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ABSTRACT combination with small airgaps. An upper limit, however,
This paper proposes a structurally simple stabilizing hysexists for the magnitude of the stator electrode voltage
teretic feedback controller for contactless electric susper@nd is dictated by the Passchen electric field break-down
sion devices in an effort to render electrostatic levitatiostrength in ambient air. This restriction along with the
technology more industrially attractive. The main systenfact that the total electrostatic suspension force is propor-
features of the proposed hysteretic feedback controtional with the suspension area of the object, leads to the
based levitator are: (i) its simple relay-based hardware reonclusion that thin objects, such as disk-shaped media
alization, (ii) complete obsoleteness of dc high-voltagénd thin metal sheets, featuring large suspension area-air-
amplifiers, and (iii) its cost-effective and compact con-gap ratios are most relevant to be suspended. Since most
struction. Instead of dc high-voltage amplifiers only aglectric suspension systems are open-loop unstable, dy-
maximum number of two high-voltage power sources caramic stabilization is necessary which is usually
pable of delivering a dc voltage are required. Despite thachieved by means of a feedback controller which regu-
occurrence of limit cycles inherent to any relay switchindates the suspension force by using the position of the sus-
control scheme, a stable and excellent performance pended object measured at discrete locations as feedback
terms of position control can be obtained for the particusignal. The feedback controller may regulate all six de-
lar case of objects possessing a large suspension area-glees of freedom (DOF) of the suspended object, howev-
gap ratio. The dynamics of the levitator is examinecer, more often only a reduced number of DOF's are
analytically and a closed-loop stability analysis is concontrolled while the remaining ones are passively stabi-
ducted using the describing function method. The effedized. Kumaret al [3] succeeded in contactless suspen-
tiveness of the proposed controller was experimentallgion of a rotor in micro-electric bearings where the rotor
investigated on a prototype electrostatic levitation deviceonsisted of a microscope cover slide covered with a thin
for contactless suspension of a 4-inch silicon wafer. ~ copper layer. Electric field traps [4] and miniaturized-
electrode arrays [5] have been used to handle, position,
and transport dielectric particles and biological cells sus-
|. INTRODUCTION pended in dielectric media by using dielectrophoretic
Electrostatic levitation offers the advantage to directlyforces. Kaleret al [6] used feedback-controlled dielec-
suspend a wide variety of materials without any directrophoretic forces generated by a cone-plate electrode
mechanical contact, such as conductors, semiconductosdtucture to stably levitate single biological cells. More
and dielectrics. This is in stark contrast with the wellrecently, electric suspension of a 4-inch silicon wafer [7,
known and established electromagnetic levitation tech] and quartz glass panels [9] have been reported as well.
nology [1] which is limited to contactless suspension otJpon reviewing the electrostatic suspension systems re-
ferromagnetic media only while electrostatic levitationported in the open literature it was found that the majority
technology allows the suspension of dielectric and semaf them deploy dc high-voltage amplifiers as a means of
conducting media as well. Despite these advantages, thenplifying the low output voltage signals of the feedback
application of electrostatic levitation technology has notontroller to the suspension voltages. Indeed, the overall
had the success of its electromagnetic counterpart. Twemst and dimensions of electrostatic suspension devices
major reasons for this can be attributed to the fact thaire dominated by the dc high-voltage amplifiers which
electrostatic levitation exhibits low suspension force outare costly and comparatively bulky components. Since
put levels and necessitates the formation of strong electribe required number of dc high-voltage amplifiers is pro-
fields between the stator electrodes and the suspended pbrtional to the number of electrodes to be controlled, ex-
ject [2]. The latter is achieved by supplying high-voltag-treme system costs can be expected to arise in
es, typically in the kV range, to the stator electrodes iapplications deploying distributed electrode systems for
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FIGURE 1: One-degree of freedom electrostatic levitator

the suspension of, e.g., flexible bodies. These drawbackemparator incorporating hysteresis acts to switch on/off
have seriously hampered widespread industrial applicahe dc supply voltage¥s andVs , to the electrodes to
tion. To address the identified cost and complexity probensure that the electrode voltaggtracksV, osglobally.
lem, a hysteretic feedback controller is proposed for thElectric charging of the electrodes is performed by clos-
suspension of disk-shaped objects. In the domain of eletg switchesSW and SW, while discharging is per-
tromagnetic bearings hysteresis amplifiers have bedbrmed by closing switcheSW, and SW;. The basic
used to control the switching times of switching powerconfiguration consisting of the inner and outer electrode,
amplifiers which deliver the necessary ampere-ordesind the charge-discharge circuit will referred to as an
bearing coil currents. The main feature of the hysteretielectrode unit. Rather than applying the supply voltages
feedback controller is that neither high-voltage amplifierglirectly to the electrodes, they are applied as terminal
nor power amplifiers are required. Instead, independenbltages to &C-type of circuit consisting of external re-
from the number of electrodes to be controlled, only up tsistorsR, R; andR,, and capacito€,, in order to prevent
two dc high-voltage supplies are needed. In addition, ithe occurrence of high switching frequencies which may
simple and low-cost relay-based hardware realizatioshorten the life span of the switches. The resulting
contributes highly to a cost-effective, compact, and nonswitching frequency is a function Bf Ry, Ry, Cy, Cp,, Cy,,
complex electrostatic suspension system. and the hysteresis of the comparator. Since the magni-
tudes of the electrode voltagésandV,, are too high to
be used in the low voltage electronic control circuitry, a
Il. PRINCIPLE OF OPERATION simple pull-down network consisting Bf andR; is uti-
A. One-degree of Freedom Electrostatic Levitator lized. The pulled-down electrode voltages are then con-
Fig. 1 depicts the model of an one-degree of freedorfered 0V, In the particular case when the two
(DOF) electrostatic levitator which will be used to eluci-conditions: (i) equal suspension areas of the inner and
date the operational principle of the proposed controllePUter electrodes and (ii) application of an anti-symmetri-
For simplicity, a disk-shaped object is taken as the obje&@! SUPPIY voltage distribution, i.&Vs ,=-Vs , are ful-
to be suspended. The stator electrode structure consistd§fd: @ disk potential of zero will be obtained. The first
two concentric electrodes whose overall diameter is thgonq!tlon implies that the capacitanCy between.the.
same as that of the suspended disk. The inner and ouRSSitively charged electrode and the suspended disk is ap-
electrodes form variable parallel-type of plate capacitorBroximately equal to the capacitar@Ggbetween the neg-
with the suspended object. Furthermore, a gapsensorddvely charged electrode and the suspended disk. This
placed at the geometrical center of the stator for the puf¢Sult can be easily verified from the following expres-
pose of continuously measuring the positiasf the sus- 'O for the electric potentig of the disk:
pended disk. Based on the deviation dbffrom the C.V.+CV.  CV +C (-V.)
- - p'p n‘n_~p'p p* "p’ _
reference positiom,e;, a feedback controller outputs a @ C iC Y 0 @
stabilizing reference electrode voltage sigwaler. The pon PP




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 OFIGURE 2: Electrode pattern for three-DOF electrostatic levitator

the supply voltage magnitudes, hysterd?{Syalues, and

the squeeze airfilm damping. Since the latter depends/erlapping area between object and stator is very small.

strongly on the airgap separation and the disk velocity, As a consequence, the capacitar€e$=1,2,3, between

relatively strong passive damping force can be obtainethe inner and outer electrode at electrode iynian be

This damping force has the same order of magnitude agitten asC; = (1/4)eA, di_l where represents the per-

the electrostatic suspension force and, thus, contributesmnittivity of the surrounding mediundy is the total area

a convenient way to limit cycle suppression. of the electrode unit, ardjis the airgap length. Now, the
attractive electric forcg, jcan be calculated by integrat-

B. Three-degrees of Freedom Electrostatic Levitator  ing the surface electric force densiy over the suspen-

The transition of an one-DOF levitator to one which car$ion area of unit electrode

suspend an object in five degrees of freedom, i.e., the lon- eAiViZ

gitudinal and lateral position in the plane of the object, Fei = /{fe,idA = A[Ui EidA = —

the position of the object’s center of magsdnd its pitch i i 8d;

(6) and roll angle §), can be done in a straightforward whereg; is the surface charge densizV, i-Vy, j, andE

fashion. In actual applications only the three degrees o&presents the uniform electric field strength.

freedomz, 6, and¢ need to be actively controlled since B. Mechanical Subsystem Dynamics Analysis

the remaining ones are passively stabilized through ele%e nonlinear riaid bodv equations of motion of the sus-
trostatic restriction forces arising from edge effects [2]. 9 y€da

Fig. 2 shows an electrode pattern structure which coul@ended disk can be convenlen_tly denveq using th_e
be used for a three-DOF levitator configuration. The eleclrag_ran_ge formalism. _The generalized coordinates in this
trode pattern consists of three electrode units each gfnvatlo_n are the actively controlled degrees_of freedom
which determine their control actions on the basis of th8 the d'Sk'Z'_ 6, and{. As a result_, the fqllowmg t_hree
local airgap lengths measured by the associated gap S'&q_up_led nonlinear second-order differential equations are
sors. Clearly, this configuration leads to a decentralizeﬂbtamed'

control structure which greatly contributes to simplifying
the hardware realization of the levitator.

& @

mz+mg = Q,—F,
B(1,cos%E + 1,5in%E) + OEsin2&(1,—1,) = Qg 3)

. g2 ~
lll. E LECTROMECHANICAL M ODEL 21§ == sin2é(l,—1y) = Q¢

As a typical electromechanical _system an eIectrqstati\@,herem represents the mass of the diglandl, are the
suspension system can be described by an algebraic foig@ments of inertia about tzeandx-axis, respectivelyy
transmission relationship, and the mechanical and electiis the gravitational constarfty represents the damping
cal subsystem dynamics. force, andQ,, Qg andQ; are the generalized forces asso-

A. Algebraic Force Transmission Relationship ciated with the generalized coordinatgsz, q¢=6, and

The electrostatic forces produced by each stator electrodi=¢: respectively. These generalized forces can be cal-
can be derived from a variable capacitance model. Th%UIatBOI from:

variable capacitances are formed between the inner and 3 c)rj

outer electrodes of each electrode unit where the sus- Qx :‘Z Fe,j%! k=286¢ (4)
pended object acts to couple the electric field between 1=1 K

these electrodes. By assuming a uniform electric field bavherer; is the position vector associated with the geo-
tween the suspended object and the stator electrodes, thetrical center of th@h electrode unit, an# ;is the
electrostatic forces can be derived easily. This assumplectric force exerted on the disk by jtieelectrode unit.
tion is justified when the ratio of the airgap length and th&valuation of Eq. (3) yields:



3
Q=2 Fe where C; =Cy+Cp Cni(Cp,*Cn) ™" and RyFRi+R,, =
j=1 1,2,3. Using Egs. (8) and (9) one can readily show that the

_1 P electrical charging dynamics are governed by the follow-
= = - 5
Q 2ra{ (smBsmEhfScosB)(Feyg, Fe2) ©) ing nonlinear differential equation:

—2Fg, sin@siné}

10 GVJ]
_1 =R E2—+— +g1+2C
Qg = éracosicose( 2F 1—Fg 2 —Fg3) ék/ 0

R, bt g 2 (10)

wherery, is the radius of the circle circumscribing the | the special case thap, =Cy,; andV =~V =Von dur-
geometrical centers of the electrode units. The extern,e],{g the charging cycle, Eq. (10) becomes

damping forceFy originating from the squeeze film

damping can be formally found by solving the Navier- DV 01 1 €A adD BD
Stokes equation. However, obtaining a closed-form ana, RO = ——2 b D ( 1)
lytical solution for this equation for the case that the dISk 02 %m R 2d; otQ 4d; at

has non-zero angular rotatioflsand £ is very difficult.

Hence, it is assumed that these rotations are sufficient)y T] resl,;storgr/\etwo:jkvcons!s:!ng Rt&tr?nq R pullz thet
small such that their influence on the squeeze film dam 19 t-vod agg p.i ?g, _ ni iif/'s_'ng atthe inner and outer
ing force can be neglected. The squeeze film damping %ec rodes down tp,j antvy, i

thus assumed to be caused predominantly by the disk’s . R, .
parallel motion with respect to the electrode surface. The Vi =5 Yo+ Wni=g Vhi 12)
resulting time-varying airgap leads to a symmetric air m m
pressure distribution which is given by: D. Linearized Open-loop Dynamics
3n,(r 2_rd) 2 Egs. (2), (3), (5), (7), and (10) provide a full description
(r,t) = Da— (6)  of the open-loop electromechanical dynamics of the pro-

posed electric suspension device. In general, one may
wheren, represents the viscosity of ambient 8#pt is  find that in practical devices the airgap and electrode volt-
the buffer velocityr is the polar coordinate with respect age fluctuations around their reference values are very
to an inertial frame whose origin is located at the geomesmall. This fact suggests that the electromechanical mod-
rical center of the stator, amg is the radius of the disk. el may be simplified by subjecting it to a linearization
Now, the nonlinear squeeze film damping force can bprocedure around the reference point characterized by
easily derived by integrating Eq. (5) over the suspensiopositiond, o and electrode voltagé, o. In this section,

area of the disk: the general case Gf, ;#Cp, jand|V, | # \V , is aban-
4 3mn rél , doned in favor of the practlcally more mterestlng set of
Fa(z ) = [p(r.t)2md = —2 o (7)  system parameter§, =Cy, Vs =-Vs iVor andA=A.
0 2z LetAd;, Az, AB, A¢, andAVA, denote small perturbations
, ) ) from the reference valueisy=dy, zy, 6y, o, andVy o, re-
C. Electrical Subsystem Dynamics Analysis spectively. Furthermore, &}, .t ; denote the output volt-

Derivation of the equations describing the electrical subyge of the feedback controller alW, g; denote the
system dynamics amounts to finding the relationship bgjpple present MV, ;, i=1,2,3, caused by the switching
tween the voltage difference=V,-Vp;, i=1,2,3, the  actions. Now, straightforward calculation yields the lin-

applied voltage¥s pandVs and the disk's velocity and earized open-loop electromechanical model given by:
position. It is assumed that (i) the resistance of the cables

and the switches through which the charge/discharge cur- MF=w+ 3K Cr—Cyr + K ,C U (13)

rent flows to each electrode can be included in the resis- 1 ) 1

tanceR, and (i) the charging/discharging cycle of each U~ RT, K, T.r = 1, {u—ay(vy o t0)}  (14)
electrodek, j occurs simultaneously with that of it coun- yhere we define the following vector and parameter iden-
terpartE, ;. Now from Fig. 1 one can find the following {jties:
two general equations: T T
=[aza6agd v = (A, AV , AY, 5]
Ve p=Vp i 0C (Vp =V, )V

S, p p.i _ n, i +._EJ T T
R ot Ry (8 Vet =Vao[1 11 d=]ad; Ad, Ady)
Vii~Ven  0Ci(Vpi=Vai) Vai ; )
R - ot "R, ©) 37,1

m W= EE\Q&O mg 00 ,a,= ——,

2d0|- ng



in the prototype electric suspension device. The Fourier

T R A
Ue= [ul,k Up u3,k} 0= 5=+ TV:ZR% + CbE, transform of the linearized open-loop electromechanical
m 0 model of the one-DOF levitator is given by:
k = EAy k = _%VZ .
v g2 80 sT T 43vA 0 ) 3k, AV, (jw)
0 0 Ad(jw) = 5 (17)
and the following matrix definitions which include the m( jw)” + a,jw—3Kg
mechanical damping matrizy, mass matrixM, and the R
linearized transformation matri, which transforms to U—a1Vp o + zkvj wAd(jw)
daccording tad=T_r : AV, (jw) = : (18)
a, + jwr,
mo o 1o 200
M=|01,0|, Cy=a,00 ,cS:%Orgo, AV,
001 00 2 Va ref -+/!\AVA R v Uk
X 0O0r ’ ’ on s
a 1 -
A ad,, Delay
, 2rgn 02 p|2rgt argt 2rft +f Relay
=25 - =2 - ad
TC_ 2 Zral —31/2 —11 CV 2 0 _31/2 31/2 PD |a e A_ Gp
2!’51 32 1 2 -1 -1 Feedback Controller F Plant

It should be noted that the vectocontains the externally
applied voltagey; y, i=1,2,3,k=0,1, which equals/,
when charging is commandeki=() and zeravhen dis-
charging is commanded~0). Here the voltag¥s0iS  The describing functiohl(je) of the relay incorporating
chosen such that, when applied to an electrode unit, oRg aqditional time delag’™ can be derived as:
third of the weight of the suspended object is balanced at . ) .

" R B 0. .
the reference posmon,.whlch |mpll\af5.0. | N(jw)= 2V0n- e_JES'n am%, wD[(19)
E. Closed-loop Dynamics and Stability Analysis T AV, r(jw)|
The open-loop system is closed and stabilized by intrcNOW by substituting the relation
ducing a suitable feedback controller into the loop. In"

many cases, a conventional Proportional-Integral-Deriva- U =N(jw) (AVA(Jw) = Vi ref(j@) ) (20)

Five (PID) controller is _sufficient to obtain good _position—into the Fourier transform of Egs. (17) and (18) and solv-
ing performance. In this paper, a PD controller is adopteghg the resulting set of equations f(jc) andAV, (o),

control would reduce or eliminate steady-state errors.

Now, the resulting closed-loop system dynamics can be - BK( aMj o= Ad e (K + jwKy) ) 1)

FIGURE 3: Block diagram of closed-loop system

. ) = . —— —
obtained by substituting the dece.ntrallzed feedback law ba(j )+ by(jw)? +byjw+b,
Vp,ref =(Kpe+Ky€) (%) where
into Egs. (13) and (14) where the ereds given by: by=17,m, b,=a,7,+ M(N-a,),
_ T _ R
e=|Ad,g(—Ad; Ad,g—Ad, Adyg —Adg]  (16) by= —3BK,T, —0,(N—a;) + 3K, Ky~ 5K

The following stability analysis is carried out for the one-
DOF levitator shown in Fig. 1. For this levitator, the feed- bo= ~(3Ks(N—ay) + 3K Ky

back law given in Eq. (15) simplifies to the scalar lawThe limit cycle amplitudes and the frequencies at which
Vi ref =—(Kp (Ad,ef —Ad) + Ky(Adret —Ad) . An ap-  they occur can be found by solving the following two
proximate stability and limit cycle analysis of the one-equalities fofl AV, r(jw)| andu

DOF suspension device can be conducted by determining 3 9 ]

the describing functioN of the nonlinear relay [8], Re(b3(jw)™+ by(jw)” +bijw+by) =0 (22)
which amounts to finding the complex ratio of the funda- . .3 .2 .

mental harmonic component of its output to its input sig- Im(b3(jw)™+ by(jw)” +byjw+bg) =0 (23)

nal. Fig. 3 shows a block diagram of the one-DOF closed3ased on this solution, it can be easily shown that for the
loop system where it is assumed that the relay incorp@n/off delays of the actual switches and an appropriate
rates a hysteresis bahdind a time delag ™, which re-  choice of PD control parameters and hysterbsithe
flects the switch-on/off delays of the actual switches use¢losed-loop system and, thus, the limit cycles are stable.



V. EXPERIMENTAL RESULTS 0 ey 06

~ 5

A three-DOF prototype electrostatic levitator has beens o
constructed for the suspension of a 4-inch silicon wafer! ->
. . =-10

and incorporates the stator electrode pattern desigf ;.
shown in Fig. 2 and the proposed hysteretic feedback -20

controller. The stator electrode has an outer diameter %1 601" 02" 03 0.4 0516 o1 02" 05 04
matching that of the silicon wafer and was fabricated US- 10 e ey 08 e
ing a standard wet etching technique. Sensor openings Iy 5 0.5

ing on a circle with a radius of 28 mm are provided in theZ _(5)
electrode for mounting the PHOTONICS optical fiber§-1o
gapsensors. The highly compact hysteretic feedback corﬁ-:;g
troller circuitry uses inexpensive AQV258 photomos re- _,gE .01, .11] | N SR SR R

\\\\‘\\\\‘\\\\ 'O.
lays, which can handle input voltages up to 1.5 kV. Both 0 S (05'}2 03 04 A1 0 e (()s')z s 04

(=}

statorelectrodeandgapsensorsaremountedonanalunjj-lsg“““““““““““‘; 8:2;“““““““““““E
num base plate which is supported by three micromete& o= i S04 I
screws. The silicon wafer is supported below the stato%_f’;: E ig:gé: E
electrode by three micrometer screws as well. Table E_lf E R 3
shows the system and control parameters. ;07““7 Oﬂ““’
61 0 01 02 03 04 01 0 01 02 03 04
TABLE 1 Time (s) Time (s)

Control and system parameters

FIGURE 3: Measured airgap variatiodsl; with respect to the refer-

Kp |0510 Vim|| R | 20 MQ ) .
ence airgap length and electrode voltaggsi=1,2,3

Ki [110° Vims| Ry | 40MQ
Kg |1.51F Vsinj Ro | 1MQ

Vao| 3576V Co | 235 pF The lex.penmental re§ult§ also demonstrate that despite
Von | 860 V T 0.4ms the limit cycle behavior mhergnt to the use of relays, a
do | 200pm h | 2v stable and good performance in terms of position control

can be obtained for the particular case of objects possess-

. _ _ . ing a large suspension area-airgap ratio.
Fig. 4 shows the recorded transient airgap variatiahs g g P gap

with respect to the reference airgap and the electrode

voltagesV, j, i=1,2,3, when the silicon wafer was lifted \/|, R EFERENCES
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