% 4.3 ntavE fo] Eo R FRIsh A Abst AdE
Fig. 4. 3 Permanent magnet magnetization checked with magnetic

viewer film
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4.1.3 24 9 33 =9

a9 4.4 @8 e 44 AEE derle ada, A
sh-9-Aolu, 1A= 29 4. 4 (o) 8 Zol skl AFA] HEAAR
TAEAY. HAF7] HAAo|+= Polyamideimide enameled copper
wire®2A Ydsa C(220° 09 Y& A% 0.85 mm, ot A
A9 23 A7 0.92 mme] FElde]l AREEHIT 7 X9 A &
4= ZF A7lel A E ddsto] HIEE A ST
34 By $AAM, a2y A ZA 799 X %3 AES 9%

(thermocouple) = H%7]¢ wk4g oz 7ol 3F$Ae
A

=Rk
gre] 9 THE Fa MALS 5
)

A& FAE st 19 4. 59 o kel & Wk
dolE FH3 ¥ F7 0.05 mme 2Ado]A (spacer) & st &=
dolE 0

B mm7t HEE 2@kt ¥ 4. 62 AE7)9 AT}
71go] aAAFe] FREA A= £ Uy
Adst= 4SS Yeddd. 13 4. 72 S
z2 38 Bo|t)

(a) (b)

(@287 94, 0) AR A, (OsHsAel DHAE A2



55 Fig. 4. 4 Assembly of AFPM

(a) Stator housing, (b)rotor housing, (c)stator attached to housing

(b)

% 4.5 35 Hol] 24 34
(@) 22 %3 do] 54 (b) 3 A= 53 do] 54
Fig. 4. 5 Air gap length adjustment process
(a) Stator axial length measurement, (b)rotor axial length

measurement
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a9 4.6 3 WA Haow uAAS} A Ad BH
Fig. 4. 6 Stator and rotor assembly process with a horizontal

balancing machine

a9 4.7 AE7), sk9A, dIdE 2HE BE
Fig. 4. 7 Motor, housing and encoder assembled
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Table 4. 1 Measurement result of coil line—to—line resistance

TE | AR mL] | AAX2 mR] | A me] | 22 [%]

u-v 56.5 65.5 68.8 4.8

V—-W 56.5 65.5 68.1 3.8

W-U 56.5 65.5 68.3 4.1
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" 4.9 RS 54 Y 4

Fig. 4. 9 Test set for Back—EMF measurement

—Test
—--Simulation

Back EMF [V]

—-0.8

Time [sec]
18 4,10 A7) RRa A o7 deY Az}

Fig. 4. 10 No—load phase Back—EMEF result

3 4.2 FHE 1A Y 4 W AY Ay

Table 4. 2 Test and simulation results of Back—EMF

Test Simulation Error [%]
Vioeak [V] 0.59 0.62 5.1
Vims [V 0.42 0.44 4.8
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Fig. 4. 11 Test set for cogg

ing torque measurement
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Fig. 4. 12 Test and simulation results of cogging torque (a) test
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4.2.2 AF7) 3 34 549 @7

a9 4. 132 AFR Asr)e Fsk AE TS UeRdnh Hd
3d45% 30000 rpm, Ho Fst EA 98.1 mNme Hola €]
o]y R ulE  (Dynamometer) S ARESle]  EHO| AZA  HIE
Aol 99 ojdetolA  (Power analyzer)E E3 Ay
gRlatgitt. AAE 2o A§ Alo] “efojBrl HMER AFEA| oo}
2903 FI5Y oAR7E e JIMEH EetolHE o] &sto] Fat
TR AFE ATl A7IAY FEE 1E9T o,
gh= TelolW ARE Aol Ktk Fost EHo| T}
o Fol Alge Hxe 4 sldEEl A8k
A Fa EAE 2 mNm¥ F7H719 AsS S3e90. 7 4.

sah A% A% depi

£ op > op
2 O go 9

0
o & o> ol po of

w
rl

& 4.3 78k AR A
Table 4. 3 Load test result

gy e
17} H3F 4 [mNm] 42
7% 5% [rpm] 5000
AT (Ams) [A] 4.9
23t 7Y 2%[° C] 68
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Fig. 4. 13 Test set for load experiment
(a) equipment configuration, (b)motor connected to dynamometer
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Table 4. 4 Thermal conductivity of Nylon and PTFE

A A Thermal conductivity [W/m K]

HdE 0.25

H >~ &, PTFE

0.20
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4.2.3 AF7] A E=2 &4 H7}

A7 Fa 5B AAEEAR Beola gl o tholuRuE & 3
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% 4.5 B AAX =5 dgAely x7] ¢k

Table 4. 5 Torque sensor output and indicator displayed value

Ed AM A =9 | ™Al EA 127 £
[V] [kgf—cm] [Nm]
0 0
10 0.980
20 1.96
30 2.94
-2 10 0.980
—4 20 1.96
-6 30 2.94

=n
L —— &

e

Inverter |
)
. —

I8 4,17 75 EF =4 A8 AE F+A

Fig. 4. 17 Test set for stall torque measurement
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Fig. 4. 18 Torque profile for stall torque experiment
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Fig. 4. 20 2 cycle torque measurement result of torque profile
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Abstract
Electric Prosthetic Hand Palm
Built—in Axial Flux Permanent
Magnet Motor for

Jae—Woo Kang
Dept. of Electrical and Computer Engineering
The Graduate School

Seoul National University

This paper presents specification determining method of
axial flux permanent magnet motors for the integrated drive system
in electric prosthetic palms, following with optimal design method of
the motor that meets the determined specifications. To apply
prosthesis—optimized electric motor to the system, design
specifications are determined and performance indicators are
suggested. The usefulness and feasibility of the proposed method
were demonstrated by designing, manufacturing, and evaluating the
motor of an actual electric prosthetic hand palm through the basic
design process and optimization process using the newly proposed
algorithm.

First, the load characteristics were derived based on the
operating environment of the electric prosthetic and the required
specifications of the electric motor needed to drive the load were
determined. Afterwards, the design constraint conditions were
described based on the characteristics of the electric prosthetic
with spatial constraints. Based on this, detailed design specifications
were determined. In order to compare various designs of electric

:
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motors that satisfy the design specifications, performance
indicators specific to the electric prosthesis were proposed, and the
meaning and importance of each indicator in the integrated
prosthetic drive system were described.

We also proposed a strategy—selecting hybrid optimization
algorithm (SSHOA) to optimize the design of the motor. The
proposed algorithm adjusts the convergence speed by selecting a
strategy of comparative advantage through observational learning
during exploration. The accuracy and convergence speed of the
proposed algorithm were confirmed by comparing the optimization
results of various test functions with those of the conventional
optimization algorithms.

Optimal design of an axial flux permanent magnet motor was
carried out using the proposed optimization algorithm. Through the
optimal design, an optimal design plan was derived that maximizes
the rated torque of the motor and minimizes the maximum torque
current.

Based on the result design of the electric prosthetic palm
built—in axial magnetic flux permanent magnet motor, a test motor
was manufactured and the design and analysis results were verified

through testing.

Keywords : Axial flux permanent magnet motor, Finite element
method, Electric prosthetic hand, Hybrid optimization algorithm,
Design specification determination
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