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Abstract: This paper studies two types of electrostatically 
suspended rotary actuators: electrostatically suspended vari
able-capacitance motors (ESVCM) and electrostatically sus
pended induction motors (ESIM) . The ESVCM is an electro
static stepping motor which features electrostatic suspension. 
Thus, ESVCM possesses the rotating and positioning ability 
of an ordinary stepping motor, in addition to providing 
contactless support by electrostatic suspension. To accomplish 
these two functions, a feedback control strategy and the oper
ating principle of an ordinary electrostatic variable-capaci
tance motor are used. The ESIM is an induction motor where 
the rotor is suspended stably, like ESVCM, by actively con
trolling the electrostatic forces exerted on it. To implement a 
rotation, the operating principle of an ordinary electrostatic 
induction motor is used. 

In this paper, the working principle of the ESVCM and the 
ESIM, electrode des ign, a linear dynamic model of the sus
pension system, feedback control strategy and operating prin
ciple of rotation are described. Experimental results show that 
the rotor has been rotated with a speed of approximately 60 
rpm while being suspended stably at a gap length of 300 pm. 

1 Introduction 

Magnet ically suspended stepping actuators for use in ultra
high-vacuum (UHV) and clean-room environments have al
ready been studied [1] . However, these actuators can not handle 
non-ferromagnetic materials directly since a magnetic force 
can not exert forces on it. Therefore, in order to manipulate a 
non-ferromagnetic objec t, additional devices to support it are 
needed, which leads to direct mechanical contact and conse
quently generation of particles. On the other hand, in the manu
facturing process for liquid crystal displays (LCD), the han
dling of a glass plate by mechanical contact is becoming more 
cri tical since its thickness/surfacial area ratio is becoming 
smaller. Thus, glass plate handling systems without any physi
cal contact are indispensable. It is apparent that electromag
netic forces can not be utilized since glass is not a ferromag
netic material. Electrostatic suspension has the potential to 
remedy the above problem. 

Electrostatic levitation has several novel advantages com
pared to electromagnetic levitation. The advantage of using 
electric forces is that very high energy densities can be achieved 

in the very small scale involved [2] . In the micro electro me
chanical field, electrostatic suspension has been experimen
tally studied to eliminate the friction and physical contact [3]. 
Electrostatic levitation also offers the advantage to directly 
levitate various materials such as conductive materials, semi
conductors and dielectric materials. The authors have already 
succeeded in directly suspending a silicon wafer using elec
trostatic forces [4]. This paper reports about the successful 
suspension and rotation of a glass disk by electrostatic forces. 

Like electromagnetic motors , electrostatic motors can be 
classified as synchronous or asynchronous. The variable-ca
pacitance motor which is synchronous has received much at
tention to date due to its simplicity [5][6]. An induction motor 
which is asynchronous has been developed by Bollee[5] and 
by Choi et al. [7] . In their research, rotors made of a slightly 
conductive material , such as Bakelite and Plexiglas [7] and 
glass covered with a layer of resistive material [5], were uti
lized. However, these types of motors use bushing to support 
the rotor and therefore can not be used in UHV and clean en
vironments since the mechanical wear occurring in the bush
ing will generate particles . Consequently, to implement 
contactless and friction- free handling devices for non-ferro
magnetic materials such as silicon wafers and glass, a func
tion of suspension has to be incorporated in addition to an 
actuating function. 

In this paper, we propose two types of electrostati cally sus
pended rotary actuators (ESRA): electrostatically suspended 
variable-capacitance motors (ESVCM) and electrostatically 
suspended induction motors (ESIM). The ESRA is a rotary 
actuator that possesses the function of electrostatic levitation. 
In ESRA, the rotor is supported by electrostatic forces with
out any physical contact with the environment and therefore 
the generation of particles can be eliminated. 

2 Electrostatically Suspended Variable-Capacitance 
Motors (ESV CM) 

2.1 Principle of ESVCM 

The ESVCM is a variable-capacitance stepping motor which 
includes the function of contactless electrostatic suspension. 

To implement a stable suspension, we need to exert forces 
along fi ve axes excluding the rotational axis. By locating the 
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stator electrodes above the rotor, electrostatic forces to con
trol the vertical movement(z), pitching(8) and rolling(lJI) can 
be generated. However, since these electrostatic forces desta
bilize the system, stabilization has to be achieved by actively 
controlling these attractive forces. The non-actively controlled 
movements in the horizontal plane of the rotor, are passively 
stabilized through a restriction force that originates from a rela
tive lateral translation of the rotor with respect to the stator 
electrodes [8]. 

Similar to ordinary electrostatic variable-capacitance mo
tors, the operational principle of rotation in ESVCM is based 
on the variation of the capacitance between the stator and ro
tor with the rotation of the rotor. Thus, both the stator and 
rotor in ESVCM possess a number of teeth while the teeth 
distribution of the stator electrodes is different from that of 
the rotor electrodes. 

2.2 Electrode Design for Stator and Rotor 

Fig. 1 depicts the electrode pattern of the stator and rotor in 

Fig. I Electrode pattern of stator and rotor in ESVCM 

ESVCM. The stator electrodes comprise two functionally dis
tinct parts. The central area is used for stable suspension of 
the rotor and the peripheral area is used for the generation of a 
torque to rotate it. The suspension area is subdivided into four 
sections (denoted as Ej , where j=I,2,3,4), each of which act as 
independent actuators of force on the rotor. Among them, the 
outer three electrodes E 1, E2 and E3, which together form a 
ring, have the same shape and area. To increase the lateral 
restorative forces, which help to improve rotational perfor-

z 

l mg 
Fig. 2 Coordinate system and definition of terminology in ESVCM 

mance of ESVCM, ring shape slits are formed in the section 
E4 and the corresponding part of the rotor. The area of elec
trode E4 is three times that of E1. For the purpose of measur
ing the gap length between each electrode Ej U=I,2,3) and the 
rotor, each individual electrode is supplied with a contactless 
gap sensor. 

The outer region of the stator electrode consists of' six sets 
of teeth, denoted by I/JPi and I/JNi, where i=I,2,3. Each I/JPi and 
I/JNi pair form one phase. In the stator, the teeth of each set has 
the same tooth pitch as that of the rotor, and each set is dis
placed by 1/3 of a single tooth pitch from phase to phase. Thus, 
the electrodes-for-rotation, basically, form a similar structure 
to that of three-phase variable-capacitance motors. 

2.3 Dynamic Model for Suspension 
2.3 .1 Nonlinear Equation of Motion for Suspension 

In the following analysis, concerning the variables to be 
linearized around the nominal operating points, the superscript 
"," denotes the total value, and the subscript "0" denotes the 
value at the equilibrium state. Symbols without superscript "," 
and subscript "0" are small variable terms from the equilib
rium state. 

Fig. 2 shows a simplified representation of the experimen
tal system which defines the coordinate system and terminol
ogy to be used in our analysis. We define a reference coordi
nate frame I:( O-xyz) so that in state of no rotation, when the 
rotational axis of the rotor coincides with the center line of the 
electrodes, the origin 0 is located at the rotor's center of mass 
and the z axis is coincident with the rotational axis. Each of 
the distributed forces generated by the four electrodes-for-sus
pension can be treated as an equivalent concentrated force with 
its point of application at the geometrical center of the elec
trode. 

As mentioned previously, three of the five degrees of 
freedom of the rotor are actively controlled: movement in 
vertical direction, pitching and rolling. Assuming that the rotor 
is a floating rigid body and the rotor movement is very small, 
the fundamental equations of motion of the rotor for the three 
degrees-of-freedom are as follows 

mi = /1 + f~ + f~ + f~ + f~z 
00' .f3r( . . ) . 

J r8 = -T f 2 - f 3 + f eIJ (1) 

Jrijl' = ';(-2/1 + f~ + f~) + f~lJI 

where m is the mass of the rotor, Jr is the moment of inertia in 
lateral direction, ra is the distance between the geometrical 
centers of the electrodes-for-suspension Ei (i= 1,2,3) and the 
origin 0, z' is the z-coordinate of the rotor's center of mass, 
(11', lfI) are the angular displacements of the rotational axis 
about the x- and y-axis respectively,f] ',12',13',14' are the elec
trostatic forces produced by the stator electrodes-for-suspen
sion, andfez',feIJ',fe~ are the external forces including the weight 
of the rotor and the electrostatic forces produced by the elec
trodes-for-rotation. Note that the gyroscopic effects can be 
neglected since the rotor speed in ESVCM is relatively low. 

Let r'=(z', fl, lfI)T, M=diag(m, J" Jr),f '4=(iJ "HJ,',H)T, 
fe'=(fez',feIJ',fe~)T. Using vector notation, the nonlinear equa-



tion of motion (l) can be rewritten as follows 

f' =M-1TJ'4 +M-lf~ (2) 

where Ta is the location matrix ofthe electrodes-for-suspension 
and is given by 

1 1 

T = a 0 
.f3r 
2 a 

_I3T 
2 a 

0 (3) 

-To 
Ta To 0 2 2. 

2,3.2 Electrostatic Force 

When the overlapping area A] of an electrode-for-suspension 
j and the rotor is large enough compared with thc gap length 
d/, the capacitance C/ can be approximated as 

" EAj C i =-, , j=1,2,3,4 (4) 
. d l 

The electrostatic force Jj' can be expressed in terms of the gap 
length di, the voltage Vi supplied to the j'th electrode, and the 
rotor potential V; 

,'=EAj(_V~ V~)2 ,.,1= (5) II 2! i ' , ,2,3,4 
, J 

where E. denotes the pem1ittivity. For the computation offj', it 
is imperative to know V; as a function ofthe voltages lj' and 
the capacitances C/. Note that the capacitance q is a function 
of gap length~' as shown in (4). Fig. 3 shows a diagram which 
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Fig. 3 Equi valent circuit of electrode-for-suspension array 
-rotor configuration in ESVCM 

represents an equivalent circuit of the electrode-for-suspension 
array-rotor configuration, where only the capacitances Ci are 
considered as impedance elements. Using Kirchhofs law, the 
rotor potential VI can be derived as 

4 " 
L (CkV k ) 

v, - k=l -- (6') 
j- 4 , 

L Ck 
k=l 

From (4), (5) and (6), the electrostatic force.fl' can be calculated, 
Note that the e!cctrostatic forcesfj's are coupled due to the fact 
that V; is a function of the voltages VI', V2', V3" V4' and the 
capacitances C[', C2', C3', C4'. In order to decouple eachfj', 
which results in a decoupling of each degree of freedom, a 
necessary condition is that V; has to be kept to zero voltage. 
From (6), the potential V; can be zero if the voltage V4' is 
chosen as follows 
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In the following analysis, the rotor potential is assumed to be 
zero because the voltage of electrode #4 will be controlled to 
satisfy the condition (7). 

Under the condition (7), the force 14' can be represented as a 
function ofJI',H, andH. From (4), (5), (7) and (8), and by 
considering the geometrical conditions A [=A2=A3=A4!3=A and 

d' _ i j + d~ + d~ 
4- 3 (8) 

the electrostatic force f4' can be expressed as 

(9) 

2.3.3 Linearized Equation of Motion 
The nonlinear equation of motion (2) is linearized around 

the nominal operating point under the assumption that the 
deviations from the nominal values are very small. If we 
linearize the electrostatic forces, then we can write 

1; = fa;+ ii, I~:= 104+14, V; = VO;+ Vi' d;:= dOi+d;, i:= 1, 2, 3 

where EA(VO,)2 I( ~ ~ ~)2 
fai = 2: dOi ,104 = "3 V fal + V fa2 + v 103 ' 

1, = kv,v, - ksidi, .4 = 11+ h + 13 (10) 

and ks; and kv; are the linearization constants given by 
2 

k= EAVo; k= EAVo; (11) 
Sl d3' v, d 2 

0; 0; 

Let 70=(ZO, Bo, lfIO)T, r=(z, 8, ljf)T,f04=(j0l,J02,J03,J04)T,f4= 

(jl,J2,h,f4)T,feO=(jeOl'!eOfJ,feOIjl?,fe=(j~Z'Ief),feljl?' By defining 

r'=ro+r,f'4=/04+/4 and /;=/eO+/e, the equation of motion (2) 

can be rewritten as 

fo + f = M-1T J6 + M-IT J4 + M-[feo + M-1!" (12) 

From the above equation, the nominal operating voltage VOj 

can be selected to satisfy the following equation 

TJ6+feo=O (io=O) (13) 

Substracting (13) from (12), the linearized dynamic equation 
of motion of L.~e rotor becomes 

f=M- 1Tj4+ M -lfe (14) 

If we define a vector/as/=(jl,f2,h?,f4can be transformed to 
f through the transformation matrix T4 as follows 

where 

I 4 =TJ 

[
1001jl 

T4 = 01 01,1' 
00 1 1 

(15) 

Let d=(dj, d2, d3? By considering thc geometrical condition 
between d and r, d can be transformed to r as 

0 -Ta 

d =- TdT, 
.f3ra ra 

(16) -2- 2 
r(l 

2 2 

(7) From (10), (14), (15) and (16), the linearized dynamic equation 
of motion of the rotor becomes 
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f = M-ITaT4KsTdr + M - ITaT4K VV (17) 

where V=(V1, Vb V3)T, Ks=diag(ksb ks2' ks3) and Kv=diag(kvl ' 
kVb kV3)' Note that in (17), the variable term of the external 
force,je' which mainly originates from the electrostatic forces 
produced by the electrodes-for-rotation, is neglected since it 
is much smaller than the forces produced by the electrodes
for-suspension. 

In order to decouple each degree of freedom, the matrix 
TaT4K,Td should be diagonal , which is accomplished for 
ks l=ks2=ks3' In this case, from (11) and (13), we find that all 
the nominal gap lengths dOi and all the nominal operating 
voltages VOi , where i= 1,2,3, are equal. Let ksl =ks2=ks3=ks' 
kVl =kV2=kV3=kv and TaT4T ~Q" where Qr is a diagonal matrix. 
Then the linearized dynamic equation of motion of the rotor is 
rewritten as 

(18) 

From the above equation (18), we can observe the unstable 
open-loop dynamics of the rotor which necessitates the 
utilization of feedback control for stabilization. 

2.4 Stabilizing Controller for Suspension 

To stabilize the motion of the rotor, the feedback controller 
is designed on the basis of the position vector r. Let V" Pd, P v 

and P, be the feedback control voltage vector, proportional, 
derivative and integral gain matrices which are defined by 

Vr=(Vz' VI;), V IJI) T, P ~diag(p dz' P dl;), P dlJl)' P v=diag(pvZ' Pvl;), PVIJI)' 
P ,=diag(p,z' P'I;), P'IJI)' respectively. Then Vr is determined as 

Vr =- (Pdr + p/ + p II rdt) (19) 

To obtain the control voltage V, Vr is transformed to V using a 
pre-compensation matrix Tv as follows 

V = TVVr (20) 

Inserting (20) into (18), the linearized equation of motion of 
the rotor is given by 

f = ksM- IQ,r + kvM-ITaT4TVVr (2 1) 

Here, Tv can be determined in order to decouple each degree 
of freed om. To achieve th is , TaT4T v should satisfy the 
following relation 

(22) 

where Qv is a diagonal matrix and is defined by Qv=diag(qvb 
QV2, QV3 )' From (19) , (2 1) and (22) , the closed-loop rotor 
dynamics becomes 

f + kvM-1Qvp / + (kvM- 1QvPd - ksM - 1Q r) r 

+ kvM-1QvPII rdt = O 

Fig. 4 Block diagram of closed-loop control system 

(23) 

It is apparent that with a proper choice of Pd, Pv, PI and Qv, 
this system can be stabilized. 

In order to obtain Vr on the basis of (19), r should be known. 
Let ds=(ds1, dsb dd) be the displacement vector which contains 
the outputs of the three gap sensors and is defined by ds=d;
d,o. The following geometric relation between rand ds can be 
obtained 

0 - rs 

ds=-T,r, T = 
.f3rs rs (24) s - 2- 2 
.f3rs rs 

--2- 2 

From the above equation, r can be solved as 

r = - T~lds (25) 

To obtain V from (20), the matrix Tv should be known. By 
solving (22) for Tv, we obtain 

qVl 0 
_ 2qv3 

2 ra 

Tv = (TaT4t1QV = t qVl .f3Qv2 qV3 (26) 
2 ra ra 

qVl _ .f3qV2 QV3 
2 ra ra 

The block diagram of the closed-loop control system is shown 
in Fig. 4. 

When implementing the controller, it is convenient to know 
the relation between ds and V. From (19), (20) and (25), we 
can obtain the following relation 

V = Pdsd s + Pvsd s + PIS I d,dt (27) 

where Pds=TvPdTs- l, Pvs=TvPvTs-1 and P,s=TvP,Ts- l. Note that 
despite the decoupling between each degree of freedom, 
coupling between the components of V and ds arises. 

2.5 Operating Principle for Rotation 

To realize rotations, dc voltages are supplied sequentially 
to each phase of the electrodes-for-rotation. If phase #1 is en
ergized by applying dc voltages to the electrodes ¢P l and ¢Nb 

electrostatic forces will pos ition the rotor in such a way that 
the rotor teeth under the excited phase #1 are lined up oppo
site the stator teeth of the same phase. Next, if the voltages are 

Upper 
Sensors Positioning 

Screws 

Fig. 5 Schematic diagram of experimental apparatus 



switched from phase #1 to phase #2, the rotor will rotate by a 
single step angle and the rotor teeth will be aligned opposite 
the teeth of phase #2 of the stator. Continuing in the same 
way, the input sequence of 1231.. . will rotate the rotor coun
terclockwise. To rotate in the clockwise direction the sequence 
is reversed. Because a positive voltage is supplied to phase qJPi 
and a negative voltage to qJNi, where both voltages have the 
same magnitudes, the rotor potential is maintained at zero volt
age, leading to a decoupling of each degree of freedom in the 
control system for suspension as described above. 

2.6 Experimental Work and Results 
2.6. 1 Experimental System Configuration 

Fig. 5 shows the schematic diagram of the experimental ap
paratus. The stator electrodes are etched from a 35 f.lm thick 
copper layer on a glass-epoxy base. The widths of the ring 
shape slits in E4 is 1 mm. Electrodes #1, #2 and #3 have the 
same area of 7.6 cm2 and the area of electrode #4 is three times 
that of electrode # 1. The rotor electrode is etched in a similar 
manner to the stator on a 0.4 mm thick glass plate. The rotor 
has a diameter of 100 mm and a mass of 10.8 g. The teeth for 
rotation have a pitch of 7.2 degrees, a tooth width of 3.6 de
grees, and a too th length of 5 mm. Fig. 6 depicts a photograph 

Fig. 6 Photograph of stator and rotor in ESVCM 

of the stator and the rotor. Three eddy-current type gap sen
sors, positioned at the corners of an equilateral triangle which 
can be circumscribed by a circle of radius 38 mm, are em
ployed to measure the stator-rotor gap lengths. By adjusting 
the heights of micrometer positioning screws, the stator elec
trode is leveled and the initial gap length is set. 

Fig. 7 shows the block diagram of the control system. Volt-

Gap 
Sensor 
Signals 

Limiter 
and 

High Vol. 
Amplifier 

r----71 Switching 
Circuit 

~ Electrodes for 
Suspension 

£1-£4 

Electrodes 
of Phases tPPi' <PNi 

i= 1-3 '--__ ---f"-.--
Bipolar 

DC High Voltage 

Fig. 7 Block diagram of control system in ESVCM 

ages for suspension and those for rotation are controlled inde
pendently. In the control system for suspension, a limiting 
action is imposed on the voltages for suspension to prevent 
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electric field. 

2.6.2 Suspension Experiments 

Suspension experiments have been performed in an 
atmospheric environment. Proportional, derivative and integral 
gains for the vertical movement of the rotor are 105 kV/m, 50 
kVsec/m and 106 kV/msec, respectively, and those for rolling 
and pitching are 55 kV/rad, 0.03 kVsec/rad and 104 kV/radsec, 
respectively. A bias voltage of 0.53 kV is supplied to electrode 
#1, #2 and #3, and -0.53 kV to electrode #4. Fig. 8 shows the 
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Fig. 8 Rotor position and voltage variations during levitation 
process in ESVCM 

variations of the rotor position and orientation after the PID 
compensator was switched on. It can be observed that from 
the initial gap length 350 f.lm, the rotor is pulled up towards 
the stator reaching a stable state of suspension at a reference 
gap length of 300 f.lm in about 50 msec. Fig. 8 also shows the 
voltage variations during the picking up process of the rotor. 
It shows that when the rotor reached the stable levitation 
position, the voltages applied to the electrodes-for-suspension 
were respectively 0.52 kV, 0.49 kV, 0.57 kV and -0.53 kY. 

electric discharge which is caused by the breakdown of the Fig. 9 Photograph showing rotor under stable suspension in ESVCM 
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Fig. 9 is a photograph which shows the rotor under stable 
suspension. 

2.6.3 Rotation Experiments 

To rotate the rotor, dc voltages of 0.7 kV and -0.7 kV were 
supplied sequentially to each phase of the electrodes-for-rota
tion after a stable levitation was achieved at a gap length of 
300 ).lm. Fig. 10 shows a single step response of the rotor in 1-

o 2 3 4 5 
Time (sec) 

Fig. 10 Single step response in ESVCM 

phase excitation. It shows that the positioning time of a single 
step angle of 2.4 degrees was about 3.5 seconds. The attain
able maximum rotor speed was also investigated. It was ob
served that the main factor restricting the maximum speed is 
not the rotational torque but the passive lateral restriction force. 
When the rotor speed reached above 60 rpm, the movement of 
the rotor along lateral direction became unstable due to an in
sufficiency of the restorative forces. Concerning the attain
able maximum acceleration, it was recorded that a time period 
of 10 seconds was required to raise the speed from 0 up to 60 
rpm. Fig. 11 shows the variations of the gap lengths and the 
voltages supplied to the electrodes-for-suspension at a rotor 
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Fig. II Gap and voltage variations during rotation in ESVCM 

speed of 50 rpm. The fluctuations of the gap lengths have been 
verified not to exceed 6 ).lm p-p while those of the voltages 
supplied to electrodes #1, #2, #3 and #4 did not exceed 0.2 kV, 
0.18 kV, 0.22 kV, and 0.05 kV, respectively. 

To explore the braking characteristics of the rotor, a retar
dation curve, as shown in Fig. 12, was measured. It was ob-
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-;;; 20 
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Fig. 12 Retardation curve ofESVCM 

served that it took about 50 seconds for the rotor to stop it's 
rotation from an initial speed of 50 rpm. 

3 Electrostatically Suspended Induction Motors (ESIM) 

3.1 Principle of ESIM 

The ESIM is an electrostatic induction motor where the ro
tor is supported by actively controlled electrostatic forces . The 
manner to realize a stable suspension of the rotor in ESIM is 
identical to that in ESVCM. The operating principle of rota
tion in ESIM, like ordinary electrostatic induction motors, is 
based on the fact that a rotor made of a material which is slightly 
electrically conducting ( a "poor insulator") is subjected to a 
torque when placed in a rotating electric field. The explana
tion for this lies in the fact that the high resistivity causes the 
induced charges on the rotor surface to lag behind the rotating 
field. As a consequence, a torque will be exerted by the rotat
ing field on those charges and hence on the rotor. In ESIM, the 
rotating electric field is generated by supplying ac voltages to 
a number of teeth formed on the stator. As rotor material, glass 
is employed which is slightly conductive. 

3.2 Structure of ESIM and Control Strategy 

Fig. 13 depicts the stator electrode pattern of ESIM, which 

Sensor 
Hole 

Fig. 13 Stator electrode 
pattern in ESIM 

is similar to that of ESVCM. The central area of the stator 
electrodes is composed of the electrodes for stable suspen
sion. The main difference between the structure of electrodes
for-suspension in ESIM and that in ESVCM is that the former 



does not have any ring shape slits as in ESVCM. The outer 
region of the stator electrodes in ESIM consists of a number 
of teeth with an unifonn tooth pitch along the circumference 
of the stator electrodes, and each tooth is connected to fonn 
three phases. 

As a rotor, we utilized two types of rotors: a glass disk cov
ered on only one side with a thin layer of conductive material 
(ITO layer), and a glass disk without any surface treatment. 

The control strategy to stabilize the rotor suspension is the 
same as that of ESVCM. To generate a rotating electric field 
and consequently a rotational torque on the rotor, three-phase 
ac voltages which differ in phase by 120° are supplied to the 
electrodes-for-rotation. 

3.3 Experimental Work and Results 

3.3 .1 Experimental System Configuration 
The experimental apparatus of ESIM and the manufactur

ing method of stator electrodes are similar to those of ESVCM. 
Like ESVCM, electrodes #1, #2 and #3 have the same area of 
7.6 cm2 and the area of electrode #4 is three times that of elec
trode #1. Three fiber optical sensors are located at the corners 
of an equilateral triangle which can be circumscribed by a circle 
of radius 35 mm. The teeth for rotation have a pitch of 6 de
grees, a tooth width of 3 degrees and a tooth length of 8 mm. 
Fig. 14 depicts a photograph of the stator. The glass disk has a 

Fig. 14 Photograph of stator in ESIM 

diameter of 100 mm, a thickness of 0.7 mm and a mass of 13.8 
g. The surface resistivity and the volume resistivity of the glass 
disk were measured to be approximately 2.1013 nand 1013 ill 
m, respectively, for an air humidity of 50 %RH and tempera
ture of 25°C, while the surface resistivity of the ITO layered 
disk was about 106 n. In case of the ITO layered glass disk, 
the side of the disk without ITO layer should be positioned to 
face the stator electrodes. Utilization of an ITO layer contrib
utes to an improvement of the suspension stability, in particu
lar along the lateral direction, which was verified experimen
tally. 

3.3.2 Experimental Results 
Prior to rotation, suspension experiments were carried out 

with the ITO layered glass disk in an atmospheric environment. 
The control gains were nearly the same as those of ESVCM. 
A bias voltage of 0.67 kV was supplied to electrode #1, #2 
and #3 , and -0.67 kV to electrode #4. It was observed that 
after switching on the PID compensator, the rotor was pulled 
up from an initial gap length of 350 /-lm and reached a stable 
state of suspension at a reference gap length of 300 /-lm. In this 
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state, the voltages applied to the electrodes-for-suspension were 
respectively 0.72 kV, 0.62 kV, 0.7 kV and -0.68 kV. Fig. 15 is 

Fig. 15 Photograph showing rotor under stable suspension in ESIM 
( rotor is made of ITO layered glass) 

a photograph of the ITO layered disk under stable suspension. 
Rotation was enabled by supplying three-phase ac voltages 

of 1 kV p-p to the electrodes-for-rotation after a stable sus
pension was reached. We have succeeded in rotating the ITO 
layered glass disk with a maximum speed of 70 rpm. As in 
ESVCM, the maximum attainable rotor speed was limited by 
the lateral restriction forces. 
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Fig. 16 Gap and voltage variations during rotation in ESIM 
( rotor is made of ITO layered glass) 

rotor speed of 50 rpm. Gap fluctuations did not exceed 5 /-lm 
p-p while the voltage fluctuations supplied to electrodes #1, 
#2, #3 and #4 were 0.21 kV, 0.19 kV, 0.2 kV, 0.04 kV, respec
tively. 

Next, the suspension and rotation experiments were carried 
out with the glass disk having no surface treatment. A bias 
voltage of 0.78 kV is supplied to electrode #1, #2 and #3, and 
-0.78 kV to electrode #4. Since glass is a material having a 
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high resisti vity, a certain period of time is needed to accumulate 
sufficient induced charges on the glass surface facing the 
electrodes-for-suspension for picking up the rotor. Fig. 17 
shows the gap length and voltage variations after the PID 
compensator was switched on. It shows that a period of time 
of approximately 1 minute was needed for the glass disk to 
actually reach a state of suspension. This period of time is 
strongly dependent on the environmental humidity. The data 
shown in Fig. 17 was recorded under an air humidity of 42 
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Fig. 17 Gap and voltage variations during levitation process in ESIM 
( rotor is glass di sk without any surface treatment) 

%RH. From our experiments, it was observed that the period 
of time needed to achieve a stable suspension varied from 30 
seconds to 3 minutes for a humidity variation from 50 %RH 
to 30 %RH. Fig. 17 also shows that during the state of stable 
suspension, the acti ve ly controll ed vol tages are slowly 
decreasing. A physical explanation for this drift phenomenon 
is that the charge buil t-up on the glass surface had not yet 
reached a steady state, consequently, the process of charge 
accumulation was progressing continuously during suspension. 

Rotation experiments were conducted by supplying three
phase ac voltages of I kY p-p to the elec trodes-far-rotation. 
The maximum achievable speed was 30 rpm, which is smaller 
compared with the case of the ITO layered glass disk. The 
reason is that the lateral movement of the glass disk without 
any surface treatment reveals a hysteretic-like characteristic 
so that in the event of an lateral disturbance, the disk does not 
return back to its original position after removing the distur
bance. 

The ESIM is an asynchronous motor. Nevertheless, it was 
observed that the rotor speed was synchronous to the frequency 
of the supplied voltage. The reason for this is that the torque 

produced by ESIM is large enough to overcome the external 
torques which is caused only by air friction since the rotor is 
suspended. 

4 Conclusions 

Two types of electrostatic rotary actuators with a function 
of contactless electrostatic suspension, which are electrostati
cally suspended variable-capacitance motors (ESYCM) and 
electrostatically suspended induction motors (ESIM), were de
scribed in this paper. Both motor types feature stator electrodes 
which are subdivided into a part responsible for suspension 
and one for rotation. In ESYCM, a disk on which an electrode 
pattern is formed was used as rotor. In ESIM, two rotor types 
were utilized: a glass disk covered with a thin layer of con
ductive material (ITO layer) on only one side, and a glass disk 
without any surface treatment. In both motor types, the rotors 
have been suspended successfully at a gap length of 300 )..tm 
by actively controlling the electrostatic forces acting on it. 
While being suspended stably, the rotor was rotated with a 
rotational speed of approximately 60 rpm. The gap fluctua
tions were found to be no greater than 6 )..tm during rotation. 
The proposed actuators is expected to be widely used in in
dustrial applications as a positioning and rotating mechanism. 
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