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Abstract

With the development of micro -technology, the demand for micro actuat ing device is increasing. But, it
is difficult to achieve high resolution and wide bandwidth with the conventional contact systems. So, the
contact-free systems which are suspended or levitated by magnetic force or air bearing were proposed.
These systems can be applied to high precision stages and alignment apparatuses. This paper describes a
magnetically suspended system with four degrees of freedom which are composed of three rotations (roll,
pitch, yaw), and one translation { z). The operating principle and the structure of the system are similar to
variable reluctance type electric machines. In this study, the force analysis is executed using magnetic circuit
and virtual work principle, and the equations that describe the dynamics of the system are presented. The
multivariable PID controller is adapted to the system and the experiment is executed.
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Fig. 1 Schematic diagram of the developed system

ZoolEl & o] &std P& =AY ZHAE I
wralgl o o (12 Won-jongK-\)r Tmmper‘: 479 9
Lo RE & ol&do B3P FAEg FA A
olate WA AFdolHE ALsHReH, AA
SPM (scanning probe microscopy) & SHF2 29 Z
€531 ok £3 Daniel Galburt = WH=A Al
23R w=3FAAA Y dols FEFAE WL
RO

Az718S ol&d HFEZ Alxde T8
P e S e I S R S "F pICAR ALY
B dgoe Z4Fe Fid weh whEHo| 9
&t #7] 5-AH(magnetic levitation) I &< Oﬂ 9] g
A7) A 29 (magnetic suspension) &2 T2
TA AeE BE AGAR 2L ol 43
7} wjZol 011'—‘11113.%0] ARG F7] Q& #
A2 Aol 2 Aol fFrEdtn, £ 4 ‘Q"g
EAZRE AFFo. 2Estd & AFeMe

Ll

Lr

Aol AT 2y FAL ALt S1E 5
A A9 7FE 4% g ww 2@
AslA 5131‘%?}_9_?_94 BlAQ FE7Z A5

Aoy, B dFdAME
FETg ol gso) F43
Atk oldFd FrE IF LFEAFES &H
M FET Txo)7) WEe) HAY UL
7o gFo] foldch wmAMEETYAM &
FHE TE/E o 03um 3 03x107°9 A,
A 25 1mm, 1°4 59 o]lEF°]l 8T7H=
B,” 919} 22 A% BFE) AMNE MEA
Agel He w3 ﬁ%wl sojop a7 ol
E AFdNE ALEE ArFAEY HAETE
BEas A SRR vk o)g HAskd, A=W
9] AAE AT AArIYY fx= % A7l
& A @ste AFdh. 2 FolA e AgE
Azdel Fze AEdd A d¥st, 3
Fole &dlxol=3te EAFdE P AR
olgm 7 P9 delg o) §dte FEIH 4%

AHE LEFAAT Aol7) A0l waA chEs,

Rt~
fl fu
o

3 [ 1 B OELFB
EMl EMZ TEM3 % M
X
Q‘u ‘ f, ' fy _i ®

Fig. 2 Structure and principle of operation
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Table 1 Specifications of designed system
Item Symbol Value
Pole width W, 10 (mm)
Fixed Pole thickness ! 10 (mm)
Stator Pole pitch - 10 (mm)
Winding N 335 (turns)
Pole width w, 10 (mmy)
Pole thickness L 10 (mm)
Pole pitch 1 ] 20 (mm)
Pole pitch 2 r 50 (mm)
Suspe-
nded Pole pitch 3 n 70 (mm)
object Pole height hy 20 (mm)
Mass of mover m 0.52(Kg)
Moment of In- 1, 7.58E-4(Kg m?)
ertia 1, 7.68E-4(Kg m)
I, 1.51E-3(Kgm?)
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Fig. 9 Experimental results (a) z direction air-gap, (b)
pitch, (c) roll ,and (d) yaw angle



4AHE HAE A7) A204 717 AA R Ao 877

45 [
20
15
24
a0
45
% 6 28 W 2 2 % 8 3 2 M
Time{sec) (@) Time(sec) (b)

Piteh(10"rad}
o

&
2

w

b4

Roll(10°ad)
& o
[
Yow(10"rad)
Ziesc0nansd
£ %

26 28 30 32

2% 2 2 % 2 M
Timetssc) ©) Timetsec) {d)

Fig. 10 Steady state error (a) z direction air-gap, (b) pitch,
(c) roll ,and (d) yaw angle

16 1.2

5 14 -

$ 2 §|o

E 10 gos )
Zos 06

5 06 504

2 T

§ 02 g 02

3% 3 o0

“101 23 4567 40123845678

8,
Tima (sec} @ Time {sec) (b)

Fig. 11 Current inputs for electromagnets (a) EM for
f, . (b) EM for f;

-EE*\.u 5 s
162 =
®
180 g0 b/_—’
&
158 5

10 [ 2 4 6 ] '°(b)

o 2 4 6 8
Time{sec) (a)

Rell (107rad)
s o w &
anuo‘mi)
Le8505888
N
® ii

o 2 [ ‘o

4 8 0 10
Time {sec) ©

()]

4 6
‘Time (sec)

Fig. 12 Step responses (a) z direction air-gap, (b) pitch,
(c) roll ,and (d) yaw angle

Ay )EA FAREAY d33te (a,p)ol Hl
4 FhHe = 237t F& & F AW o=
FHAYSAE A dolA Ax7t FARASA
& A% AAEFY WAl v P o 3
o]l Wolx|7] o] f2ae s & ok

Fig. 11 € Fig. 9 & AgolA A A7td
AFE Yepded, §, §; S A48 B3 dE ol
06 I 07 ¢4FHIE FA &erh of AL AV
f29 THE 29 F UdE AHelA oA

Aol

1.710
experimental data
1705
1.700 e e
i
_ 1.6954 W \ Wm
E
E 1.690; Ao ainn
N |
1685 Do
1.680 ]
1.675 v o ]
20 22 24 26 28 30 32 34

Time(sec)

Fig. 13 5um steps in z direction

1.76
1.74 A h
1.724 P
T 1.70 frmtee
E 68
5 168
1.66-
1.64-

1.62 T ——— 7
20 22 24 26 28 30 32

34
Time(sec) (a)

0.10
E 0.05]
g 000
E.005

-0.10 v —r— v NS T T
20 22 24 26 28 30 32

34
Time(sec) (b)

Fig. 14 Z axis tracking control (a) sinusoidal response of
z direction (b) tracking error

Fig. 12 £ 72+ Af=ol) it Aty i
S otg JERTE Fig 12()E z & W3z 2
B2 SFA Hpeak time)S F 10ms o1m, 28
#EE o 30%45EE dEng. & ZAHEed
NE B8 23%E Ygdg, AR 2 Fo o
& 3d(y)d FLole U MEd upet Zol
& 2737 e E5¢ ¢ F At

Fig 13 2 z % W&o 29 5um 3719 55 7
Gl o 3
o 43 B 4+ Atk Fig 4= & 2
BFgrdgol oigt AdAHREA
2719 enfFEZL HASGAY AQH R WHL
#HE 49%E JehlEoh

2 AfoMe f; Mo $2AHE HA55 e
3 Port, y & Aol o] Poll tig Fgol et
gk o) AFE Fol7] A8 F F ApolME



878 o] A
Aol WAEAYL B AT PFREAE
7 s ojol & Aot} EF tF 2ye A
de 7E71e A= £ BolA e Aoz g
e, o] vlMg o7 oz Fgad
Rog did)
6. & 8

B dFdAE vfo]aE QEWold ¥ xXY
AAZR7I T HEE HHSF 2] M2H0d 7]
TE Xﬂ‘ﬂz’s}‘,’dt}_ 7}]%5) AAEe nHE WA

AU om,

AR, 5 YA FAERos 2y o
& Hdo] LFD 4 ARE 230 ey WE
of F27} e, FF AFE FFSH6|A e
MAEY PATEI| RS HEE §olsuh &

Tl ALY Axde 45U 2R
o, o] A%E vigoz AAA Nt ¥ AHg
& AASAG =@ HATHAIEL ol gk
Axgel A8Ee Adson, wlaged
Mg bse HEH HNWE o Sated LA
o ¢FWANE Fagch a3, wa-AE)
2 A2 ol §d AW T BEY v

a%e A

]o r_8.

e
T

7

ATE 2000 A% FEASAG B 712
7} 2] (R01-2000-00304)2] A -7+H] A Yo o3
, oldl #AIzL A EA AA=HY

it
o

tpe

(1) Jung Kwang Suk and Back Yoon Su, 2001, "Preci-
sion Stage Using a Novel Contact-Free Planar Actuator
Based on Combination of Electromagnetic forces,"
Trans. of KSME A, Vol. 25, No. 11, pp. 1863~1872.

(2) Jung Kwang Suk, Lee Sang Heon, and Baek Yoon
Su, 2002, "Feasibility Study of General-purpose Preci-
sion Stage Using A Novel Contac-Free Surface Actua-
tor Based on Magnetic Suspension Technology," Trans.
of KSME A, Vol. 26, No. 3, pp. 452~460.

(3) Won-jong K., David L. T., and Jeffrey H.L., 1998,
"Modeling and Vector Control of Planar Magnetic
Levitator," IEEE Trans. On Industry Applications, Vol.
34, No. 6, pp. 1254~1262.

(4) Holmes M.L, Hocken R., and Trumper D., 2000,
"The long-range scanning stage: a novel platform for
scanned-probe microscopy,” J. of the Int'l Societies for
Precision Engineering and Nanotechnology, Vol. 24,
pp. 191~209.

(5) Daniel Galburt, Mar. 19. 1985, "Electro-Magnetic
Apparatus,” U.S. Patent 4,506,204.

(6) B. V. Jayawant, 1981, Electromagnetic levitation
and suspension techniques, Edward Arnold Ltd.

(7) Kyihwan Park, Kee-Bong Choi, Soo-Hyun Kim, and
Yoon Keun Kwak, 1996, “Magnetic Levitated High
Precision Positioning System Based on Antagonistic
Mechanism,” IEEE Trans. On Magnetics, Vol. 32, No.
1, pp. 208~219.

(8) Herbert C.R., 1951, Electromagnetic Devices, John
Wiley & Sons. , Inc.

(9) Nasar S.A., and Unnewehr L.E., 1983, Electrome-
chanics and Electric Machines, John Wiley & Sons,
Inc.

(10)Craig 1.J., 1989, Introduction to robotics mechanic
and control, Addison-Wesley Publishing Company.



