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Abstract

This paper studies electrostatically suspended induction motors (ESIM). The ESIM possesses the rotating ability of an

ordinary electrostatic induction motor, in addition to providing contactless support by electrostatic suspension. To accomplish these
two functions, a feedback control strategy and the operating principle of an ordinary electrostatic induction motor are used. The
stator possesses electrodes which exert the electrostatic forces to the rotor and are divided into a part responsible for suspension and
one for rotation. Two rotor types are utilized: a polished glass disk without any surface treatment, and a polished glass disk covered
with a thin layer of conductive material (ITO layer) on only one side. In this paper, the principle of the ESIM is described, followed
by stator electrode design, experimental apparatus, control strategy for stable suspension. Experimental results show that the glass
disk has been rotated with a speed of approximately 70 rpm while being suspended stably at a gap length of 0.3 mm.
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1. INTRODUCTION

In the manufacturing process of liquid crystal display (LCD) de-
vices, the handling of a glass panel by mechanical contact is be-
coming more critical since its thickness/surfacial area ratio is be-
coming smaller. Moreover, the physical contact with a glass plate
will contaminate the surface of the glass plate and also will gener-
ate the particles. Thus, glass plate handling systems without any
physical contact are indispensable.

To implement the function of contactless support and actuating
function, magnetically suspended stepping actuators have already
been studied [1]. However, these actuators can not handle glass plates
directly since magnetic forces can not exert forces on them. There-
fore, in order to manipulate a non-ferromagnetic object such as a
glass plate, additional devices to support it are needed, which leads
to direct mechanical contact resulting in surface contaminations of
the glass plate and particle generation. Electrostatic suspension has
the potential to remedy the above problem. Various types of materi-
als such as conductive materials, semiconductors and dielectric ma-
terials can be suspended directly by electrostatic forces. A silicon
wafer has already been suspended by actively controlling electro-
static forces exerted on it [2].

Several electrostatic induction motors whose dimensions and
structures are analogous to conventional electromagnetic motors
have been developed [3-4]. However, these types of motors do not
possess the function of contactless support of the rotor since the
rotor is supported by bushing. A multi-layered electrostatic film
actuator has also been developed to realize high force/weight ratio
actuators applicable for large scale machines [5]. In this actuator,
the slider films slide in/out between the stator films and thus fric-
tion between these films comes into existence. Therefore, a func-
tion of suspension has to be incorporated in addition to an actuating
function in order to implement contactless and friction-free han-
dling devices for non-ferromagnetic materials such as glass.

This paper reports about the successful suspension and rotation
of a glass disk using electrostatic forces. The actuator possessing
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these two functions is named as electrostatically suspended induc-
tion motor (ESIM).

2. PRINCIPLE OF ELECTROSTATICALLY SUSPENDED
INDUCTION MOTORS (ESIM)

The ESIM is an electrostatic induction motor where the rotor is
supported contactless using electrostatic forces. By locating the stator
electrodes above the rotor, attractive electrostatic forces can be ex-
erted on the rotor. However, if d.c. voltages are applied to the stator
electrodes, the rotor movements along the vertical, pitching and roll-
ing directions will exhibit unstable behavior. Therefore, in order to
stabilize the rotor motions, active control of the electrostatic forces
is performed in such a way that the voltages applied to the stator
electrodes are controlled based on the rotor position/attitude [2].

With respect to the motion in the plane of the rotor, passive stabi-
lization is guaranteed through the existence of a restriction force.
This restriction force arises from a relative lateral translation of the
rotor with respect to the stator electrodes [6]. Therefore, active con-
trol of the rotor movements along vertical, pitching and rolling di-
rection is sufficient to implement a stable rotor support by electro-
static forces.

The operating principle of rotation in ESIM, like ordinary elec-
trostatic induction motors, is based on the fact that a rotor made of

Fig. 1. Stator electrode
pattern.



a material which is slightly electrically conducting ( a “‘poor insula-
tor””) is subjected to a torque when placed in a rotating electric field
{3]. The explanation 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
rotating field on those charges and hence on the rotor. In ESIM, the
rotating electric field is generated by supplying a.c. voltages to a
number of teeth formed on the stator. As rotor material, glass is
employed which is slightly conductive.

3. EXPERIMENTAL WORK

3.1 Experimental System
3.1.1 Stator Electrode Design

Fig. 1 depicts the electrode pattern of the stator. The stator elec-
trodes comprise two functionally distinct 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 E;, where j=1,2,3.4),
each of which act as independent actuators of force on the rotor.
Among them, the outer three electrodes E,, E, and E;, which to-
gether form a ring, have the same shape and area. The area of elec-
trode E, is three times that of E|. To measure the gap length be-
tween each electrode E; (i=1,2,3) and the rotor, each individual elec-
trode E; is supplied with a fiber optical sensor.

The outer region of the stator electrodes consists of a number of
teeth with an uniform tooth pitch along the circumference of the
stator electrodes. Each tooth is connected to form three phases.
3.1.2  Experimental Apparatus

Fig. 2 shows the schematic diagram of the experimental appara-
tus. The stator electrodes are etched from a 35 pum thick copper
layer on a glass-epoxy base. Electrodes #1, #2 and #3 have the same
area of 7.6 cm?. The teeth for rotation have a pitch of 6 degrees and
a tooth length of 8 mm. The gaps between the teeth are 1 mm. Fig.
3 depicts a photograph of the stator. Two types of rotors were uti-
lized: a polished soda-lime glass disk without any surface treat-
ment, and a polished glass disk covered on only one side with a thin
layer of conductive material (ITO layer). Both of the glass disks
have a diameter of 100 mm, a thickness of 0.7 mm and a mass of
about 13.5 g. The surface resistivity and the volume resistivity of
the glass disk without any surface treatment were measured to be
approximately 10'* Q and 10'3 Q.cm, respectively, for an air hu-
midity of 50 %RH and temperature of 25 °C, while the surface re-
sistivity of the ITO layered disk was about 105 . 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
contributes to an improvement of the suspension and rotational per-
formance, which was verified experimentally. By adjusting the
heights of the upper and lower micropositioning screws, the stator
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Fig. 3. Photograph of stator.

electrode is leveled and the initial gap length is set.
3.1.3  Control Strategy

To implement a stable suspension, voltages applied to the elec-
trodes-for-suspension E;, where j=1~4, are actively controlled. In
this paper, the method to stabilize the rotor movement will be de-
scribed briefly. For a more detailed description, reference is made
to [7]. Fig. 4 shows the block diagram of the control system for
suspension. The principle of control is similar to that of electro-
magnetic levitation system. The three gap lengths d,;",
2, 3, between the stator electrodes E; and the rotor at the sensor
positions are measured by using three gap sensors. From these mea-
sured gap lengths d;", the gap deviations d,; from the reference gap
lengths d; are determined and then transformed to the rotor posi-
tion/attitude error signals; vertical movement z, pitch angle 6 and
roll angle y. These error signals o, where o=z, 8, y, are fed back to
a PID compensator which determines the control voltages V,, with
respect to the rotor movement in each degree of freedom. The con-
trol voltages V, are transformed to the control voltages V, by a pre-

where i=1,

compensation matrix and then combined with the bias voltages Vj,
to produce the total voltages V;" (i=1, 2, 3 ) which are to be applied
to the electrodes-for-suspension E; and have positive polarities. From
the total voltages V;" and the capacitances C;” between the elec-
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Fig. 4. Block diagram of control system for suspension.
(Definition of variables: ry=(0g), r=(a), d’=(d,;"). dg=(dy), d.=(d,,). d'=(d"), V.=V, ), V]'=(V)), Vo=(Vy), V=(V), where =z, 6, ¥, i=1~3 and j=1~4.)
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trodes E; and the rotor, the total voltage V,” applied to the electrode
E4 can be obtained as follows

=

)3 C\V;
V= -dslo o

Cy

where C;"=(€A,)/d;", € denotes the permittivity, A; denotes the area
of the electrode E;, and d;" denotes the gap length between the elec-
trode E, and the rotor at the geometrical center of the electrode.
Note that the polarity of the voltages applied to electrode E,, E, and
E; 1s positive while that of the voltage applied to the electrode E; is
negative. This generates a potential difference between the elec-
trodes and the rotor and consequently electrostatic forces can be
exerted on the rotor. After going through four limiter circuits, the
four voltage signals are sent to four high voltage amplifiers and
supplied to the four electrodes-for-suspension E;. Note that a limi-
tation is imposed on the voltages for suspension to prevent electric
discharge which is caused by the breakdown of the electric field.
The high voltage amplifiers have an amplification ratio of 1000.
To generate a rotating electric field and consequently a rotational
torque on the rotor, three-phase a.c. voltages differing in phase by
120" are supplied to the three phases of the electrodes-for-rotation.

3.2 Experimental Results and Discussion

Prior to rotation, suspension experiments were carried out with
the polished glass disk having no surface treatment in an atmospheric
environment. The applied proportional, derivative and integral gains
for the vertical movement of the rotor were respectively 10° kV/m,
90 kV-s/m and 106 kV/(m:s), and those for pitching and rolling were
60 kV/rad, 0.06 kV sfrad and 103 kV/(rad s), respectively. A bias
voltage of +0.78 kV was supplied to the electrodes-for-suspension.
The initial and reference gap length were 350 pm and 300 pum,
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Fig. 5. Gap and voltage vanations during suspension process.
(Rotor is polished glass disk without any surface treatment.)

respectively. Fig. 5 shows the recorded gap length and voltage
variations after the PID compensator was switched on. It shows
that a period of time of approximately 40 seconds was needed for
the glass disk to actually reach a state of suspension. Note that since
glass is a material having a high resistivity, 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.
This period of time is strongly dependent on the environmental
humidity. The data shown in Fig. 5 was recorded under an air
humidity of 50 %RH. From our experiments, it was observed that
the period of time needed to achieve a stable suspension varied
from 1 seconds to 2 minutes for a humidity variation from 70 %RH
to 30 %RH. Fig. 5 also shows that during the state of stable
suspension, the actively controlled voltages are slowly decreasing.
A physical explanation for this drift phenomenon is that the charge
built-up on the glass surface had not yet reached a steady state and
indicates that the process of charge accumulation was progressing
continuously during suspension. The voltages after 3 minutes from
the control start were respectively 0.8 kV, 0.8 kV, 0.78 kV and -0.8
kV. Fig. 6 is a photograph of the glass disk under stable suspension.

Fig. 6. Photograph showing rotor under stable suspension.
(Rotor is polished glass disk without any surface treatment.)

Rotation was enabled by supplying three-phase a.c. voltages of 1
kV p-p to the electrodes-for-rotation after a stable suspension was
reached. We have succeeded in rotating the glass disk with a maxi-
mum speed of 70 rpm. The main factor restricting the maximum
speed is not the rotational torque but the passive lateral restriction
force. When the rotor speed reached above 70 rpm, the motion of
the rotor along the lateral direction became unstable due to an in-
sufficiency of the restorative forces. Concerning the maximum ac-
celeration, it was recorded that a time period of 2 seconds was re-
quired to raise the speed from O rpm to 70 rpm. Fig. 7 shows the gap
length and voltage variations at a rotor speed of 60 rpm. The gap
fluctuations did not exceed 2 um p-p while the voltage fluctuations
supplied to electrodes #1, #2, #3 and #4 were 0.12kV, 0.1 kV, 0.1
kV, and 0.02 kV, respectively.

The lateral motion of the glass plate reveals a hysteretic-like char-
acteristic so that in the event of an lateral disturbance, the disk does
not return back to its original position even after removing the dis-
turbance. It is known that in case of a rotor consisting of conductive
material, the lateral restorative forces are generated due to the edge
effect. However, in case that the rotor consisted of highly resistive
or dielectric material like glass, it was observed that these edge ef-
fects are small and the lateral restriction forces are mainly gener-
ated in the vicinity of the boundaries of the electrodes having a
potential difference. This results in the hysteretic-like characteris-
tic of the lateral motion of the rotor. In our experiments, it was not
so easy to obtain a repeatable rotational performance, such as the
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Fig. 7. Gap and voltage variations during rotation.
(Rotor is polished glass disk without any surface treatment.)

attainable maximum speed or lateral vibration, because of the hys-
teretic-like characteristic.

Next, the suspension and rotation experiments were carried out
with the ITO layered glass disk. The control gains used were the
same as those in case of the glass plate without any surface treat-
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Fig. 8. Gap and voltage variations during suspension process.
(Rotor is made of ITO layered glass.)
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ment. A bias voltage of &= 0.67 kV was utilized. Fig. 8 shows the
variations of the gap lengths and voltages after the PID compensa-
tor was switched on. It shows that the glass disk was pulied up
immediately after switching on the PID compensator. This is due to
the ITO layer on the lower surface of the glass plate.

Rotation experiments were conducted by supplying three-phase
a.c. voltages of 1 kV p-p to the electrodes-for-rotation. The glass
disk was rotated successfully with a maximum speed of approxi-
mately 60 rpm. As in case of the glass plate without any surface
treatment, the maximum attainable rotor speed was limited by the
lateral restriction forces. However, owing to the ITO layer, the lat-
eral motion of the disk did not exhibit any hysteretic-like character-
istic and therefore a repeatable rotational performance could be ob-
tained.

The ESIM is an asynchronous motor. Nevertheless, it was ob-
served 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 contactless.

4. CONCLUSIONS

Electrostatically suspended induction motor (ESIM), which is a
rotary actuator with a function of contactless rotor support by elec-
trostatic forces, was described in this paper. ESIM features stator
electrodes which are subdivided into a part responsible for suspen-
sion and one for rotation. To implement a stable suspension, the
voltages supplied to the electrodes-for-suspension are actively con-
trolled on the basis of the rotor position/attitude. Three-phase a.c.
voltages are supplied to the electrodes-for-rotation to generate a
rotating electric field on the surface of the rotor. As a rotor, a pol-
ished glass disk without any surface treatment and a one-side ITO
layered glass disk were used. The glass disks have been suspended
successfully at a gap length of 300 wm and rotated with a rotational
speed of approximately 70 rpm during suspension. The gap fluc-
tuations were found to be no greater than 2 um during rotation. The
proposed actuator is expected to be widely used in industrial appli-
cations as a contactless-supporting and actuating device for dielec-
tric materials like glass.
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