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Optimal design of High precision Maglev system using
Finite Element Method and Design Of Experiments

Sung Gu LEE’, Sung Hong Won', Hyung Woo LEE', Ju Lee’
Dept. of Electrical Eng. at Hanyang Univ.

Abstract - This paper presents the design for improving
performance of the high-precision Magnetic levitation
system. Motor performance on various design schemes such as
thickness and magnetizing patterns of the permanent magnets, pole
pitch, length of air gap, turn number of windings, and thickness of the
aluminum-core has been investigated in detail by using FEM(Finite
Element Method). Simulation-based DOE (Design of Experiments)
method is also applied in order to reduce the large number of analysis
according to each design variable and consider the effect among
variables. The design in all aspects is proposed by an optimization
algorithm using regression equation derived from the simulation-based
DOE.

AW 27 R Asge 2A
o] Raso] gl A FA
2yEo] A RS o2 ¥
%‘-?—7} HAE olEA Y
EAe o) Foj %351?5_
3.4‘4-4 7)1%0] gt} F 2
A% Aol otdF& 77)1]‘11 Aoy Az=wle] EJ*
Z7A 7). YA AUEE VATV M
”—3°ﬂ EAEH: H5E 3]@]‘2’} ARA 71 AdAS 5:'1’
”ﬂ olgzle} B4 *l Hagt AR 27 o4 A&
Ad F e ’“74]7} a7dEg. 33 B3 Ajado] A
=2 %?45101 Q¥ Azt Hse] UA %E A
oA olg} @ MA] oA He] slon o] F
A WEL AFAAE HAZ FAH A A
AN Az T Fee] &8ty Wi EABstA €
t} Aa $8 wolr Fa G Aladloe] Felsd]
AA ¥& A7 UE vy Helr] e E =EA
F ’r—‘:’**oL A &) AR FEHo) QA @& A&
2= a2 Musle 2R3 Wy A Al 4F
] ol4el RAEE e AAE T FéEAH
oY 1.e 2 8 A ‘Q}‘Elﬂ A9 wafer marker& 22
Aty Permanent Magnet Linear Synchronous
Motor(PMLSM) o2& £ =& 01)\1 é—i?%M] o]& # 1A
D 27 o Aladeltl] FxHE RAAHA A 9
o A .F 2AE& FA NEFAF7] ek A Y
og zhzhel AAMSFES ZEE B3 e Ax
ﬂ“}ﬂﬂ}ﬂ o] AARAES AAE Aztete sy
AZd Yok dhgel ok zEy o] WL A
AA v &3 A B3] 7 HA Aol AFEe] A4
2 o]&o] %7}%@' Wrioljr), AARSFEY 2o
e 7hzhe] AA E%l%:% A AHzete dEste
A HFEE ol FRM g BoAyg dte Wy
& B3 o9 7&% FARE AEE £ Jor o] wy
1 A7t oA 74]4.5]10}:?‘;.} *éﬂl.‘i‘il
=7} “’w@‘o}xl‘“’ et AA Al vjgo] ARs
GHe ZRRla vk B o =EeaE AgAey
(Design of Experiments)¥} 38 4%& Ha ALEshi:
HHe By H”ﬁ}Mﬁ o A mABe N5ES 2
EHE‘ FolHA] FA szt 3}L 97 mEE $Y 5 2

KAy 3

-{)1 ".o et off J;:‘ [0

‘O

(

oUW E AL FERsAth

19 1. PMLSM

2.2 E

2.1 PMLSMY 7% 7§49

PMLSM$ +23i= 1% 13 Zo] 4789 3% 4+4
M8 M8 %7] H¥E7N(Permanent Magnet Linear
Motor, PMLSM)Z o] 2ol gt} o]%AE FAE &
o]7] #ste] 4FuHE AA Honey-Comb Tz
Halbach type Magnet array 7} AFEESIt) o] E=} of

Z el FraAME FRsim, § HEA HXEHE
-r]‘ﬂ Ag# doing BasArh Zrze PMLSME
oAty BA 9 221G EYPHoZ Aojsw, [ T ¢

o
e VAT XFRY 2 [, IV 2L AT v
o) 228 FRIClf)

9% 2. PMLSMS] 2548

N&sr] 9% E=
A&EYE IEE— Vet ek 1o By, Bt
7zt o FRAY D AR AFl 9 FEIAHFUEE
tehim, F2EQ 2¥sh x,9HF AolE sHHn HE
Hog sy A% zhzhe @ € HE2D2Z %
a4 ok

Bp= B,»,,sin(—;t x) 2.1

Be= Bo,sin( ™ (x~x,)) 2.2)

o471M, Bp,, Be,® 7 A%UEY HRAZE ekl
W, v i 0Ag dehac



a9 2 7% dE=

FFAEUEE 4237 2ol By B: #22 Rd
o, 3349 vix AF dvel FHHE A
aw, e 4@z 78 4 Utk

B,= Bp+ B, 23
B 1
dw, = —Z—Fl‘:dv= 7;0—{3,,+ Bc)idy (24)
23 2A=E AA ANUA W, ' ACHTY 2
o] dW,& ¥ AA st HEFezn T
- _ bhi 2
W, = [dW,dv= Tt [Bot Bo) e 25

v, x
= 4—#‘;— (Bz,,,,, + B%,,+ 2By, Bcos( - xd))

A7IM, p, h, I, V= F& IF, F, 7Y 5
Ao, A71A F=9 ARG on gt}

PMLSMell 2AstA = 3 Fe 7bdade d
Y A g3t 426)F 2ol 7% £ Atk

W,
—_ — &
F= xy

(26)

_*V .1
24, BpnBcnsin( r xq)

=F sin(—zxd)

@714, F,. £ %d° HUAE Jehdch Magnet
arrary o) 93 LAHE AA FFAEEEE 29 29
Zol A¥Ao = BIR) g1 1z3 J¥L IFEA
A gtk g F73L 4 2.6)%e 28 HFE Y
8HA "t

¥ 1 osa zde) A

¥ 1L B =544 d7d PMLSMY F8 A&
vehz glch 2¥ LolM Be A3} e} o] ALY
y MY 9% PMLSM FZol22 dh}e PMLSME
22+ AL Tt AA Axdd @ ol HF
dZo] b5} S 8 48 52U Ansoft ALY
Maxwell EM& Al23le] 2319 DA% 4L #3319
o},

2.2 AHAAY(Design Of Experiments)

A YA & (Design Of Experiments)> AHo] st
AL oujgls Aoz AF EFEAC 4L
ojxjE 89150l o' AEAAE Yoty Hsie] 43
o] wjx)g} AAE olFA L, E Fojz dHolHE o
me A Pior BEHE sExel @I o]&elrh
o]} 2 APAYYL )& o) FUEE A
2 49 oA FLF H4UL L ugoz MA,
I E9E £330z 238 5 A "vhl4)

¥ 25 A8y 34y B J¢E v|F A=
dase 24 B4ES JEs 2 A2 E pole pitch,
F39 Ze|, 2Y © F, ¢E0F core o FA, 47
A4 T, A3 F8 5 F 6709 A AR 1 AR
59 $F& Yz ok 67 A AAEY £EE
BF 2FF0E AFYEd ol 4 2z A AAES9
2Aaea 280 W nXe TS AHRE FA
o o] AL i WEei Aol 2AE uA A
HFEe 2L o A dAsiol A wHdE
Nzoez A7 % Rolth £ AFdMe e AA
HEES 25508 AARA d& 279 237} 18
3] ol AA HWFEY £F 55 v HYe o|F

o Bxe At

B 2. A Az} 2
A4 ux A A
Pole pitch
9] Zoj
Zd | F
L2015 cored] T
A7 9 At
A TAMY FA

atl

0o Joo fos [eo [eo foo
-

Maln Effects Plot (data means) for 52t 2%
12 B L ENIEED

[T} / - S~

(X3 ~
L]
& os
L3
< 1% 2 02 o5 < n
2, LT “Wenm &R B ]
5 10

I

D4

T % il a 2 ® = ® ‘ ®
42 0)E core T4 25.4 [mm} Main Effects Pot (data means) for 52421
%].}\\j 7“_/‘T; 33 » ok prtch FEEY] EFEZED
23 A [FHgadazx 54 -/ \
A% 9] Peak & 05 [A] VA B N
Pole pitch 26.6 [mm] :{":
——6_'_‘:;',-9] 2‘7] 0.25 [rnm] -ElB = Xt 0! = nlzwgﬂlngﬂae < pEEd ] =
4T AAA Nd-Fe-B 1&
7 AA9 A% 5 R
0% A | AR AL TE | 15 1] o
Magnet array$] Z2°l| 92 [mm] 3 3 3 3 : 3
Magnet array94 % 96 [mrl'ﬂ o9 3 }éﬂ] ?_]7}%9] cg-z;ok_ﬂr_ﬁ

- 1268 -




FRYe] WEE Fola HA AV o]y ¥A4YE o
7] 1% 2dS A4Sty 98 MINITABAA = Usdh=
HEEY HAHY Beg ojgsto 1d 4 9 2L Ey
£ ¥
el et QEG'EM A
feh 18 HEGE g.';g g;

LE YT
D o ? uv [3:2 g; »«Bnqn
000008 g 29 150 40

*HUg
L
y=07500
4= 000060

gsa@
Mot oo e A g o
y= 205275
d=D55275

23 4 MINITABS] #M-¢EW HHz 29 43

2.3 s Ao}

MA b2 A 670 HA dAE F o3 st
genie] g 5709 AAskE o g Bo FH
th & ztdidoe] FEsel s E F3Ee Ay

< dastdA FAEE Frpsis A¥e) ARen] vn
A datge 25 Y 45 R FA 7

LAY FA Frbete A% 2y RAdEE £
Aol Wgof o] FrEAY Fadhs S 2ol
A dake e Al gkg st EAse 4
AETH HA 2EE AdRS 1 IR 23t gl
& 25 dyle] S7ES5E $4YL Frkeln 39 g
Fastez Aol 7hed A% A7 F7AA
of olgsfok dtie HEol gt HAALYL
A& AA wde] 318 WEn g A
T 075 (N, 205275 [N] olgiewm of 4A mwl
FEoaHAe A gree a¥ 56 vst 9l
.90 [N, 1806 [N] °Isic}k. 29 6.2 71& 29
2o wEa BA4EE yeplz glon o g 7}
2t 155-(N]3} 194 [NJol9lch, 29 7.& &8 84 &4
o ol &% #i4 e Mesh®& vehlln gleh

i
1

22 ro

N

¥;

N

j

}

>

2 3
N

Mt do N b !

N ..l}),
@ o
m

~
o)

sy

Nl

20 [ooonnn

o 9.1 0.2 0.3 6.4 0.5 0.8

O3] S¥e Mm

° [ 3 6z oe (5 ne

L] E: 31 82 a3 o4 a5 85
{sec)
A EED
)
B
3
8
1
&
5k
*
3k
2
¥
s

a9 7 A B4
3.4 B

2 =EdMe 239U Av] B3 A2Ee Bage
XA A7) ooz A& FUFH WEE AP
717) 48 4E A 88 (Design Of Experiments)® 2319
FHaryg Hay AMSdle HHe A, sk
AtE o ALgsH A& AREE B HHUAY
Wi HE 84 AN B AN AA o] He
A B gog gl S ded g 2ol
g AME oF & Uddoen yolrt JE o7 Alad
AA] A8 F$ obF aAHA AA Wil E A2
2 Almgr)

AAe] 2
ARl H e deael Az ra
s4% =y

¥ omge 4

A ARle®

3 =& 4

[1] "Single plane orthogonally movable drive system,” US patent
4,654,571, March 1987

(2

"High-precision planar magnetic levitation," Ph.D dissertation,
MIT, June 1997]

{3] “Analysis and design of synchronous permanent-magnet planar
motors,” IEEE Trans. on Energy Conversion, Vol 17, No. 4,
December 2002

[4

Y AYARY SR, TET

- 1269 -



