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Magnetically Suspended Contact-Free Linear Actuator for 
Precision Stage 
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With the development of  precision manufacturing technologies, the importance of precision 

positioning devices is increasing. Conventional actuators, dual stage or mechanically contacting 

type, have limitation in coping with performance demands. As a possible solution, magnetic 

suspension technology was studied. Such a contact-free system has advantages in terms of high 

accuracy, low production cost and easy adaptability to high precision manufacturing processes. 

This paper deals with magnetically suspended multi-degrees of freedom actuator which can 

realize large linear motion. In this paper, the operating principle is explained with the magnetic 

force analysis, and the equations of motion are derived. Experimental results of  the implemented 

system are also given. 
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1. I n t r o d u c t i o n  

In tandem with the development of micro au- 

tomation and circuit integration in semiconductor 

manufacturing processes and the higher demand 

for thin film transistor liquid crystal display 

(TFT-LCD)  and plasma display panels (PDP), 

the importance of high precision position device 

is also increasing. Also, with the enlargement of 

the size of wafer for semiconductor and display 

panel, industries are demanding precision actua- 

tors that can generate high precision and large 

work range at the same time with simple struc- 

ture. 

There have been various kinds of research that 

have attempted to address such demands. As one 
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formal result, the dual servo (fine/coarse) system 

has shown many possibilities, through its good 

performance in fine motion control by piezoelec- 

trical actuator. But for a larger work range, this 

dual servo structure has shown a performance 

decrease, owing in part to its complex structure. 

Therefore, the main research current is towards 

the single servo system. 

The aforementioned manufacturing processes 

are affected by the environment within which 

such processes occur. So the operations are gen- 

erally executed in clean, sterile, vacuum rooms. 

To satisfy this environmental condition, the ac- 

tuator must exclude all potential sources of con- 

taminants and pollution. In view of such envir- 

onmental needs, contact-free systems are pre- 

ferable. This is because such systems (1) do not 

involve mechanical friction - thereby eliminating 

the necessity for lubrication - (2) are less likely 

to be affected by dust particles, and (3) have 

lower costs of production - through elimination 

of finishing work. 

There are two methods to realizing a contact- 
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free system. The first method is by using fluid 

and the other is by using electromagnetic force. 

Because the flows of fluid can be a form of dis- 

turbance as well as a source of pollution - from 

moisture and compressor oils - the second meth- 

od is preferable, and can be expected to well 

satisfy industrial demands and needs. 

The first contact-free actuator is the Sawyer 

motor, named after its inventor. This motor is 

levitated by multi air bearings and generates 

planar motion through electromagnetic forces. 

This system is still being adapted to bed for 

machining centers (Michael et al., 1999). Trum- 

per and Won-Jong Kim have done research on 

the magnetically levitated planar actuator. They 

developed a precision stage that can generate 

50 × 50 mm planar motion, _+200/.tm vertical tran- 

slation, and -+-600/.t rad rotation about each axis 

using four linear motor (Kim et al., 1998). Jung, 

Lee and Baek have developed various contact- 

free surface actuators using levitation and sus- 

pension (Jung and Baek, 2001 ; Jung et al., 2002). 

Chung and Higuchi, on the other hand, have done 

research on contact-free linear actuators. Chung 

has developed variable reluctance (VR) type lin- 

ear actuator for a magnetic levitated train (Liu 

and Sheu, 1996), and Higuchi has studied the 

suspension and propulsion of nonmagnetic ma- 

terial using electrostatic force (Jin and Higuchi, 

1997). But, these studies have focussed on the 

development of moving systems instead of preci- 

sion stage, so they have not dealt with positioning 

performance. 

In this paper, we propose a suspension type 

contact-free linear actuator, using electromagne- 

tic force between direct current electromagnet and 

conductor. This paper is structured in the follow- 

ing way. In chapter two, we analyze the magnetic 

force using magnetic circuit theory, and explain 

the operating principle and design of structure in 

chapter three. In chapter four, we derive an equa- 

tion of motion, and we treat the control system 

with this result in chapter five. And finally, we 

verify the feasibility of the proposed system with 

experimental results and derive a conclusion. 

2. Force Analys i s  

There are two magnetic field effects resulting in 

the production of mechanical forces. The first is 

alignment of flux lines, and the other is interac- 

tion between magnetic fields and current-carrying 

conductors. The second effect is generally called 

Lorentz force. For the Lorentz force, the magni- 

tude of force is proportional to magnitude of 

magnetic field density and current flowing thr- 

ough the coil. The magnetic field is generated 

using rare earth (NdBFe) magnet stronger than 

ferrite magnet by 3 times. But when large mag- 

netic forces are required, the high current causing 

thermal problem is required. The first method - 

generally called the variable reluctance (VR) 

principle - uses high permeability material. There- 

fore it is easy to generate strong magnetic force 

with low current and it is free from thermal 

problem. But it is difficult to say which principle 

is more preferable, because Lorentz force can 

produce attractive and repulsive different from 

VR principle. Therefore, it is necessary to choose 

best solution tbr final object. 

In this study, we plan to develop precision 

positioning device for work in the ultra clean 

and vacuum environment so we select the VR 

principle free from thermal problem. The mag- 

netic force by VR principle can be analyzed by 

magnetic circuit theory. The magnetic circuit 

theory is to translate continuous magnetic field 

phenomenon to equivalent distributed parameter 

system and applied to design electromagnetic 

systems. We adopt magnetic circuit theory to 

analyze magnetic force by basic magnetic element 

composing the proposed system. 

2.1 Magnetic circuit theory 
Using magnetic circuit theory, the one pair of 

electromagnet and ferromagnetic can be translat- 

ed to equivalent magnetic circuit like Fig. I. We 

can drive the governing equation like Kirchhoff's 

circuit law of electric circuit in the magnetic cir- 

cuit using Ampere's circuital law (Roters, 1951). 

As we expected, the magnetic circuit is analogous 

to the electric circuit, but there are some differ- 
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ences. In the magnetic circuit, there exist magnetic 

effects of fringing and leakage flux, so analysis 

method is a little different. But because the 

fringing and leakage flux can be modeled, these 

effects do not much affect the analysis procedure. 

We ignore leakage flux for simplicity but in fact 

the leakage flux is too small to be significant, so 

only the fringing effect is considered. 

The flux in the air gap is composed of  multi 

flux tubes like Fig. l ( b ) ,  and each reluctance of  

flux tube is defined like below 

R1-- z (1) 
po( w t - x )  h 

1 
R2= 0.54p0h (2) 

R3= z (3) 
2p0h 1Oge( 1 + 2 :  ) 

where /10 is a permeability of air, wt is width of 

pole, and h is length of pole. 

If we connect each reluctance in parallel, the 

total reluctance in the air gap can be expressed 

like Eq. (4) using Eqs. (1 ) - (3) .  

/ 1 2 2 \  -1 
Rg(x,  Z ) = ~ - 1  + ~ - 2  + ~ - s  ) (4) 

If we assume that the relative permeability of 

ferromagnetic, the reluctance of ferromagnetic can 

be ignored. Therefore the Ampere's circuital law 

can be expressed as followings (Griffiths, 1989); 

H" d l =  =N~ (5) 

where ¢ is magnetic flux, N is coil turns, and i is 

current flowing through the path. 

Stator 

i! I: i C  

. -  ~ ~ Mover 

'Lx  i ..... 

Fig. 1 

(a) 

U,+_ ~ -~-- &~'#.  ~S Nt 

.,¢,r R. 

(b) 
Magnetic element (a) electromagnet and iron 
core (b) equivalent magnetic circmt 
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And the stored magnetic energy in the air gap 

can be derived like following 

1 2 1 N~i 2 (6) 
W m = ~ L i  -- 2 Rg 

where L = N ¢ / i  means an inductance of closed 

circuit. 

2.2 Magnetic  force 
By the energy conservation law, the variation of 

the stored magnetic energy causes the mechanical 

work (Nasar, and Unnewehr, 1983). With this 

fact, we can get the horizontal and vertical force 

using principle of virtual work like below 

3W~_ / 4 \ 
fx (x ,  z, i ) -  Ox poN2iZh[ \ zx  + 2z } / (7) 

L(x, z, i ) -  OWm & 

2,1/2,1 ) (8) 

We executed verification experiment before ad- 

opting derived theoretical equation. Fig. 2 shows 

the experimental setup. With constant current, the 

force was measured while changing relative posi- 

tion between electromagnet and ferromagnetic 

using micro stage and 6 d.o.f, force/torque sensor 

was used to measure magnetic force. 

Fig. 3 shows the experimental results of  normal 

force for suspension. The theoretical and experi- 

mental results are well agreed in our interesting 

Fig. 2 Experimental setup for force calibration 
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point. But as the air gap decreases, the error 

increases in Fig. 3 (a). As seen in the Eq. (8), the 

magnetic force is inversely proportional to the 

square of air gap, so when the air gap is too large, 

the high current is required and this high current 

causes the thermal problem and magnetic satura- 

tion of magnetic material. From Fig. 3 (a), we can 

decide the appropriate nominal position to get 

a more exact theoretical equation and proper 

current to suspension by avoiding part depicted 

circle in the Fig. 3 (a). We set the nominal air gap 

length as 1700 ,um. Fig. 3(b) shows the horizontal 

force. As the x displacement increases, the gradi- 

ent of force gets constant. This means that we can 

get the constant horizontal force by appropriate 

pole arrangement. 
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3. Structure and Operating Principle 

3.1 Structure 
There are two kinds of possible structure to set 

up the proposed system. The first is moving elec- 

tromagnet type and the other is moving fer- 

romagnetic type. For the first structure, it is im- 

possible to perfect suspension and isolation from 

the environment because of wiring to power 

source. Therefore the moving ferromagnetic type 

was chosen and the mover is entirely isolated. 

Fig. 4 shows the structure of proposed system. 

The stator is composed of 12 electromagnets and 

the mover is composed of 8 passive poles. Totally, 

5 non-contact displacement sensors are used. 

Three capacitance type gaps sensors under the 

mover measure out of plane motion and two laser 

sensor measure in plane motion. 

3.2 Operating principle 
The operating principle of the proposed system 

is similar to that of VR type linear motor but it is 

different in the view of the function of normal 

force. The conventional VR type linear motor is 

constrained by LM guide, so the excessive normal 

force damages the guide and should be avoided. 

But the normal force in the proposed system is the 

main force for stable suspension and is related to 

propulsive force, so the normal force should be 

distributed properly. 

Fig. 5 shows the operating principle. In Fig. 5 
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Stato.r.__ / , . . . .  "-, , 

J Z  . . . .  

, i 

. - --< :. t - . ~ z .  L ~  3 ; ~ r " 

Mover Ai7. ~ " - I ' ~ ¢ ' / : ~ - i  ~" " X L a s e r  sensor  ".:~ . / .  . , --~.~,.,.'.. ~_ ,?- .  
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. /  ¢ . . j  ~ • 

Fig. 4 Schematic diagram of developed system 
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(b) 
Operating principle (a) translation 

(b) positioning 

(a),  the electromagnets of  stator are excited by 

nominal  current to suspend mover  stably in static 

posit ion and when the currents for electromagnets 

located near the mover  pole II (depicted triangle) 

increase, the mover  starts to translate to left di- 

rection and when the currents for electromagnets  

located near the mover  pole 1 (depicted triangle) 

increase, the mover  keep translating to left direc- 

tion. With this sequence of  exciting current, the 

mover  makes translation.  Fig. 5(b) shows the 

distr ibution of  magnetic force from top. With the 

combina t ion  of  normal  and horizontal  forces, the 

3 do f  out of  plane mot ion and 2 do f  in plane 

motion are possible in the proposed system. The 

translat ion in transversal direct ion is passively 

control led by the guidance force, which is charac- 

teristic of  VR type actuator,  but if  the disturbance 

to this direction is stronger than the guidance 

force, the addi t ional  actuator is required for ac- 

tive control.  In this study, we do not take much 

account of  transversal disturbance, but when we 

expand this l inear actuator to planar  actuator,  it 

is possible to control  6 dof  motion by combina-  

tion of  the proposed linear actuator. 

4. S y s t e m  M o d e l i n g  

The proposed system is nonl inear  but it can be 

linearized as a function of  displacement and cur- 

rent in a small  range around a point. 

4.1 Linearization of magnetic forces 
In order to derive equat ion of  mot ion and to 

adapt l inear control  theories, the force should be 

linearized. The  magnetic force is the function of  

displacement and current as shown Eqs. (7) and 

(8). And  the magnetic force can be classified into 

three kinds with respect to relative posi t ion be- 

tween the stator and mover  pole. The first case is 

that the stator pole leads the mover  pole, the 

second is that the mover  pole leads the stator pole, 

and the last is that the stator and the mover  poles 

are aligned. Therefore the magnetic force can be 

expressed the followings. 

fa : f j l (X ,  Z, i ) = f ~ ( x ,  Z, i) (9.a) 

f b = L ~ ( x ,  z, i ) = f ~ ( x ,  z, i) (9.b) 

f c = f ~ ( x ,  z, i )= f~4 (x ,  z, i) (9.c) 

where, j is subscript of  row for 1 and 2, and a, b, 

and c mean the state of  stator leading , mover  

leading, and aligned respectively. 

Linearizing Eq. (9) at a nominal  posit ion and 

neglecting the second order or  higher  order terms 

under the small range assumption and simpli-  

fying, we can get the fol lowing equations.  

f j l x = f ~ x = K g x x + K g z z + K g i i  (10.a) 

f,2,:=f:~x=KxbxX +K~z+Kxb~ i (10.b) 

fj3x : f ~ 4 x :  KxCx x + K c z + KxCi i ( l 0.c) 

f s l z : f ~ z : K a x x  +F~a zq -K~  • i (10.d) 

f,=z = f ~  = K~:, x + K g  z + K~. i (10.e) 

f ~ 3 ~ = f . ~ = K L x + K ~ , z + K ~ i  (10.f)  

where 

K - A f ~  I w _ A f x  ...... ~oKx"=~i ...... ~o 

fizz M,  I ~ Afz [ K z , - A f z  ...... ,o 
Ax  l ...... ~o A z  [ ...... ~o At  

and the subscript 0 means the nominal  value for 

posit ion and current. 

4.2 Equations of motion 
In order to obtain equat ions of  mot ion of  the 

mover,  we set the moving  coordinate  (x, y, z) on 

the mover  and the reference coordinate  (X ,  Y ,  
Z) on the stator. Using the Z - Y - X  Euler 's  angle, 

we can get the t ranslat ional  displacement and the 

rotat ional  displacement.  The  homogeneous  trans- 

formation matrix T can be expressed as follows, 

Copyright (C) 2003 NuriMedia Co., Ltd. 
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with assumption of small displacement (Craig, 

1989). 

1 - 7  /~ Yl] T =  7 1 - - a  
- /7 a 1 
0 0 0 

(11) 

Setting the moving coordinate to the mass center 

of the mover and using Eq. (1 I) and the principle 

of linear momentum, we get the flowing equations 

of linear motion. We also get the equations of 

rotational motion using the same method and 

simplify equations ignoring the multiplied terms 

of small variables. 

S]fz = m2 (12.a) 

~] , fx :  m.~ (12.b) 

~ M ~ =  Lf f  (12.c) 

ZM~=Iy~ (l rod) 

ZM~= IW (12.e) 

Therefore the equations of motion can be ex- 

pressed as the following vector form. 

F=Mti  (13) 

where, F =  [ZSz  Z f ~  Z M ~  Z M y  5-],M~] r, M =  

d i ag [m rn Ix Iy L],  q = [ z  x a /3 ~,]r 

The sum of force and moment can be calculated 

using the definition in Fig. 6 as followings. 

f "  ~ I I  / "  

. . . .  t ° . J  . . . . .  t-.  

" \ ~ .  l / /  I ._i1 
- - .~] / i  j 

Fig. 6 Free body diagram of mover 
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2 6 

i= l j =  I 

2 6 

~S~  = ~ Y , i ~  (14.b) 
i = l j = l  

"Y]Mx=~-(j~__fljz--j~__fzje) (14.c) 

~ M y =  rim (f,3z+ fz3~- f , ~ -  fz4z) 
+ r2m(f.z+ f,2z+Al~+A2~-A~ (14.d) 
- A6 . -  f ~ -  A6~) 

M r3 6 6 
~ = ~  (~,,fz~<--~fu~] (14.e> 

\ j = l  j = l  / 

In order to calculate forces acting on the mo- 

ver, we obtain the relative displacement between 

stator and mover pole using homogeneous trans- 

formation from moving coordinate to reference 

coordinate as shown below. 

(15.a) 
=[r3s-(-I)'+lTr3+x-rz, z-3r3,+(-I)'%r3] r 

(15.b) 
=[r2~-(-i)'%,r3+x-r2, z-Jr2~+(-I)'+*ar3] r 

~p,z=[@~x ~Paz] r (15.c) 
=[ra,-(-l)'+'Tr3+x-r,, z-Jrz,+(-I)~%r3] r 

~p.={#,,~ #, , ,7  
[_  i+l i+l ~ r ( 1 5 . d )  

= r~s-t-l) ~'r3+x+rz= z + j r ~ + -  ar3] 

~P~=[@~x @~z] r (15.e) 
=[-rzs-(-l)'+~?,r3+ x + rz= z+ 3r2s+ i-l)'+~ar3] r 

is.r) 
= [- r3,- (-I)'+~m+x + r2, z+Jr3,+(-I)'%r3] r 

where 8p~ is the relative displacement between 

stator and mover pole 1 and i is subscript of raw 

for 1 and 2. 

By substituting Eq. (15) to Eq. (10), the trans- 

formed force equation is like following 

fi~x=Kx°xSPis~+KLOpis~+Kx°iiij (16.a) 

f i s z :  K°x ~Pisx + K°z aPisz + K ° i~s (16.b) 

where ie~ is an input current for i and jth elec- 

tromagnet and the superscript o is defined like 
these ; j : l ,  5 o = a ,  j = 2 ,  6 o : b  , j : 3 ,  4 o = c .  

And finally we can derive the linearized equa- 

tion of motion by substituting Eq. (16) to Eq. 
(14) and Eq. (13). 

M ~ + K q : F ~  (17.a) 

where K and Fc are defined as Eq. (17.b) and 
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(17.c) 

[ 4 K  ~ 4 K  z~ 0 0 Ô  ] 
/ 4 K  x~ 4 K  xx 0 0 u / 0 0 4 ( - -  rlmr~dfJz + rz~r3~KA + r2~r2sK~) 

4 ~ ~x 0 - r3(Kff~ + K ~ )  0 4r3sK J 

where, K z~= (K.~ + K ~  + K L ) ,  K zx= ( t~x  +tQ~, +K£x) ,  K ~ =  ( K ~  + K ~  + K , ~ ) ,  
K xx= (Kg~ +K~x +K~xx) 

2 2 2 I~ (~i~t + i,~) + K~ (:~i,2+ i~ ) + I~, (~i~+ iu ) 
2 2 2 

l ~ a  • • b c • 

Fc= 

r2,,d~. (,~ ( -  1)' (i,t + i~ ) )+  r2M-~b,. (,~ ( -  1)' (i,~ + i , ) ) +  r,,,.K£, ( ~  ( -  1 )~ (i,3 + i~)) 
2 2 2 

15 a 
+ c ,(Kg,(~(-l)S(ija+i,,))+K~,(~(-1)i(i,~+i,)) K~,(~(-1)~(i,,+i~))) 

(IV.b) 

(17.c) 

From the derived equations of motion Eq. 

(17), we can find the fact that the proposed sys- 

tem has couplings between some degrees of mo- 

tion like the characteristic of VR type actuator. In 

order to obtain stable suspension and precious 

motion, the degrees of coupling of motions should 

be reduced. It is possible to reduce degrees of  
coupling by decreasing the value of K xz and K zx 

in Eq. (17.b) in the process of  design of pole 

shape and adopting optimal control theory. Be- 

cause the study of  reducing coupling is related 

with performance improvement, we put this study 

as a future work. We design the controller using 

the derived equations but this system is redundant 

that uses 12 electromagnets. Therefore the forces 

should be allocated in order to solve the equation 

of motion and calculate required control inputs. 

The details will be treated in the next chapter. 

( ILD 1400-100, Micro-Epsi lon,  100 ,um) for mea- 

suring large in plane motion. The laser sensor 

uses the principle of  optical triangulation, so it 

can measure wide range but the resolution is 

lower than the capacitance type sensor. We can 

find this performance gap in the experimental 

results. The results of in plane motion have low 

quality. We control the system in concept of one 

stage using celeron pc. The command signal for 

feedback control and transformation sensor signal 

are generated by D /A (PCL -726 ,  12bit, Advan- 

tech), A /D (PCL -817 ,  100KHz 16-bit, Advan- 

tech co.) board respectively. And we used 8 chan- 

nels DC power amplifier (GA455p, Glentek) to 

5. Hardware  Implementat ion and 

Experimental  results  

5.1 Hardware implementation 
As mentioned before, we used five noncontact 

displacement sensors. As the out of plane motion 

is small, we used capacitance type sensors ($600- 

2, Micro-Epsi lon,  0.4 [tm), and used laser sensors 

Copyright (C) 2003 NuriMedia Co., Ltd. 

Fig. 7 Photograph of developed system 
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Table 1 Specification of developed system 

Item 

Pole width 
Fixed Pole thickness 
Stator Pole pitch 

Winding 

Pole width 
Pole thickness 
Pole pitch l 
Pole pitch 2 
Pole pitch 3 

Mover 
Pole height 

Mass of mover 
Moment of 

Inertia 

Symbol 

Wt 

It 
T 

N x  

Wt 

It 
r l  

r2 

r3 

hp 

L 
Iy 
L 

Value 
2.1- 

10(mm) 2.0- 
lO(mm) 
10(mm) E 1.9- 

335 (turns) l= 
N 1.8- 

10 ( ram)  

10(mm) 
1.7- 20(mm) 

50(mm) 
70 (mm) 
20(mm) 

0.52(Kg) 
7 . 5 8 E - 4 ( K g m  z) 1 7( 

7.68 E-4 ( Kgm 2) 
l.SIE-3(Kgm 2) 

activate electromagnets. Fig. 7 shows the deve- 

loped system. Table. 1 shows the main specifica- 

tion of the system. The translational operating 

range can be expanded by adding more elec- 

tromagnets, but the developed system can moves 

10 mm. In the stage of design, we did not optimal 

design technique, this specification shows much 

room for improvement. 

.6, L 
E 
g 
N 

1.60. 

155 
11.0 

Fig. 8 

0 2 
, . i • , 

4 6 8 
Time (sec) 

(a) 

10 

11'5 1;~.0 12.5 13.0 
Time(sec) 

(b) 
Experimental results (a) suspension test 
(b) step response (100,urn) 

5.2 Experimetal results 
As mentioned before, this system is a redundant 

one so the force allocation is required and the 

suspension and propulsion forces change with 

displacement of mover, so it is difficult to keep 

suspension stable with constant force allocating 

ratio during translation. As given in the force 

calibration test, normal force is dominant in the 

stability of this system. Therefore, we focused on 

the force allocation of the out of plane mode 

D.O.F forces and allocated the magnetic force to 

act on the mover pole with rate of 2 : 3 : 3 : 2 for 

one row. The current exciting sequence for trans- 

lation is similar to that of linear switched reluc- 

tance motor. The conventional PID controller is 
used with described force allocation during ex- 

periment. 

The experiment was executed focusing on the 

feasibility of the proposed system for precision 

positioning. At first, we checked stability and 

positioning performance in the static position 

through x axis. Fig. 8 (a) shows the result of the 

suspension experiment. The mover goes up from 

the initial position to nominal position stably. 

Fig. 8(b) is the response of 100 Izm step input. 

The overshoot is about 20% and settling time is 

about 190 ms. 

And we executed a horizontal direction trans- 

lation test. Fig. 9 shows the response of trapezoi- 

dal command. Fig. 9(a) is for horizontal res- 

ponse and Fig. 9(b) is for vertical response. In 

Fig. 9 (a), the periodic peaks are generated. This 

phenomenon is a result of the discontinuity of 

normal and horizontal force at the end of poles. 

It is considered that the fluctuation of force by 

edge effect causes this discontinuity• At the design 

stage, we largely did not take account of edge 

effects, so it was difficult to remove this periodic 

peak entirely. With these results, it looks hard to 

apply this system to scan-and-step type posi- 

tioning system. But, with the next test results, we 
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Experimental results of mation and keeping position (a) horizontal (b) vertical (c) roll (d) yaw 

could assure some possibilities. 

Fig. 10 shows the results of  moving and keep- 

ing posi t ion test. In Fig. 10, while the mover  

translates, the result of  each do f  is coupled and 

shows low performance. But when the mover  

arrived at the target position, the system gets to 

stable. The steady state errors o f  each do f  are 

-t-2/~m for hor izontal  translat ion,  -----5/zm for ver- 

tical translation,  ----_ 10/zrad for pitch, -- 10/.trad 

for roll, and _+_300/zrad for yaw. The perfor- 

mance is not much satisfying but we could find 

the feasibility of  applying this system to step- 

and-repea t  type precision actuator from these 

results. 

6. Conclusion 

In this study, we proposed and developed the 
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magnetically suspended contact-flee linear actua- 

tor for development of precision positioning de- 

vice. As an advantage of the proposed system, the 

simple structure by the generation of simulta- 

neous normal and horizontal force and the high 

possibility to expand dof to planar motion and 

operating range by adding electromagnets are 

proved. We executed some experiments to verify 

the feasibility of  applying the proposed system to 

precision positiong devices. In view of  the per- 

formance, the results were not wholly satisfying, 

but this system showed the possibility of applica- 

tion to s tep-and-repeat  type system and much 

future work for performance enhancement, for 

example the identification of coupling between 

normal and horizontal force, and decoupling 

method. As solution of decoupling normal and 

horizontal force, we propose optimal design of 

pole shape and pitch and various control strategy 

e. g. control using transformation matrix like dq 

and fb transformation and optimal control. After 

the successful work, the proposed system would 
well satisfy industrial demands. 
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