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ABSTRACT
This paper proposes a structurally simple stabilizing hys-
teretic feedback controller for contactless electric suspen-
sion devices in an effort to render electrostatic levitation
technology more industrially attractive. The main system
features of the proposed hysteretic feedback control-
based levitator are: (i) its simple relay-based hardware re-
alization, (ii) complete obsoleteness of dc high-voltage
amplifiers, and (iii) its cost-effective and compact con-
struction. Instead of dc high-voltage amplifiers only a
maximum number of two high-voltage power sources ca-
pable of delivering a dc voltage are required. Despite the
occurrence of limit cycles inherent to any relay switching
control scheme, a stable and excellent performance in
terms of position control can be obtained for the particu-
lar case of objects possessing a large suspension area-air-
gap ratio. The dynamics of the levitator is examined
analytically and a closed-loop stability analysis is con-
ducted using the describing function method. The effec-
tiveness of the proposed controller was experimentally
investigated on a prototype electrostatic levitation device
for contactless suspension of a 4-inch silicon wafer.

I. I NTRODUCTION
Electrostatic levitation offers the advantage to directly
suspend a wide variety of materials without any direct
mechanical contact, such as conductors, semiconductors,
and dielectrics. This is in stark contrast with the well
known and established electromagnetic levitation tech-
nology [1] which is limited to contactless suspension of
ferromagnetic media only while electrostatic levitation
technology allows the suspension of dielectric and semi-
conducting media as well. Despite these advantages, the
application of electrostatic levitation technology has not
had the success of its electromagnetic counterpart. Two
major reasons for this can be attributed to the fact that
electrostatic levitation exhibits low suspension force out-
put levels and necessitates the formation of strong electric
fields between the stator electrodes and the suspended ob-
ject [2]. The latter is achieved by supplying high-voltag-
es, typically in the kV range, to the stator electrodes in

combination with small airgaps. An upper limit, howeve
exists for the magnitude of the stator electrode volta
and is dictated by the Passchen electric field break-do
strength in ambient air. This restriction along with th
fact that the total electrostatic suspension force is prop
tional with the suspension area of the object, leads to
conclusion that thin objects, such as disk-shaped me
and thin metal sheets, featuring large suspension area
gap ratios are most relevant to be suspended. Since m
electric suspension systems are open-loop unstable,
namic stabilization is necessary which is usua
achieved by means of a feedback controller which reg
lates the suspension force by using the position of the s
pended object measured at discrete locations as feed
signal. The feedback controller may regulate all six d
grees of freedom (DOF) of the suspended object, how
er, more often only a reduced number of DOF’s a
controlled while the remaining ones are passively sta
lized. Kumar et al. [3] succeeded in contactless suspe
sion of a rotor in micro-electric bearings where the rot
consisted of a microscope cover slide covered with a t
copper layer. Electric field traps [4] and miniaturized
electrode arrays [5] have been used to handle, posit
and transport dielectric particles and biological cells su
pended in dielectric media by using dielectrophore
forces. Kaler et al. [6] used feedback-controlled dielec
trophoretic forces generated by a cone-plate electro
structure to stably levitate single biological cells. Mo
recently, electric suspension of a 4-inch silicon wafer 
8] and quartz glass panels [9] have been reported as w
Upon reviewing the electrostatic suspension systems
ported in the open literature it was found that the major
of them deploy dc high-voltage amplifiers as a means
amplifying the low output voltage signals of the feedba
controller to the suspension voltages. Indeed, the ove
cost and dimensions of electrostatic suspension dev
are dominated by the dc high-voltage amplifiers whi
are costly and comparatively bulky components. Sin
the required number of dc high-voltage amplifiers is pr
portional to the number of electrodes to be controlled, e
treme system costs can be expected to arise 
applications deploying distributed electrode systems 
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FIGURE 1: One-degree of freedom electrostatic levitator
the suspension of, e.g., flexible bodies. These drawbacks
have seriously hampered widespread industrial applica-
tion. To address the identified cost and complexity prob-
lem, a hysteretic feedback controller is proposed for the
suspension of disk-shaped objects. In the domain of elec-
tromagnetic bearings hysteresis amplifiers have been
used to control the switching times of switching power
amplifiers which deliver the necessary ampere-order
bearing coil currents. The main feature of the hysteretic
feedback controller is that neither high-voltage amplifiers
nor power amplifiers are required. Instead, independent
from the number of electrodes to be controlled, only up to
two dc high-voltage supplies are needed. In addition, its
simple and low-cost relay-based hardware realization
contributes highly to a cost-effective, compact, and non-
complex electrostatic suspension system. 

II. PRINCIPLE  OF OPERATION

A. One-degree of Freedom Electrostatic Levitator
Fig. 1 depicts the model of an one-degree of freedom
(DOF) electrostatic levitator which will be used to eluci-
date the operational principle of the proposed controller.
For simplicity, a disk-shaped object is taken as the object
to be suspended. The stator electrode structure consists of
two concentric electrodes whose overall diameter is the
same as that of the suspended disk. The inner and outer
electrodes form variable parallel-type of plate capacitors
with the suspended object. Furthermore, a gapsensor is
placed at the geometrical center of the stator for the pur-
pose of continuously measuring the position d of the sus-
pended disk. Based on the deviation of d from the
reference position dref, a feedback controller outputs a
stabilizing reference electrode voltage signal V∆,ref. The

comparator incorporating hysteresis acts to switch on/
the dc supply voltages Vs,p and Vs,n to the electrodes to
ensure that the electrode voltage V∆ tracks V∆,ref globally.
Electric charging of the electrodes is performed by clo
ing switches SW1 and SW4 while discharging is per-
formed by closing switches SW2 and SW3. The basic
configuration consisting of the inner and outer electrod
and the charge-discharge circuit will referred to as 
electrode unit. Rather than applying the supply voltag
directly to the electrodes, they are applied as termi
voltages to a RC-type of circuit consisting of external re
sistors R, R1 and R2, and capacitor Cb in order to prevent
the occurrence of high switching frequencies which m
shorten the life span of the switches. The resulti
switching frequency is a function of R, R1, R2, Cb, Cp, Cn,
and the hysteresis of the comparator. Since the ma
tudes of the electrode voltages Vp and Vn are too high to
be used in the low voltage electronic control circuitry,
simple pull-down network consisting of R1 and R2 is uti-
lized. The pulled-down electrode voltages are then co
verted to V∆. In the particular case when the tw
conditions: (i) equal suspension areas of the inner a
outer electrodes and (ii) application of an anti-symmet
cal supply voltage distribution, i.e., Vs,p =-Vs,n, are ful-
filled, a disk potential of zero will be obtained. The fir
condition implies that the capacitance Cp between the
positively charged electrode and the suspended disk is
proximately equal to the capacitance Cn between the neg-
atively charged electrode and the suspended disk. T
result can be easily verified from the following expre
sion for the electric potential φd of the disk:

(1)φd

CpVp CnVn+

Cp Cn+
----------------------------------

CpVp Cp V– p( )+

Cp Cp+
-------------------------------------------≈ 0= =
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This particular condition is highly desired in clean-room
applications where contamination of the suspended ob-
ject has to be strictly avoided. A nonzero potential of the
suspended object would result in attraction of contami-
nating foreign particulates through electrostatic effects.
Clean-room applications which could benefit from this
condition are, e.g., in the area of silicon wafer and Liquid
Crystal Display (LCD) processing. Concerning the posi-
tioning control performance, relay based control inevita-
bly introduces persistent oscillations in the disk’s
position. The amplitudes of these limit cycles depend on
the supply voltage magnitudes, hysteresis, RC values, and
the squeeze airfilm damping. Since the latter depends
strongly on the airgap separation and the disk velocity, a
relatively strong passive damping force can be obtained.
This damping force has the same order of magnitude as
the electrostatic suspension force and, thus, contributes in
a convenient way to limit cycle suppression. 

B. Three-degrees of Freedom Electrostatic Levitator
The transition of an one-DOF levitator to one which can
suspend an object in five degrees of freedom, i.e., the lon-
gitudinal and lateral position in the plane of the object,
the position of the object’s center of mass (z), and its pitch
(θ) and roll angle (ξ), can be done in a straightforward
fashion. In actual applications only the three degrees of
freedom z, θ, and ξ need to be actively controlled since
the remaining ones are passively stabilized through elec-
trostatic restriction forces arising from edge effects [2].
Fig. 2 shows an electrode pattern structure which could
be used for a three-DOF levitator configuration. The elec-
trode pattern consists of three electrode units each of
which determine their control actions on the basis of the
local airgap lengths measured by the associated gap sen-
sors. Clearly, this configuration leads to a decentralized
control structure which greatly contributes to simplifying
the hardware realization of the levitator.

III. E LECTROMECHANICAL  MODEL
As a typical electromechanical system an electrostatic
suspension system can be described by an algebraic force
transmission relationship, and the mechanical and electri-
cal subsystem dynamics. 

A. Algebraic Force Transmission Relationship
The electrostatic forces produced by each stator electrode 
can be derived from a variable capacitance model. The
variable capacitances are formed between the inner and
outer electrodes of each electrode unit where the sus-
pended object acts to couple the electric field between
these electrodes. By assuming a uniform electric field be-
tween the suspended object and the stator electrodes, the
electrostatic forces can be derived easily. This assump-
tion is justified when the ratio of the airgap length and the

overlapping area between object and stator is very sm
As a consequence, the capacitances Ci, i=1,2,3, between
the inner and outer electrode at electrode unit i, can be
written as where ε represents the per-
mittivity of the surrounding medium, Ai is the total area
of the electrode unit, and di is the airgap length. Now, the
attractive electric force Fe,i can be calculated by integrat
ing the surface electric force density fe,i over the suspen-
sion area of unit electrode i:

(2)

where σi is the surface charge density, Vi=Vp,i-Vn,i, and Ei
represents the uniform electric field strength.

B. Mechanical Subsystem Dynamics Analysis
The nonlinear rigid body equations of motion of the su
pended disk can be conveniently derived using t
Lagrange formalism. The generalized coordinates in t
derivation are the actively controlled degrees of freedo
of the disk: z, θ, and ξ. Αs a result, the following three
coupled nonlinear second-order differential equations 
obtained:

(3)

where m represents the mass of the disk, Ix and Iy are the
moments of inertia about the z- and x-axis, respectively, g
is the gravitational constant, Fd represents the damping
force, and Qz, Qθ and Qξ are the generalized forces ass
ciated with the generalized coordinates qz=z, qθ=θ, and
qξ=ξ, respectively. These generalized forces can be c
culated from:

(4)

where r j is the position vector associated with the ge
metrical center of the jth electrode unit, and Fe,j is the
electric force exerted on the disk by the jth electrode unit.
Evaluation of Eq. (3) yields:

Ci 1 4⁄( )εAidi
1–=

Fe i, fe i, Ad
Ai

∫ σi Ei Ad
Ai

∫
εAiVi

2

8di
2

---------------ez= = =

mż̇ mg+ Qz Fd–=

θ̇̇ I x ξ I z ξ2sin+2cos( ) θ̇ ξ 2ξ I z I x–( )sin+ Qθ=

2I xξ̇̇
θ̇2

2
----- 2ξ I z I x–( )sin– Qξ=

Qk Fe j,

∂r j

∂qk
-------- k,⋅

j 1=

3

∑ z θ ξ, ,= =

FIGURE 2: Electrode pattern for three-DOF electrostatic levitator
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where ra is the radius of the circle circumscribing the
geometrical centers of the electrode units. The external
damping force Fd originating from the squeeze film
damping can be formally found by solving the Navier-
Stokes equation. However, obtaining a closed-form ana-
lytical solution for this equation for the case that the disk
has non-zero angular rotations θ and ξ is very difficult.
Hence, it is assumed that these rotations are sufficiently
small such that their influence on the squeeze film damp-
ing force can be neglected. The squeeze film damping is
thus assumed to be caused predominantly by the disk’s
parallel motion with respect to the electrode surface. The
resulting time-varying airgap leads to a symmetric air
pressure distribution which is given by:

(6)

where ηa represents the viscosity of ambient air, ∂z/∂t is
the buffer velocity, r is the polar coordinate with respect
to an inertial frame whose origin is located at the geomet-
rical center of the stator, and rd is the radius of the disk.
Now, the nonlinear squeeze film damping force can be
easily derived by integrating Eq. (5) over the suspension
area of the disk:

(7)

C. Electrical Subsystem Dynamics Analysis
Derivation of the equations describing the electrical sub-
system dynamics amounts to finding the relationship be-
tween the voltage difference Vi=Vp,i-Vn,i, i=1,2,3, the
applied voltages Vs,p and Vs,n, and the disk’s velocity and
position. It is assumed that (i) the resistance of the cables
and the switches through which the charge/discharge cur-
rent flows to each electrode can be included in the resis-
tance R, and (ii) the charging/discharging cycle of each
electrode Ep,i occurs simultaneously with that of it coun-
terpart En,i. Now, from Fig. 1 one can find the following
two general equations:

(8)

(9)

where Ct,i=Cb+Cp,iCn,i(Cp,i+Cn,i)
-1 and Rm=R1+R2, i=

1,2,3. Using Eqs. (8) and (9) one can readily show that
electrical charging dynamics are governed by the follo
ing nonlinear differential equation:

(10)

In the special case that Cp,i=Cn,i and Vs,p=-Vs,n=Von dur-
ing the charging cycle, Eq. (10) becomes:

(11)

The resistor network consisting of R1 and R2 pulls the
high-voltages Vp,i and Vn,i existing at the inner and oute
electrodes down to :

(12)

D. Linearized Open-loop Dynamics
Eqs. (2), (3), (5), (7), and (10) provide a full descriptio
of the open-loop electromechanical dynamics of the p
posed electric suspension device. In general, one m
find that in practical devices the airgap and electrode v
age fluctuations around their reference values are v
small. This fact suggests that the electromechanical m
el may be simplified by subjecting it to a linearizatio
procedure around the reference point characterized
position di,0 and electrode voltage V∆,0. In this section,
the general case of Cp,i≠Cn,i and , is aban-
doned in favor of the practically more interesting set 
system parameters Cp,i=Cn,i,Vs,p=-Vs,n=Von, and Ai=A.
Let ∆di, ∆z, ∆θ, ∆ξ, and ∆V∆,i denote small perturbations
from the reference values di,0=d0, z0, θ0, ξ0, and V∆,0, re-
spectively. Furthermore, let V∆,ref,i denote the output volt-
age of the feedback controller and ∆V∆,R,i denote the
ripple present in ∆V∆,i, i=1,2,3, caused by the switching
actions. Now, straightforward calculation yields the lin
earized open-loop electromechanical model given by:

(13)

(14)

where we define the following vector and parameter ide
tities:

, ,

, ,

, ,

Qz Fe j,
j 1=

3

∑=

Qθ
1
2
---ra θ ξsinsin 3 θcos+( ) Fe 3, Fe 2,–( )

2Fe 1, θ ξsinsin–

{

}

=

Qξ
1
2
---ra ξ θ 2Fe 1, Fe 2,– Fe 3,–( )coscos=

p r t,( )
3ηa r2 rd

2–( )

z3
------------------------------ ∂z

∂t
-----⋅=

Fd z t,( ) p r t,( )2πr rd

0

rd

∫
3πηard

4

2z3
------------------ ∂z

∂t
-----⋅= =

Vs p, Vp i,–

R
---------------------------

∂Ct i, Vp i, Vn i,–( )
∂t

--------------------------------------------
Vp i,
Rm

----------+=

Vn i, V–
s n,

R
---------------------------

∂Ct i, Vp i, Vn i,–( )
∂t

--------------------------------------------
Vn i,
Rm
----------–=

Vs p, Vs n,– R Vi 2
∂Ct i,

∂t
------------ 1

Rm
------- 1

R
---+ +

 
 
 

2Ct i,
∂Vi

∂t
--------+

 
 
 

=

Von R
Vi

2
----- 1

Rm
------- 1

R
---

εAi

2di
2

---------
∂di

∂t
--------–+

 
 
 

Cb

εAi

4di

--------+ 
  ∂Vi

∂t
--------+

 
 
 

=

V̂p i, andV̂n i,

V̂p i,
R2

Rm
-------Vp i, V̂n i,,

R2

Rm
-------Vn i,= =

Vs p, Vs n,≠

M ṙ̇ w 3K+ sCsr C–
d
ṙ KvCvυ+=

υ̇ Rτv
1– KvTc ṙ– τv

1– ue α1 v∆ 0, υ+( )–{ }=

r ∆z ∆θ ∆ξ
T= υ ∆V∆ 1, ∆V∆ 2, ∆V∆ 3,

T
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v∆ ref, V∆ 0, 1 1 1
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and the following matrix definitions which include the
mechanical damping matrix Cd, mass matrix M, and the
linearized transformation matrix Tc which transforms r to
d according to :

, , ,

, 

It should be noted that the vector u contains the externally
applied voltage ui,k, i=1,2,3, k=0,1, which equals Von
when charging is commanded (k=1) and zero when dis-
charging is commanded (k=0). Here the voltage V∆,0 is
chosen such that, when applied to an electrode unit, one
third of the weight of the suspended object is balanced at
the reference position, which implies w=0.

E. Closed-loop Dynamics and Stability Analysis
The open-loop system is closed and stabilized by intro-
ducing a suitable feedback controller into the loop. In
many cases, a conventional Proportional-Integral-Deriva-
tive (PID) controller is sufficient to obtain good position-
ing performance. In this paper, a PD controller is adopted
as stabilizing feedback controller. Addition of integral
control would reduce or eliminate steady-state errors.
Now, the resulting closed-loop system dynamics can be
obtained by substituting the decentralized feedback law

(15)

into Eqs. (13) and (14) where the error e is given by:

(16)

The following stability analysis is carried out for the one-
DOF levitator shown in Fig. 1. For this levitator, the feed-
back law given in Eq. (15) simplifies to the scalar law

. An ap-
proximate stability and limit cycle analysis of the one-
DOF suspension device can be conducted by determining
the describing function N of the nonlinear relay [8],
which amounts to finding the complex ratio of the funda-
mental harmonic component of its output to its input sig-
nal. Fig. 3 shows a block diagram of the one-DOF closed-
loop system where it is assumed that the relay incorpo-
rates a hysteresis band h and a time delay e-τs, which re-
flects the switch-on/off delays of the actual switches used

in the prototype electric suspension device. The Four
transform of the linearized open-loop electromechani
model of the one-DOF levitator is given by:

(17)

(18)

The describing function N(jω) of the relay incorporating
an additional time delay e-τs can be derived as:

(19)

Now, by substituting the relation

(20)

into the Fourier transform of Eqs. (17) and (18) and so
ing the resulting set of equations for ∆d(jω) and ∆V∆(jω),
the closed-loop transfer function can be derived as:

(21)

where
, ,

,

The limit cycle amplitudes and the frequencies at whi
they occur can be found by solving the following tw
equalities for  and ω:

(22)

(23)

Based on this solution, it can be easily shown that for 
on/off delays of the actual switches and an appropri
choice of PD control parameters and hysteresis h, the
closed-loop system and, thus, the limit cycles are stab

ue u1 k, u2 k, u3 k,
T

= α1
R

Rm
------- 1+= τv 2R

εA
4d0
--------- Cb+ 

 =

kv
εA

do
2

------V∆ 0,= ks
εA

do
3

------V∆ 0,
2–=

d Tcr=

M

m 0 0

0 I x 0

0 0 I x

= Cd α2

1 0 0

0 0 0

0 0 0
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1
2
---

2 0 0

0 ra
2 0
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2

=
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ra

2
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1– 31 2/– 1–

2ra
1– 31 2/ 1–
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2
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T
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V∆ ref, Kp ∆dref ∆d–( ) Kd ∆ḋref ∆ḋ–( )+( )–=

∆d jω( )
3kv ∆V∆ jω( )

m jω( )2 α2 jω 3ks–+
-----------------------------------------------------=

∆V∆ jω( )
uk α1V∆ 0,–

R
2
---kv jω∆d jω( )+

α1 jωτ+ v

------------------------------------------------------------------------=

N jω( )
2Von–

π ∆V∆ R, jω( )
-------------------------------------e

j sin
1– h

∆V∆ R, jω( )
--------------------------------- 

  τω+
 
 
 

–
=

uk N jω( ) ∆V∆ jω( ) V∆ ref, jω( )–( )=

∆d jω( )
3Kv α1V∆ o, ∆dref Kp jωKd+( )–( )

b3 jω( )3 b2 jω( )2 b1 jω b0+ + +
---------------------------------------------------------------------------------------=

b3 τvm= b2 α2τv m N α1–( )+=

b1 3Ksτv α–
2

N α1–( ) 3Kv Kd
R
2
---Kv– 

 + 
 –=

bo 3Ks N α1–( ) 3KvKp+(–=

∆V∆ R, jω( )

Re b3 jω( )3 b2 jω( )2 b1 jω b0+ + +( ) 0=

Im b3 jω( )3 b2 jω( )2 b1 jω b0+ + +( ) 0=

FIGURE 3: Block diagram of closed-loop system
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IV. EXPERIMENTAL  RESULTS
A three-DOF prototype electrostatic levitator has been
constructed for the suspension of a 4-inch silicon wafer
and incorporates the stator electrode pattern design
shown in Fig. 2 and the proposed hysteretic feedback
controller. The stator electrode has an outer diameter
matching that of the silicon wafer and was fabricated us-
ing a standard wet etching technique. Sensor openings ly-
ing on a circle with a radius of 28 mm are provided in the
electrode for mounting the PHOTONICS optical fiber
gapsensors. The highly compact hysteretic feedback con-
troller circuitry uses inexpensive AQV258 photomos re-
lays, which can handle input voltages up to 1.5 kV. Both
stator electrode and gapsensors are mounted on an alumi-
num base plate which is supported by three micrometer
screws. The silicon wafer is supported below the stator
electrode by three micrometer screws as well. Table 1
shows the system and control parameters.

Fig. 4 shows the recorded transient airgap variations ∆di
with respect to the reference airgap and the electrode
voltages V∆,i, i=1,2,3, when the silicon wafer was lifted
from its support. As can be observed, the response char-
acteristics of all three airgap variations are well damped
and show no overshoots. Due to the noise present in the
sensor signals and the switch-on/off time delays of the
photomos switches, the ripple in the steady-state airgap
lengths have amplitudes of approximately 2 µm, which
can be reduced by selecting better switches.

V. CONCLUSIONS
A stabilizing hysteretic feedback controller for contact-
less electric suspension has been presented in this paper.
Its simple and cost-effective relay-based hardware real-
ization, and the complete obsoleteness of dc high-voltage
amplifiers lead to a great reduction in system complexity
and costs relative to existing electrostatic suspension sys-
tems. Instead of dc high-voltage amplifiers only a maxi-
mum number of two dc high-voltage power source are
required. The dynamics of the levitator have been exam-
ined analytically using the describing function method
and shows that the closed-loop system is stable. The suc-
cessful contactless suspension of a 4-inch silicon wafer in
ambient air on a prototype suspension device shows the
effectiveness of the proposed controller.

FIGURE 3: Measured airgap variations ∆di with respect to the refer-
ence airgap length and electrode voltages Vv,i, i=1,2,3

The experimental results also demonstrate that des
the limit cycle behavior inherent to the use of relays
stable and good performance in terms of position cont
can be obtained for the particular case of objects poss
ing a large suspension area-airgap ratio.
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