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Abstract

Precise positioning over a long stroke is required in various fields.
Important advances in the field of electromagnetic motors, piezoelectric
actuators and beating technology allow nanometric and sub-arc-second
resolution for linear or rotary actuators, tespectively. Alas, these devices
are rather complex, therefore expensive, and tequire sophisticated
assembly techniques for the delicate components. Furthermore, their
operation range is often limited to some fractions of a millimeter or a
couple of degrees.

For some applications the stiffness of the positioning stage is of minor
importance. Compactness, cost-effectiveness (simple structure), tipple-
free displacements and rotations and the absence of magnetic fields are
the design objectives. Potential applications requiring such specifications
are typically the positioning of optical elements such as mirrors and
lenses and the handling of wafers during electron-beam operations.

This thesis presents a novel approach to precise positioning, by
exploiting the electrical properties of glasses. Charges are arranged via
application of an electrostatic field. This polarization has an
extraordinary long rise and decay time constant in the order or several
tens of seconds and can be used to drive the glass. It was verified
experimentally that what we call the ‘electrostatic glass motor’ is
operating at the speed of the applied field, although being a kind of
induction motor. It features a perfect ripple-free movement over a very
broad speed range. The precision of the movement depends on the
resolution of the motor field generator and is entirely decoupled form
mechanical precision aspects.

In the present report, the principle of the electrostatic glass motor is
presented. An analytical model, describing the forces and torques of such
motors is proposed and verified experimentally. A rotary positioning
device, allowing sub-arc second open loop resolution has been designed,
realized and characterized. An open-loop resolution of 0.3 arc-seconds
and a speed range ranging from 40 rpm down to 0.3 arc-sec/sec, and this
over an unlimited displacement range, indicate the promising potential of
the presented concept.

Models and design rules for electrostatic glass positioning devices have
been established and allow, within the scope of future works, the
definitions of linear and muld-axis devices.

11



Résumé

Le positionnement précis sur une grande plage est tequis dans de
multiples champs d’applications. D’importantes avancées dans le
domaine des moteurs électromagnétiques, piézoélectriques et des paliers
permettent des résolutions nanométriques ou ‘sub-arc secondique’ pour
des déplacements linéaires ou rotatifs, respectivement. Jusqu’a présent,
ces appareils sont plutdt complexes, donc chers, et demandent, pour les
composants délicats, des techniques d’assemblage sophistiquées. En plus,
leur plage d’opération est souvent limitée a quelques fractions de
millimétre ou quelques degrés.

Pour certaines applications, la rigidité du stage de positionnement n’est
pas d’une importance primordiale. Une structute compacte et simple
(donc potentiellement-bon marché), un déplacement lisse sans sauts et
Pabsence de champs magnétiques sont requis. Des applications
potentielles qui appellent a de telles spécifications sont typiquement le
positionnement d’éléments optiques comme des miroirs et des lentilles,
et la manipulation des wafers pendant le traitement pat faisceau
d’électrons.

Cette these présente une nouvelle conception du positionnement précis,
en exploitant les propriétés électriques des vetres. Des charges sont
arrangées par application d’un champ électrostatique. Cette séparation
des charges a une constante de décroissance extrémement lente, de
Pordre de plusieurs dizaines de secondes et va étre utilisé pour entrainer
le verre. Il a été vérifié éxperimentalement que ce qu'on appeéle un
‘moteur électrostatique en verre’ fonctionne d’une maniere synchrone
avec la vitesse du champ appliqué. Son mouvement est parfaitement
lisse, ne présent aucune irrégularité, et ceci sur une plage de vitesse trés
vaste. La précision du mouvement dépend de la résolution du champ
statorique et est ainsi totalement découplée des aspects des tolérances
mécaniques. Dans le présent rapport, le principe du moteur
électrostatique en verre est présenté. Un modéle analytique décrivant les
forces et couples dun tel moteur est proposé et vétifié
expérimentalement. Un appareil de positionnement rotatif permettant
une résolution au-dessous de Parc seconde en boucle ouverte a été
congu, réalisé et caractérisé. Une résolution en boucle ouverte de 0.3 arc-
seconde et une plage de vitesse de 40 rpm jusqua 0.3 arc-sec/sec,
indique le potentiel prometteur du concept présenté.
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INTRODUCTION

1. Introduction

1.1  Motivation

his thesis aims to provide a detailed description of electrostatic

glass motors and their application to precise positioning. The

term ‘precise positioning’ is understood nowadays to refer to
resolutions less than one micrometer (10m) for linear displacements
and under one atc-second (2,78:10- degree) for rotations.
Electrostatic glass motors ate an exciting new actuator concept of
stunning simplicity and utmost interest for various concrete applications.
The physical effect of non-contact induction of charges with a very long
time constant in the order of minutes or hours on glass is well known
and manifests itself as ‘absorption current’ during charging of a glass-
capacitor [37]. However, the idea to use induced charges to move a glass
object is quite recent. Higuchi [46)-[48] proposed various concepts for
active electrostatic contact-less levitation of glass plates, as well as
levitation combined with propulsion and fast rotation of disc shaped
glass rotors. The observations of the progressive propulsion smoothness
(due to the charge dynamics) and the remarkably broad speed range led
to the idea to use the electrostatic glass motor for positioning purposes,
the starting point of the present thesis.
The challenge is twofold: First, the electrostatic glass motor has to be
‘anderstood’. A model satisfactorily close to reality has to be established
in order to allow the design of the final actuator. This model is, by
preference, analytical. Given the highly complex structure of glasses, the
model is expected to be fitted by experimental data.
Second, based on the ptevious findings, an operational positioning
actuator has to be designed and realized. In consideration of the
problems of linear actuators (impossibility to perform long time
measurements), a rotary prototype is preferred. The commercially
available driver electronics composed of high voltage amplifiers and
function generators are prohibitively expensive and encumbeting and
need to be redeveloped in order to obtain one compact bench-top
device. The actuator is supposed to be controlled by a commercial PC
without any additional hardware, so driver software and communication
between computer and actuator have to be developed as well.
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1.2 Structure of the thesis

Chapter 1, the introduction, desctibes the state of the art in precise
rotary positioning and reviews the historical development and physical
principle of electrostatic actuation. The related scale laws and the
Paschen-effect are discussed as well.

Chapter 2 presents the physics of electrostatic glass motors. The special
dielectric properties of glasses, properties that are responsible for the
functioning of electrostatic glass motors are discussed, leading to a
description of the obtainable motor forces. The structure of electrostatic
glass motors that transform these forces into linear and rotary
movements and the resulting synchronous movement are explained.

An analytical model of the actuator is proposed in Chapter 3, describing
all involved forces and torques. Analytical simplification provides a more
compact design-tool and a good approximation of the exact expression
over the whole operation range.

Experimental verification of the analytical model is the topic of chapter
4, determining the expetimental parameters that characterize the glass
and that allow fitting the model to reality. Furthermore, the best glass
blend and the optimal motor electrode were determined, as well as the
influence of the humidity.

The verified model and the additional experimental characterizations
allowed the design of a prototype, design that is explained in detail in
chapter 5.

The realized prototype was successfully operated and its petrformances
are presented in chapter 6.

The presented thesis is resumed and concluded in chapter 7, followed by
a brief discussion of the future wotk.
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1.3  State of the Art

1.3.1 Hydraulic and pneumatic actuators

One expects hydraulic and pneumatic actuators in big machines where
the applied forces are relatively important. However, recently, these types
of actuators have also been utilized for micro-mechanisms and precise
positioning.

The main advantages of the hydraulic actuator are its high energy density
and a very high rgidity. The German company Piezomechanik GmbH
introduced an actuator featuring a resolution of 50nm over a range of
400pm. Figure 1.1 shows this manually actuated hydraulic micrometer
screw:

Hydraulic
. . actuator
Displacer spindle Mounting shank Mountine side = [

P g - —ef— 050 i

poos ... — - y —‘i
T ’z ..... '
s / c .
. / H

o 24 [:14

L min 142 mm
L max 178 mm

Figure 1.1 Hydrap actuator (Source: Website Piezomechanik GmbH)

Pneumatic actuators are normally reserved for full-range-mechanisms
like robot-grippers. Badano et al. [4] achieved a sub-micrometric
resolution over 2 mm range for multiple degrees of freedom due to
important advances in adaptive nonlinear control of pressure dynamics
in electro-pneumatic devices.

Higuchi et al. [58] recently proposed a novel pneumatic actuator, the air
impact drive, in which the impact is generated by air pressure, allowing
nanomettic displacement of objects weighing several kilograms.

No rotaty hydraulic or pneumatic positioning devices have been
reported to date.
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1.3.2  Electromechanical actuators

Electromechanical systems are defimnvely the most wadely used solution.
Their main advantages are the sanstactory performance, reliability and
thetr availability. However, when dimensions are reduced and space 1s
limiuted, they lose some of ther interest. Their |X'uk-]u'rfunnam‘r bemg
developed at lugh speed, most of the electromechamical actuators need
gearboxes to obtain the necessary torque. Using a gearbox, the resolution
becomes a function of the backlash and the flexibality of the
transmission. As a typical example of electromagnetic stepper motor
actuators, figure 1.2 shows two products from Melles Gnot, a leading
Cu "“I"l“'_\' I '--I‘! H\"'Illl““',",

Sz Twmmersll

Wl % kg Woenght Uy
Land iy 50 kg Licad g NAT™
Feive r Tevesl ¥

M dum | e e Revoiutes 01 wee e

Figure 1.2 NANOROTOR  and NANOROLL  stepper motor  actuators. The
NANOROLL acruator owes 1ts high resolunion to an additional apen loop pleso actuator

(Source: Website MELLES GRIOT Ine)

Direet drives are another electromagnetic approach that successtully
counters most of inconveniences of stepper motor actuators but they
need addinonal positon sensors, resulting in linear and rotary axes
allowing sub-micrometric and sub-arc second positoning at very high
speeds. Figure 1.3 shows the components of linear direct doves:

Fugure 1.3 Prnciple of bnear direct dave (Source Welsate ETEL SA)
cip

Voice coil actuators offer a very high resolution for inear displacements.
They find wide applicanons in machine tools but are difficult 1o
minatunze.
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1.3.3 Ultrasonic actuators

Ultrasonic  actuators  are  fnction-force  actuators, like  mchworm-
actuators, tmpact-drve actuators and snck-and-slip actuators.

They are based on the generation of mechamical vibrations on the
contact surface between stator and rotor. This vibranon leads to a
deformanon of elliptic shape, which moves the rotor through fricnon
with the stator. Figure 1.4 depicts the prnciple of rotary ultrasomc
actuators and some commercially available stages from the German
company Physik Instrumente,

/— Ragnd motor

Rotor motation

Stator-wave
totation senst

L=y

a)

Stator made of
plezcidectne material

Figure 1.4 4) Poncple of mtary ultrasonic motor dove b) Translation and  rotation

positioning stages (Source: Webnite Physik Instrumentc)

The ring ultrasonic motor causes the stator to vibrate, creating energy
that rotates the rotor. Piezoclectric ceramic elements, which expand and
contract when voltage is applied are chosen for the stator matenal. The
word "ultrasonic” derives from the frequency of the AC charge applied
to the stator.
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Ultrasonic rotary positioning devices are chosen when space is limited, a
large wrque 1s required and the operation speed 1s not oo ligh.

Rotary ultrasonic actuators offer unlimited stroke, and blocking at rest in
any position since the rotor 13 m tight contact with the stator by means
of a preload. For linear actuators, velocity ranges from 0.01 mm/sec to
100 mm/sec for commercally available actuators. Load capacity ranges
from 4 kg to 100 kg. For rotary actuators, sub-arc second resolunon can
be achieved when position feedback 15 used.

The most widely used ultrasonic motors  feature the  described
progressive wave principle, as described by Osakabe [79]. They found
commerctal applications in the focusing of camera lenses, sold by the
Japanese enterprise Canon. Other ways o generate an ellipsoidal
movement have been proposed by Ragulskis [85], Péclat [83] and Tkuta
[42], but are not adequare for miniaturization.

1.3.4 Inch-worm actuators

Ths type of ‘walking’ mechanism 1s constituted of three active parts, one
for elongation and two for blocking. Figure 1.5 shows the prnciple:

1) Blocking lower piero
2)  Elongaton middle piezo
B Py 3 Blocking upper pieso
|
1)

4)  Retraction muddle piezo

Figure 1.5 Prnaple of a lmear inch-worm sctuator. - mdicares the displacement

Several expenmental rotary setups have been proposed, for example by
Bexell et al. [6). Commercially available rotary actuators are sold by the
Amencun company Burleight,

Figure 1.6 shows one of their products, together with an experimental
prototype for unlimited rotation range (Duong et al. [24]),

The performances of the Burleight product are: Rotation range of +£15%
resolution better than one 0.3 arc second. The rorary mchworm
developed by Duong is capable of providing contnuous and unlimited
roraton,  The maximum angular step s 0.37°. Maximum rotational
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speed 18 22.7 deg/s at 75 |1z operating frequency. The open loop
resolution 1s 8 arc-seconds.

Cross Roller Bearmg Piezo elements
UHIVL 045 Rotary Stage
Inchworm Motor

Pivot Coupling 20 mm

Figure 1.6 2) Budesght UHVL-RS Rotary Stage (Dinenwions 175 x 75 x 35 mm) b)
Unlimuted rotary range inchrworm actuator, expenmental prototype

1.3.5 Impact drive actuators

These actuators are based on the force developed by an accelerated
mass. Two unequal masses are suddenly elongated, and then slowly
contracted. This movement asymmetry, together with friction, allows a
step-by-step displacement. Figure 1.7 shows the pranciple:

3 1) Start position
2} Rapud elongation, fisst displacement
" ¥)  Slow conmacnon, sudden stop
3 ( 4)  Final position

3
] -
-

Figure 1.7 Ponciple of onpact drive actustor

A number of vanations of this actuation ponciple have been proposed.
Rotary impact drive actuators are rarer, Buchi [12] proposed a micro-
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robot capable of moving in three degrees of freedom, mncluding a
rotation along its main axis, e used conventonal linear impact
actuators arranged i a tnangle. Monta [71] developed a truly rotary
impact drive using arc segmented prezo elements:

Spring

Beanng
Rastonr

© Doving
surface

Tovdst

Support

Figure 1.8 Romry impact dive actuator

Revolution speed of this actuator is around 30 rpm and the resolution
about one arc-second,

1.3.6  Stck and slip actuators

This principle can be seen as a special case of the impact dnve acruator.
In the case of the 'suck and slip’, one of the two masses is zero or
neglectable compared 1o the other one (see figure 1.7). Hack [35]
proposed a rotary stick slip actuator with rotation 1wp speeds under one
pm. The major disadvantage of stick slip actuators 1s the different
behavior for forward and reverse motion and the need for polished
surfaces to allow continuous and accurate motion.

All four presented fncton-force acruators (ulrasonic, inch-worm,
impact drive and stck-slip) have mherent tribological problems: They
require a certain surface quality on rotor and stator and do wear.
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1.3.7 Electrostatic actuators

Since the present thesis deals with a kind of electrostatic actuator, the
state of the art and some histoncal aspects are discussed in more detail
than in the previously presented actuation principles.

Experiments with electrostatic machines date back to the carly days of
occidental renaissance research efforts. The first reported ‘machine” was
realized by Otto von Guerncke i 1663 [34] (he also performed the
famous ‘Magdeburg-expenment” on vacuum) and consisted of a sulphur
globe frictioned by hand which could be removed and used as a charge
source for electrostatic expenments.

Relanve recent histoncal researches confiem that the discovery of electric
conduction should be bestowed to Stephen Gray (1667 — 1736), whose
extraondinary experimental results have been partly suppressed by Isaac
Newton, the president of the royal academic society, for manly personal
reasoms [16].

Generation of charges was the mam objective for the following two
centunies and resulted i sophisticated generators, powered by water or
manpower to generate high voltages. Figure 1.9 shows some milestones
of early electrostatic engineenng:

Figure 1.9 a) von Guencke's charged ball (1663) b) One of Gray's conduction expenmenta
(1779) ¢} Ramsden fnenon machme (1766) d) Wimshurst machme (1882)
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Gray observed elecine conductivity through silk threads. He even went
as far as to suspend pupils of the house by cords and electnfied them,
sometimes even drawing sparks from the human body. Figure 1.9b
shows that the elecine force of a rubbed glass could be sent, through a
wire, to the body of a person.

Jesse Ramsden (1735 — 1800), Enghsh designer and manufacturer of
mathematical and astronomical mnstruments, invented an electrostanc
generator based on fncton

James Wimshurst (1832-1903), Bansh physiast, invented the non
fnction clectrostanc generator that was named after him.

Electrostanc machmes that convert energy into motion are normally scen
as a feld of research reserved for the sub-milbmetnice world, where
clectromagnetic actuators are no longer efficent. Since electrostanc
motors can be realized using 2D structures (flar electrodes) and
clectromagnetic motors commonly need 3D structures (coils), they are
particularly well suited for barch-fabneated mucromotors made from
mono-crystalline semiconductor substrate. Figure 110 shows typical
examples:

Figure 1.10 1) Vanable capactance micromotor (by Mehregany, MIT) b) Angular comb
Pemitoncs for micrors (lolon Inc.) ¢ Electamtatic wobhble motor (by Jacobson, Calitomia

Instinure of Technology )
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The torques of the shown examples are typically in the nNm-range.
Macroscopic electrostatic drves that have the potential for concurrence
electromechanical solutions are still very rare. Yamamoto et al. [100]
proposed a stacked, multi-layered lincar actuator, comed the  “Dual
Excitation Multiphase Electrostatic Drve”, where up to 50 sheets of
flexible printed clectrodes are mutually attracted or repelled. High
clectric field strength and therefore high force density 1s achieved by
imersion of the electrode sheets into dielectnic flind (3M: Fluormert FC-
77) o prevent insulation breakdown of mr. This combinaton gives
absolutely remarkable performances for an electrostatic machine: Linear
acceleration up to 120 g with maxmum speed of 0.6 m/s and the
possibility to develop 130 N linear thrust-force. Figure 111 shows the
principle of the described actuator:

Reeypient for
diglectrie Nuid

Stacked
flexible printed
circuts with
thiee phased
electrodes

Figure 1.11 Principle snd photograph of 3 macroscopic clecrrstatic actuator, the Dual
Excitation Multiphase Electrostatic Dave

Macroscopic rotary electrostatic motors have been extensively studied by
Ubink [97], Kooy [57] and Bollee [9). They focused on asynchronous
machines or they equipped both, rotor and stator, with electrodes to
ensure synchronous movements. The asynchronous machines feature a
thin conductive coating on a diclecrric cylindncal rotor. The stator fickl
being much faster than the rotor, these actuators gain their torgue via the
resistive losses of the mduced charges. These concepts might find
adequate applications, but for cost effective precise positioning, neither
asynchronous behavior (need of additional sensors) nor electrodes or
grooves on the disc (inherent speed ripple) are realistic options,
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1.3.8  Synthesis

Nowadays, precise rotary positioning with resolutions under one arc
second is feasible and available. The adequate actuators are proposed by
the specialized industty and find broad applications in precision
instrumentation and research. Masses down to a microscopic mirror can
be rotated by using the corresponding appropriate actuation principle.
Howevet, the actual systems have often limited operation and speed
ranges, are encumbeting, depend on precisely machined patts, rely on
friction and wear. It will be shown that the electrostatic glass actuator
has some unmatched features, such as an absolutely ripple-free rotation,
unlimited operation range and a very broad speed range. This, together
with its simple and compact structure, gives it a separate place among its
countetparts and opens the door to new applications, in spite of the
relatively weak forces it produces.

1.4 Electrostatic actuators

1.4.1 The inverse square law

Electrostatic theory is based on the single experimental postulate that
electric charges exert forces on each other, which vary directly as the
product of the strengths of the charges and inversely as the square of
their distance of separation. Thus if ¢ and ¢’ are chosen to represent the
strengths of two point charges, and r is the distance between them, the
force which one charge exetts on the other may be expressed in the form

F=k-2i K = constant (1.1)

in which 1; is a unit vector along their connecting line. The two electric
charges can be alike or opposite, causing the force to be repulsive or
attractive. The inverse square law, as it is usually called, was first
observed by Benjamin Franklin (1706 — 1790), who reported the
phenomenon of electrostatic attraction. Henry Cavendish (1731 — 1810)
provided a definitive demonstration [68], but unfortunately these highly
original experiments were unknown to the scientific community since

12
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experimenters did not publish their findings. Credit and fame for the
inverse square law were bestowed on Charles Augustin de Coulomb
(1736 — 1806) who demonstrated the law of electric force using a torsion
balance on which he measured the repulsive force between two like
charges [19].

The mathematical formulation of the inverse square law follows from
the general case of a probe charge ¢ interacting with IN other charges of
the same value, a situation sketched in figure 1.12:

Z

N{XN,YN,ZN)

Quxiynzy

Figure 1.12 Notation for the inverse square law

The total force acting on the probe charge is the vector sum of all forces:

z

F=YF with  F =2 170 (1.2)
' 47r£0\;—7»”‘

”

Equation (1.2) is a mathematical statement of the inverse square law, and
will hereafter be referred to as Coulomb’s law. This equation is the
cornerstone of all electrostatic and electromagnetic theory, and can be
considered the fundamental postulate of electricity. The proportionality
constant K equals (47eo)~!. Inclusion of 4= is known as rationalization and
is done so that a factor of 41 will not appeat in Maxwell’s equations. The
factor &,is kind of a unit-adjustment parametet, called permittivity of free
space, and its value in the MKS system is 8.854-10'2 farads/m. This
choice of ¢, (dielectrical constant) permits charge to be measured in
coulombs when distance is measured in meters and force in newtons.

13
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1.4.2  Electrostatic energy

When it is assumed that an infinitesimal small charge <lg interacts with
an arrangement of N static charges and that «lg does not affect the
spatial distribution of the field (since it has vety little value), then the
force acting on the probe is

A9 5, L% (13)

B=tla— 5yl [V/m] (1.4)
is variously called the electric force, the electric intensity or the electric
field strength.

By implication, if a charge 4 of arbitrary size is placed in a region with
field strength E it experiences the force

F=4E (1.5)

It can be demonstrated [28] that the energy density of an electrostatic
system can be written as

w =%SOEZ (1.6

The concept of energy storage in an electrostatic system may be
illustrated by the fact that energy is required to assemble a system of

charges into a given distribution.

An important example for electrostatic actuators is the parallel plate
capacitor, as shown in figure 1.13:

14
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Figure 1.13 Parallel plate capacitor with equation for capacitance

The stored enetgy is calculated from the energy density by integration
over the concerned volume. If the field is uniform, we can write

W= ;50E2V (1.8

For the case of the plate capacitor shown in figure 1.11 (the fringe field
can be neglected), expression (1.8) becomes

1 5 1 AY L, . 1
W =—=g B Ax = —( bo JE“,\‘“ ==CI? (1.9
2 2\ 4 2

1.4.3 FElectrostatic forces

Electrostatic forces on charged particles can be calculated directly, and
forces on charge distributions, like the ones found on the plates of a
charged capacitor, can be calculated with force densities, or stress
tensors, but these methods all require a detailed knowledge of the fields
within or on the surface of the region of interest. This information is
often unavailable, especially when the shape of the electrostatic actuator
is complex. In fact, only the potentials on the electrodes are usually
given, so it would be far more useful to have a way to calculate the force
from these electrode potentials.

Fortunately, thete is such a method [99], based on the conservation of
energy. It can be used only for conservative devices, but most
electrostatic devices, which produce fotces, ate conservative or can be
treated as such by appropriate modifications of the model.
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\Y F
—>] F—
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—> —
I dx/dt

Figure 1.14 Energy flows to and from an electrostatic device

This idealized ‘black box’ system could also be seen as Bond-graph
system [10] [14]. Bond-graphs are a powerful tool for describing dynamic
models. The systems can have two types of ports: power ports and signal
ports. Power potts specify both an effort variable and a flow vatible. In
the mechanical domain a powerport would for example be described by
force (effort) and velocity (flow). Signal ports specify only one variable,
which can either be a flow, an effort or a mathematical variable.

Since the system of figure 1.14 is considered to be conservative (no
losses) this is a lumped device, energy can flow in or out only at specific
terminals.

The total energy stored inside the device changes as a result of these
flows:

74 .
W i FE (1.10)
dt it

In a capacitor the current is always given in terms of the stored charge as

dgq
== 1.11
= (1.11)

so power conservation (equation 1.10) can be written as

W >
Wby dx 112
dt dt di

or, by integration over a short time interval, we can write conservation of
energy as

AV = Vg - Fix (1.13)
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The presented method is also not adequate for systems that contain
energy sources, since these also will violate consetvation of energy.
Electrets, for example, contain a soutce of charge that, if not separated
from the conservative system, can give ertoneous results.

Electrostatic actuators can mostly be modeled as a capacitor system. A
capacitor with given electrode spacing x and charge ¢ (see figure 1.13),
will always have a definite energy, which depends on these variables:

W =1 (g,x) (1.14)
Changes in this energy are given by the chain rule of differentiation as

o

Ay =] ow
Oq

dg +—
%

~

dx (1.15)

This purely mathematical statement is very similar to the physical
statement of equation (1.13). Since both statermnents ate true, and the
independent variables x and ¢ can be selected at will, the corresponding
coefficients of equations (1.13) and (1.15) are identical and, by keeping
the charge constant, we can write the expression we use to calculate the
forces exerted by a lumped electrostatic device.

ow

pal

(1.16)

Introducing expression 1.9 for the stored energy in a capacitor, we find
for the force acting on the plates of a charged capacitor

1., 6C
1. 1.1
2 Ox (17

Using the concrete example of a parallel plate capacitor as shown in
figure 1.13, we find

_Agl*®
257

F (1.18)
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The attracting force is proportional to the square of the applied voltage
and inverse proportional to the square of the gap between the electrodes.
Figure 1.16 shows a concrete example:

0.004
Force

[N] 0.003

0.002

o Gap [m]

0.0001 0.0002 0.0003 0.0004 0,0005

Figure 1.15  Attraction force between capacitor plates, A=1cm?, V = 300V

1.4.4 Scale laws

Another strong argument in favor of electrostatics is scale laws. It is well
known that electrostatic actuatots ate advantageous when one goes for
small-scale applications.

As a reminder, scale laws reduce physical properties to a characteristic
length I'. So, for some familiar physical properties, we can write:

Mass ~ I3
Resistance ~ I
Capacitance ~I

RC-time constant

Inductance

~ ' = constant

R oREZ

~

Table1  Scale dependency of some physical properties

The energy density of the magnetic field is

B?
Wiy =5 (1.19)
y

with B the magnetic induction and # the permeability.
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For an electric field, the energy density is

”/Hfﬂf = (1 .20)

Reducing the efficiency to the ratio of output energy and the input
energy, we find

r<=e
.

I’ @1.21)

— diss
U/m{g - o

E

ech

for the electromagnetic efficiency. This efficiency is strongly decteasing
with size. The use of a permanent magnet in the electromagnetic system
helps, it can be found that, for most cases (not considering the effect of
the current density):

E
Mo, = =T (1.22)
% | magners E )
0 \ paaginet

and, for the electrostatic actuator

Lu o Lo - NvarianT (1.23)

‘nrech

In other words, the efficiency of the electrostatic actuator does not
change with size (a valuable advantage for miniaturization) while it
decreases with I for a magnetic system with a permanent magnet and
even with I'Z without permanent magnet.

Equations (1.19) and (1.20) indicate the maximal obtainable force
densities. Putting B, = 1 Tesla, we obtain w,,, .. = 10° [pa] (10 bar).
For the electrostatic actuator, this maximal value cannot be determined
easily, since the maximal value of E depends strongly on the electrode
shape, inter-electrode distance and the atmospheric pressure. At sea level
at 1 bar pressure, E, . = 3-106 [V/m)], 50 #m = 15 [pa) (0.15 mbaz).
Given the small inertias at small scale and the invariance of the efficiency
(1.23), electrostatic actuators are often more advantageous, despite the
smaller force density. This force density can drastically be improved by
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changing the inter-electrode gap or the pressure, as reported by Paschen
[82].

Paschens’ law describes the relationship between breakdown-voltage on
one hand and the product of gas-pressure and electrode-gap on the other
hand. For usual technical applications, this telationship is linear: As
mentioned earlier, breakdown voltage in air at 1 bar is around 3
[kV/mm]. At atmospheric pressure (1bar, 10% pascal), the breakdown
voltage decreases linearly with the distance between two opposite
clectrodes. However, if the distance between the two electrodes gets in
the order of the micrometer, the breakdown voltage increases.

Figure 1.16 sketches the breakdown voltage versus the inter-electrode
distance:

3w T 10
4
2510 ./
5
% 210 // ...... 1z
g V% b
5 E]
Z 1510° é’ 1 :
5 /
o
E-] <
2 k-l
g 1o S S S 4 3
E / g
5000 / - >
//
/‘/
0 01
)] 2 4 6 8 10 0.1 1 10 100
Distance between electrodes [mm] Distance between electrodes [pum]

Figure 1.16 Breakdown voltage versus inter-electrode distance at atmospheric pressure

In a gas, an ionized molecule is attracted by an electrode and ionizes
other molecules (avalanche effect). In the absence of molecules, no
electrostatic breakdown occurs. This absence of molecules can be
achieved by a small gap (figure 1.16) or low gas pressure. So, for small
gaps (ot low pressure), the breakdown voltage significantly increases.
Paschens’ law states that the breakdown voltage is dependant on the
product of atmospheric pressure and the gap between two electrodes. It
can be seen that the energy density can be improved by modifying the
atmospheric pressure.
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Figure 1.17 plots Paschens’ law for air:

10

1\
N

0.1 1 10 100

Pressure x Electrode-gap {pa'm]

Breakdownvoltage [kV]

0.1

Figure 1.17 Paschens’ law for air

In other words, one gains energy density with an electrostatic actuator
for small scales or low pressure. The physical limit is the field emission
(E=10° [V/m]) where the electrons would be directly extruded from
matter. So the physical limit for the electrostatic energy density is
u/ = 1000 [pa].

estat,max
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II. Electrostatic glass motors

2.1 Dielectric properties of glasses

space because it contains charge carriers that can be displaced,

and charge displacements within the dielectric can neutralize a
patt of the applied field. The principal characteristic of a capacitor is that
an electrical charge O can be stored. The charge is expressed by

A. dielectric matetial reacts to an electric field differently than free

o=cv @.1)

where 17 is the applied voltage and C is the capacitance. The voltage is
directly proportional to the amount of charge stored.

If a dielectric material of permittivity ¢ is inserted between the electrodes,
the capacitance is modified

C=C,==Cyx 2.2)

whete ¢, is the permittivity of vacuum, C, the capacitance without
dielectric and x is the relative permittivity or relative dielectric constant.
it follows from (2.1) and (2.2) that we can write for a capacitor
containing a dielectric

_D/k
— @3

‘That is, only a fraction of the total charge, the free chatge O/« sets up an
electric field, a voltage toward the outside; the remainder, the bound
charge, is neutralized by polarization of the dielectric. Polarization of a
dielectric results in an induction of charges, charges which change the
electrostatic equilibrium between the electrodes, as suggested by (2.3). In
presence of dielectric matter, the Gauss theorem becomes

$(e,E+PlA=0 2.4
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constituting a general result. The vector P, called the polatization vector,
is characterizing the dielectrics’ propetties. It represents the dipolar
moment per volume unit of a specific dielectric. One can formulate the
Gauss theorem for dielectrics with the help of the electric displacement
vector D

$DiA=Q with D=gFE+P @.5)

For the case of a parallel plate capacitot, (2.5) can be simplified to

p-£ 2.6)

A being the surface of the electrodes. The vector P of (2.5) can be
written as

P=Nrt @2.7)

where N is the number of dipoles per unit volume and 7 is the average
dipole moment.

Combining (2.7) with (2.5) and (2.1), we find for a parallel plate
capacitot:

Ceo—l oo T 2.8)

-£ .9)

In an ideal capacitor the electtic charge adjusts itself instantaneously to
any change in voltage. Since the variation of polarization with time
parallels the variation of charge with time, polarization should adjust
itself instantaneously. In practice, however, there is an inertia-to-charge
movement that shows up as a relaxation time for chatge transport. This
is exactly analogous to the time required for elastic strain to follow an
applied stress. This dependence of the dielectric constant on frequency is
shown in figure 2.1:
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Polarizability

space charges

dipolar

ionic

Frequency

Fig. 2.1 Frequency dependence of several contributions to the polarizability of

dielectrics (taken from {37])

The electronic polarization is the only process sufficiently rapid to follow
AC fields at the frequency of visible light; as a result the index of
refraction, for example, depends only on this process. Ionic polarization
processes are able to follow an applied high-frequency field and
contribute to the dielectric constant at frequencies up to the infrared
region of the spectrum. Orientation and space charge polarization have
relaxation times bound to lower frequencies.

During charging, for example, if the rate of change of the polarization
with time 1s assumed proportional to the difference between its final
value and its actual value

dP=P) _trip oy (p_

———=~{(r.-R)-(n-7)] (2.10)
then

B-P=(B~B)(1~e") @11)

Here P, is the polarization at time #, P; is the instantaneous polarization
on applying the field, Px is the final value of the polatization, and 7 is a
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constant having the dimension of time. For illustration, figure 2.2
sketches the behavior of a real dielectric.

o
-
-

Fig. 2.2 Schematic behavior of charge buildup and current flow in a real dielectric

The dynamics of the charges are linked to the polarization dynamic
through (2.8). The constant 7 is called a relaxation time and is a measure
of the time lag of the system. The response of most real dielectric
materials to an applied field is not well represented by a single relaxation
time. Rather, distributions of relaxation times are required to describe
the experimental data [55].

The usual experimental description of the polarization phenomenon
passes via the so-called ‘absorption current’: For a potential 1" applied to
a simple capacitor with capacitance C in a circuit with external resistance
R (thete is always some tesistance in the measuting circuit), the current I
for an ideal dielectric is:

v
[ =gk 2.12
R’ 212

where 71is the time. This is called a displacement or polarization current.
Many ceramic insulators, including glasses, have in addition to a large,
rapid changing cutrent, given by (2.12), and a small steady current,
associated with their finite resistance, a current of intermediate
magnitude which decays over petiods of seconds to minutes or longer at
room temperature [55]. This intermediate current is termed the
absotption curtent I,. Figure 2.3 shows the absorption current during
charge and discharge of a capacitor for a soda-lime-silicate glass taken
from the literature:
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Fig. 2.3 Absorption current during charging and discharge of soda-lime-silicate glass
(taken from [55]), experimental parameters are unknown, as well as the unit on the current

axis.

As for the dynamics of polarization, the variation of the absotption
cutrent with time is not well represented by a single exponential function
but requires a series of exponentials for its description:

I =A, exp(—rij +A, exp(--;—) FA, exp(-ri] e (213)
1 2 3

~1; being constants. The number of relaxation times r requited to
describe the data is reported to be associated with local structural
variations, and corresponding variations of local potential barriets in the

glass [55].

As the temperature increases, the time dependence of the absotption
current shortens, and it is not commonly observed in DC measurements
at temperatures above approximately 300°C. The absorption current in a
rapidly cooled glass is about four times as large as in a well-annealed
specimen of the same glass.

What does this mean for a capacitance with a glass dielectric between its
electrodes? If, after instantaneous polarization, the capacitor current has
a slow component with the allure of (2.13), and since
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)

5 2.14)

we can describe the allure of the capacitance-variation with time:

d aC 4o 1
Q:cv:ﬁ:ic.[/:_::g_._

dr dt a dat vV
a“©_ A exp L + A, exp L + Ajexp S L
dt T, 7, A Vv

2.15)

The variation of capacitance with time has the same allure as the
variation of charge with time. Thetefore, the variation of polarization
with time also has the same allure, based on (2.8).

Since the integral of an exponential function is also an exponential
function and the integral of a sum is the sum of the integrals, equations
(2.15), (2.11) and (2.8) become

(e,E+P(2))A _
17

(EOE + P+ (P, - 13)[1 —[Ql exp(-ril) +Q, exp(—é) + ))JA

v

)=

(2.16)

£2, being constants. For the sake of simplification, we keep only the first
member of the exponential sum, to write a compact expression for the
capacitance. Then, (2.16) becomes:

c()=C, +(Cs —C,)(1—Qexp(—g) @.17)
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Figure 2.4 sketches the allure of (2.17):

capacitance
Cr \—‘

AC

A voltage

L Ve

Cr——

ume

Fig. 24  Capacitance versus time for an applied voltage step. The voltage at the

electrodes is kept constant.

C; denotes the capacitance that occurs immediately when the voltage is
switched on. Cy is the final capacitance after several hours of charging.
So it is possible to induce relatively stable charges into glass objects by
application of an electrostatic field. By charging for a sufficient long
time, a capacity increase of 21C (see figure 2.4) can be obtained.

2.2 Lateral restriction force

Consider the experiment depicted in figure 2.5:

V]

Fig. 2.5  Electrostatic system composed of a glass plate facing two capacitor electrodes
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A glass plate 11s fixed at constant gap g over two electrodes, on one we
apply a positive potential 17, 2, on the other a negative potential V. 3.
The two electrodes have a width » and a mutual gap 4 This system
forms a capacitance, function of time, as described by (2.17). Equation
(1.17) allows us the computation of the attraction force between the
electrodes and the glass plate:

14
d(C, ~ C,)(l —Qexp(——))
F, z_l[/zm:_l[/z d_CI+ v

2 dz 2 dy as

(2.18)

This force can be decomposed into a sum of two forces, the first
summand in (2.18) describes the force due to the instantaneous
polatization, the second one the force due to the slow relaxation time of
glasses. If the electrodes move parallel to the glass surface, a lateral
testriction force arises, like sketched in figure 2.6.

The fundamental phenomenon that makes the electrostatic glass motor
work is the presence of this lateral restriction force. Only the component
of the attraction force F, due to the slow relaxation time, the second
member of (2.18), contributes to the lateral restriction force F... The
system can be viewed as an electret machine, with unstable charges on
the glass surface. Like an electret device, the movement is synchronous,
the displacement speed of the glass plate equals the displacement speed
of the electrodes.

Fig. 2.6  Generation of lateral restriction force if the electrodes move parallel to the glass
plate. The inlet shows the vectors of the involved forces a) after charging without
displacement b) after a parallel displacement 4.
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During charging (figure 2.6 a), the attraction force F, is continuously
increasing (2.18) due to the force Fy which is linked to the glasses’ slow
relaxation time. The instantaneous force F, remains constant. If the
electrodes move parallel to the glass plate with a displacement § while the
air-gap is maintained (figure 2.6), then a lateral restriction force F, due to
the stable induced charges occurs. The instantaneous force F; does not
contribute to this restriction force.

Trigonometry leads to

F, = F, sin (EJ (2.19)
H

And the attraction force F, is diminished by a complementary ratio

F.=F +F Cos[éJ (2.20)
8

It becomes clear that, for actuators making use of the lateral restriction
forces, glasses with a large A1C (see figure 2.4) are intetresting.

If the glass could move parallel to the electrodes without any friction (by
means of an air-bearing or the like) and without load, it would lag slightly
behind the moving electrodes, but follow them synchronously. A point
on the glass plate would always see the same potential, so the glass plate
will remain charged as long as the potential is applied to the electrodes.

2.3 Structure of electrostatic glass motors

The electrostatic glass motor consists basically of a glass rotor,
“sandwiched” by one or two electrodes. The electrodes form a three-
phase array in such a way that they, driven by mutually phase-shifted
excitations, produce a moving electrostatic field. These excitations are
sinusoids or step waves. The proposed structure is sketched in figure 2.7,
with indication of the various parameters that characterize an
electrostatic glass motor. A glass rotor 1 is mounted by means of a
bearing 2 in a way that there is no contact with the electrodes 3. If there
are two electrode plates (two side drive), then the upper and lower
electric field have to move in the same direction. The determining
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parameters for the lateral restnetion forces (and torques) are, for the
linear drive, the width of the electrode tracks », the gap between two
neighbonng electrode tracks 4, the mr-gap between glass and motor
electrodes g and the surface of the glass rotor A

e
120
2"
>
2
2
a) - . b)
() | -
120" -
240 -

Fig. 27  Structure of clectrostatic glss motors. 1) Rotany single side dnve, b) rotary
double ude dave, ¢) inear single de dnve.

For the rotary drive, these parameters are the number of electrode tracks
u, the width of the clectrode tracks at its minmmum w,,, the outer racius
R, which equals the maximum radius of the electrode-stripes and inter-
track gap 4 Obviously, the geometric parameters of the electrodes are
not mutually independent. The performances are further influenced by
the ambient humidity, temperature, as well as the electrical properties of
the blend of glass used and the potental difference applied to the
electrodes.
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Three different sequences can be distinguished during the operation of
an electrostatic glass motor (figure 2.8):

VA

a) b) <)

Fig. 2.8  Different sequences for charging, driving and stopping the rotor.

The first sequence a) charges the glass rotor in order to build up stable
charges, as described in the previous sections. After several seconds of
charging, the field begins to move b) and the motor operates
synchronously. If the motor is to be stopped, the three sine waves have
to be frozen into DC again c), the motor can now be restarted at any
time, since, during its operation, the glass charges remain under the same
potential (synchronous movement), so depolarization does not arise until
the voltages are completely shut down.

2.3 Synchronous movement

As explained previously, the electrostatic glass motor operates
synchronously. During charging, the electrostatic field seen by the glass
rotor is not sinusoidal. The induced polatization, therefore charge-
distribution, is peak-shaped and concentrated in the glass regions that
face the inter-electrode gap 4. During operation, the moving field is seen
as a static field by the synchronously moving rotor and can be
approximated by a perfect sinusoidal wave. The glass will re-polatize
under the new field conditions and, with a time constant identical to the
one described in equation (2.17), will feature a sinusoidal charge
distribution.

Figure 2.9 shows the chatge distribution in the glass over a three-phased
electrode pattern, simulated using the surface charge method [21].
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Fig. 29 Schematic plot of the glass charge distribution due to a three phase electrontatic
field (no scale). The eéncircled signs indicate the posttive and negative net polarization

The synchronous propulsion is possible over a very broad speed range.
Even if the field moves slowly enough to give the charges the possibility
to rearrange themselves, a usable force would be observed [72]. For a
field speed approaching zero, the capability of the electrostatic glass
motor to drve a load tends to zero, too.

Figure 2.10 sketches the vanation of charge densities for a slow moving
field.

Fig 210 Vanution of the locations of peak charge denstties for a mtor displacement of
one clectmde track (2873 advancement of the ficld). Phasor i the At two qualrants
indicates a positive voltage. Accondingly, charge distributions “below” the glass sueface
represent negative net polazation of the glass
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The charge densities are modeled after figure 2.9, with peak amplitudes
twice as high between plus and minus electrodes than in all the other
possible cases. Indicated on the left-hand side 1s the phase evolunon of
the three channels and on the nght-hand side 1s the corresponding
position of the glass rotor. The absence of grooves or electtodes on the
glass ensures npple free displacement.

The advancement of the moving electrostatic field is easy w0 observe.
Constder a digital function generator that 15 trggered by an external
clock, i the absence of which it holds the last output voltage ar DC
level, Assuming that the rotor follows exactly the tield, ir is sufficient 1o
count the clock tmpulses by knowing the rotors locanon. The rotor
speed is a function of the clock frequency.

Figure 2.11 presents the open loop control scheme for the proposed
device:

Fig. 211 Open loop control schome. F.G ndicates 4 three-channel functon generator
with munally losked phases. The arrow indicates the dircetion of motion

The parameter / stands for the frequency of the clock, thercfore the
speed of the glass rotor. The rowor positon s controlled via the
parameter &, which is a functon of the desired displacement and the
geometric dimensions of the electrode. The parameter £ 1s the number
of desired displacement steps. Once the desired number of clock
impulses is delivered to the function generator, the clock will be
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interrupted, and the system is brought to rest by freezing the sinusoidal
excitations into DC voltage.
For the determination of £, consider figure 2.12:

glass - clectrodes
15 = |
i n/3 | 4n/3 2n
g | | - -
- -
- -
D

Fig 212 Geommetoe clectrode pamameters for a theee-phase excitation, wsed for the
deterrmnation of the displacement-unii parameter k.

Let » [nt] be the resolunon of the function generator output. The output
voltage will then have 2° distinct voltage levels if the function generator
is draven at its full range. The distance D denotes the wadth of one set of
electrodes (figure 2.16). If the applied field moves 360°, the rotor follows
and mukes a displacement of D, since the movement is synchronous.
During this displacement, 2:2 voluge steps are applied by the function
generator,

In the case of a linear acruator:
By approximating the sine wave with a ramp wave, we may wnte for the
resolution £

D

2.2
2-2

¢ fm @21)
Be » the speed of the glass rotor, and fthe clocks’ frequency in Hertz, so:
v=gf [m/s] (2.22)

Let 8 be the intended rotor displacement. The coefficient £ follows from

2.21)
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k== (2.23)

In the case of rotary actuator:

Let # be the number of poles on the rotor electrode (3 electrode tracks
form one pole), and # the resolution of the function generator, then a
similar reasoning as for the linear case leads to rotary resolution

=22 [°] (2.24)

or

3603600
2"

[ arc sec ] (2.25)

of course equation (2.23) stays valid for the rotary case.

The electrodes can be realized by printed circuit technology, so the
precision of the geometrical dimensions (figure 2.12) is ensured.

The absence of grooves (vatiable capacitance motor) or fixed charges
(electret motor) ensure that the motor has no other equilibtium positions
than those dictated by the applied moving field, ie. if a perfectly
sinusoidal field is applied, a perfectly sinusoidal rotor chatge distribution
is expected. The interaction between these two soutces should result in a
ripple free displacement.
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II1. Analytical Model

3.1 Introductory remarks

3.1.1 Active motor surface

he electrostatic glass actuator has some appreciable advantages
over its electromagnetic alternatives, when a disc shaped rotor

has to be powered and the space for the motor is limited.
Figure 3.1 shows the concept of powering the disc rather than its axis:

Fig. 31  Problem of powering a disc shaped rotor in a limited volume of dimensions

AxH

For an axis-powered device, such as most electromechanical motors, the
active motor area is

Area,, =H-21 R, (3.1)

Whereas for a disc surface powered device, the active area can be written
as

Area,, =27-(R, -R, 3.2
dis ont
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Within reasonable boundaries, expression (3.2) s always larger than
expression (3.1). For targeted applications with disc radii under 10 cm,
the ratio is approximately ten.

3.1.2  Stacking motor layers

Constder an electrostanic glass motor composed out of # electrode-glass
layers as sketched n figure 3.2:

Electrode

Grlass (Surface A}

Fig 32 Stacked glass-clectrode layers on i motor axis
The resulting torque T, 1s proportional to the total surface of the discs:
T oen K- A K = constant (3.3)

The inertia with respect to the rotation axis 1s

. = x-—:aR: with m=gRhp (3.4)

b being the necessary thickness of the glass rotor w ensure maximal
restriction forces and p the density of the glassy rotor.

Setting the surface A w A=1R" (approximation of a plam disc), (3.2),
(3.3) and (3.4) leads to:
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J= (3.5)

The obtainable acceleration s independent from the number of stacked
lass-electrode pairs. Thereby, stacking motor layers is a valid approach
1o torque-augmentation.

3.2 Forces and torques

3.2.1 Attraction forces

The Ansatz for an analytical model is that if we can maximize F,, the
attraction force between glass rotor and clectrode substrate due to the
slow relaxation time, for a static field, we also maximize the lateral
restriction foree F. The task is to determine the parameters 4, w and g as
well as the according potential difference between two clectrodes to
develop a maximal attraction force per unit surface.

Figure 3.3 shows a numencal simulanon of the flux lines berween rtwo
opposite electrodes, again with all the relevant geometrical parameters
and its model approximation: .

_!g*q =S

Fig. 33 Finite clement simulation of the Mlux lines between mo opposite clectrodes. 2)
*real’ flux bine distribution b) approstmation with half-circle tmjectories

It can be adoutted that the flux lines descnbe half-circle trajectones. This
hypothesis can induce errors in the absolute value of the anracrion foree,
but should in no way influence the determunanion of an opumal electrode

pattem.
The force caleulation 1s performed using the method of the virtual
dhsplacement (energy method), as explamed in section 1.4.3.
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The capacitance of our system is composed of various capacitances,
mutually connected in parallel and series, as shown in figure 3.4.

We assume that the air-gap g and the inter-electrode gap 4 are chosen in
such a way that ¢ < 4. This assumption represents the situation where all
flux lines pass through the glass (figure 3.4).

CGhss
ki)
I
Cair L L Cair
{ 1 A1 1
Vs V.

Fig. 3.4 Model of the capacitances that change with the airgap ¢ for the case of g < d

Choosing the coordinate system of figure 3.3b, the capacitance of figure
3.4 can be computed by using the infinitesimal capacitance 4C(x)

dC(x)= Ly dx (3.6)

where p, and p, designate the trajectories in air and glass, respectively.
The permittivities of air and glass are ¢, and ¢, L denotes the length of

| an electrode track. Equation (3.6) is the approximation of a parallel plate
capacitor with dielectric and air between its terminals.

Geomettrical approximation leads to
vx)~2g G.7

The trajectory in the glass is the complement to a half circle
circumference

7. (x)zfrx-Zg (3.9)

Equations (3.6), (3.7) and (3.8) lead to
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Lee
dC(x) = £ dx (3.9

Zg(eg - €a)+7TE,,x

Integtation over the range x € [d/2, d/2 + ] leads to

(3.10)

= ”‘ln 4g(£g—sﬂ)+d7r55

Le L{g(ag - aﬂ)+ e, (d + 2:1/)]

The attraction force F, can now be computed. The voltage 17 and
distance 4 are not independent, the breakdown field at sea level being
around 3 [MV/m]. Application of (1.17) leads to

. 4LV wee, (sﬂ —ex) -
2 (msﬂ (d+2w)—4<g(€” —53))((1775, +4g(€5 —g,)) G-

As seen in section 2.1 and 2.2, it is the slow relaxation time of glasses
that allows the propulsion of the rotor. Equation (2.10) describes the
evolution of polarization with time, while equation (2.16) approximates
the evolution of the capacitance with time. In order to introduce this
effect into the expression of Fj, we replace the constant ¢ by a time
dependent function. Based on equation (2.15), two approximations seem
promising:

_ 4LI/’21y£a‘I"(t)(€a —‘I’(t))
‘ (m:a (d+2w)-4g(e, —\P(l‘)))(dﬂ'é‘a +4g(¥(1)-¢, ))
(3.12)

with  W()=¢ +(s -g,)-(1 —exp[—-—:-j) (3.13)

ot Y()=¢ +(&, &)1 (3.14)

Approximation (3.13) is based on equation (2.15), retaining just one
exponential term. This approximation needs an experimentally
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determined asymptotic value. Approximation (3.14) is ptoposed by Umé
[98], for the representation of electrostatic fields in nonlinear matter, for
the case where the asymptotic limit does not exist or is not known. His
model is based on a hyperbolic function (as seen in equation 3.14), with
the following allure (figure 3.5):

0

0 1 2

Time [sec]

Fig. 3.5  Behavior of the dielectric constant function ¥ versus time for different power

coefficients a

Since glass s one of the most complex technical materials (amorphous
structure, sometimes with crystalline regions, with a great variety of
additional components with a great variety of concentrations), the
parameter 7 (3.13) and the parameters a and g (3.14) are expected to be
determined experimentally.

‘The parameter & of equation (3.14) is the ‘normal” dielectric constant of
the glass, determined by an AC capacitive measurement. The indices I
and F indicate, analog to figure 2.4, iustantaneons and final, respectively.
Extending this concept to the attraction force, or more generally to the
force density, we find the situation of figure 3.6 (based on a experimental
measure). The force density f; is due to the slow polarization
phenomenon of glasses and adds itself to the instantaneous force density

1
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Fig. 3.6 Measurement of attraction force-density between soda-lime glass and electrode.
Jr indicates the force density due to the slow relaxation time of glasses. (d=300um,

w=300pm), applied potential 1000 V, air-gap g = 100um, RH = 30 %

As discussed previously, only f; contributes to the lateral restriction
force. If we continue to argument using forces, and not force densities,
we can wtite for the instantaneous force F;:

4LV'wee, (e, - ¢,)

F = 3.15
" (e ld + 2w)— 4g(sa -, )Xd;ran +4gle, ¢, ) G15
The ‘useful’ force component Fy, is expressed by
F,=F,-F (3.16)

3.2.2 Lateral restriction forces

If the rotor moves by 4, parallel to the electrode array, then the “air-gap”
g necessary to describe the attraction forces is no longer a constant. The
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attraction force between charges decreases when separation between
charges arises (equation 1.1). Trigonometry leads immediately to

g:>1/g2+5z (3.17)
a term which replaces g in equations 3.12 — 3.16. The increase of the

lateral restriction force due to the displacement leads to the expression
for the lateral restriction force Fy:

(3.18)

PN o

Equation (3.18) describes the lateral restriction force due to one pair of
electrodes, such as the ones depicted in figure 3.4. Extending to three
phased motor electrodes:

(® glass
3
H
£ e
£ TN
5oV *V -V oV v
© @ terminals

‘pole’

Fig. 3.7  Extension to three phased motor electrode

The number of electrode stripes for a given glass rotor of dimension K:

K he INTEGER (3.19)
3(w+d)

Each pole is constituted of a positive, a negative and a grounded
electrode. Equation (3.17) describes the ‘useful’ force developed by a
negative and a positive electrode. Multiplied by the number of poles (w
= n/3), we obtain the total force due to all positive and negative
electrodes. The influence of the grounded electrode must also be
considered: Since the potential difference between positive and ground
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ot negative and ground is half the potential difference between positive
and negative, its contribution is one fourth (because of the square Jaw)
and we find for the lateral restriction force attributable to one pole:

1 1 o 3 )
F, =|l+—+—|-sin|—|[-F =—-sin| — |- F,
X pole ( 4 4J (gJ RLW 9 (gJ "Lm

(3.20)

and therefore for the lateral restriction force acting on the glass plate of
figure 3.7:

K S5
yopiae — T Ly ot 2(W+d)) Sm(g) R!x:‘h’ﬂ" ( )

323 Torque

Figure 3.8 shows the relevant parameters for a rotary electrostatic glass
actuator-

Fig. 3.8 Geometrical parameters of rotary electrostatic glass actuators

The outer radius of the glass disc R,,, which also represents the
maximum radius of the electrode-stripes. The width of the electrode-
stripes at its maximum #,,, , its minimum »,, and the gap between two
electrodes 4. Also, the inner radius of the electrode R, and the air-gap
between the glass disc and the electrode g. Obviously, the geometric
parameters of the electrode are not mutually independent.
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We call the total number of electrodes # and the total number of poles
(three clectrodes form one pole for a three phased excitation) . For
tllustration, figure 3.9 shows some possible electrode arrangements:

e

n = 180, m = 60 n=9,m= 30 n=3,m=10

Pig 39 Different electrode armngements. Different voltages are indicated by differem

gray levels. The inner radius depends on the tmck density

The gap d between two electrodes depends on the applied voltage. In
order to have a maximal electric field and therefore a maximal torgue,
the gap d is close to the breakdown gap where electric breakthrough
occurs. It can be observed that the length of the electrodes varies with
their number. In other words, if one uses a few poles, the active
electrostatic surface is greater than if one uses many poles.

Observing figure 3.8, it is obvious that the smallest possible terminal
width w, (function of the fabncation process and prevention of
sparking-cdge-cffect breakthrough) links the gap  with the inner radius
R;

2R =nld+w,)=> R, = L'{-"-Z—LL) (322

Three electrodes form one pole. Be w the number of poles, we can wrire

n

— 3.23
3 (3.23)
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Fguation (3.21) describes the lateral restnction foree due to one pole of
linear geomerry in function of a displacement 4.

For a circular geometry, the precise analytical result (if one takes into
account the real shape of the electrodes) 18 1o complex to be of any use,
s0 some approximations have to be made:

®  The electrode width w is constant over the whole radius, as well
as the displacement 4.

o  The value of w s ser 1 the wadth at the middle of the active
surface, as llustrared by figure 3.10:

Fig. 310 Assumption that the relative displacement rotoratator & and the electrode

width are constant over the whole padius

The length of the electrode stripes L can be written as

L=R_-R =R_ _md+w,) (3.24)
2z

We define now the linear force density f; as follows:

[, = (3.25)

-~ |.,""l

Using the same reasoning as in equations 3.20 and 321, this ume
integrating over the radius, we find for the torque:
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[[T(,‘):(f_+l.i+l.£)7fl{.dr.siﬂ é
343 43 <

(3.26)
caf?)

&
=T dre)d (3.27)

Combining equations 3.13 to 3.27, the torque can finally be computed

dT =sin é "If—err:lsin -5— (FZ—FIJr-dr (3.28)
g) 2 2 g L

with

4112 we (1) (e, - ¥ (2))

(ﬂ'&‘ﬂ (d+2w)—4y 3" +&° (8” —-‘P(i)))(dm‘,‘a +4,/g°+6° (‘l’(z‘) - e‘a))

lP(’):‘gl +(8H -51)'tl_a

4LV we g, (g, - ¢€,)

(m:ﬂ (d+20)-4\g + 5% (¢, -¢, ))(a’ﬂeﬂ +4/47 +0% (¢ —ga))

2 .
=>T= ———(R"”’;LR"”) . (FZ -F )sin [g) = ———R””’ ; R . (Fz -F, )sin [é—)

&

FI=

(3.29)
B n(d + u/,.,,)

>T=— 2T (F, —E)sin(éJ
4 2
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3.2.4 Simplification

The “exact” analytical model (some approximations and hypothesizes
have been made in figure 3.3 and equations (3.7), (3.8) and (3.9)) is based
on the difference between the total attraction force and the
instantaneous attraction force, as stated by equation (3.17):

F=F,(1,6)-F
T(+,6) < Fy (3.30)
E\' (1’6) o« FR
The torque T (rotary actuator) and lateral force Fy (linear actuator) are

propostional to this difference, as suggested by equations (3.21) and
(3.29). The exact expression for Fy is:

(6 + (e e+ ) (e~ (e + (5 =) ™))
(re. 0+ 2) =g+~ (5 =)™

2 1 _
F, =4L1"%pe, (dm:a T4 (“—gz e ((51 (s, —51)"l_a)—5¢,))
& (e -¢)
(IZ'Ea (d+2w)-4yg* + 8 (s, —e,))(d;reﬂ +4yg" + 8 (g, —sﬂ))

(.31)

not quite an agreeable expression to wotk with. Since all components
have a similar order of magnitude, equation (3.31) cannot be simplified
as it 1s.

A mathematical approach shall help to condense (3.31):

First, the various permittivities are multiples of &,

& =¢-¢,
€y =116,

(3.32)
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applied to (3.31):

(¢+(n=9)-¢=)(1-¢~(n-4)-')
(rla+ 2+ 4]+ 5 (1404 (1-0)1™))

2 1
F, =4L1"%pe, -

({/7[+4\/?+7(—1+¢+(17_¢).;1‘“))
¢(1-¢)

(rr(d +2w)+ 4W(—1 + ¢))(d7r + 4\/g2+_§2(-—1+ ¢))

(3.33)

Which is not much better than (3.31). Further transformations lead to an
expression of the form

_ (a+bx)(f+dx) )
e M) 39

z

with

X = tl_a

K= 4LV211/(,-‘(,

a=¢

b=n-¢

c=1-¢

d=¢-n
e=2mw+7d + 457 + 5 ($-1)
r=4fe+57 (n-9)
g=nd+4g+5 (p-1)
b=4g +6 (1-9)

Equation (3.34) admits a horizontal asymptote.

With the intention to simplify (3.34), the following polynomial fraction
formulation is proposed:
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- (e+fx)(g +/}.X‘) C+Dx
[N T

w(x) o(x)

_K(a+b,x-)(c+zlx) KA+Bx (3.35)

z

We impose the following conditions to the approximation f(x):
1. f(x) passes through 0 for x=0:

p(0)=0(0)=0
=A4=0 (3.36)
Bx - ~
C+Dx C_ D 5
B B

=0(x)=

2. f(x) and () have the same derivation at x=0:

V'(©0)=60)=0
N beeg + dueg — aofg — aceg = B (3.37)
& g2 C

3. (=) and (x) pass through the same point at x=T:

p(T)y=6(T)
(a+4T)(c+dT) <=0 BT (3.38)
{e+ TYg+hT) C+DT

D_le+/T)g+iT) 1C
B (a+bT)(c+dT) TB

Combining (3.36), (3.37) and (3.38), we find for the approximated
function Ox):

__ Ky (3.39)
() T
beog + daeg — acfg — aceg k T (a + bT)(c + [ff)

A(x)=

After introduction and elementary simplification based on orders of
magnitude (w <<z etc.), (3.39) becomes an approximation of Fp:
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411 e '™

Fy=
o (n-g)f, ”(”(’7—¢)—8TV£2 +5° (’7—¢)) a
261 [1_—T_]+ T(T(1-¢)+2¢) !
(3.40)

An expression that is rather compact compared to (3.31) or (3.33) and
that approaches these equations quite well, as shown in figure 3.11.
Compared are the “exact” model (3.31), its approximation (3.40), their
mutual difference and the ratio Mode/ / Approximation from ¢ € [0, 200]
seconds, describing the dynamic of the force due to the induced charge
during the first 200 seconds.

80 80
a) Fr (no scale b)
so} Fr ( ) 60
40 40
20 ) zo
o Time [sec] o
0 50 100 150 Z00 0 50 100 150 200
o é 1.025
- 1.02
0.8 1.015
oz 1.01
o 1.005
- 1
9 -z 995 d)

0.
50 100 150 200 0 50 100 150 200

o

Fig. 311 Validation of model approximation. a) Exact model, b) Simplified model, c)

Difference between model and simplification, d) Ratio of model and simplification

The force axis is not to scale, since the parameters &, and ¢ need to be
determined experimentally and differ from glass to glass. For the
comparison of figure 3.11, the parameters were arbitrary since they do
not influence the allure of the force dynamic.

Equation (3.40) allows a compact formulation of the forces and torques
that drive electrostatic glass motors.

For the linear actuator, the lateral force F,, as a function of a lateral

displacement due to the applied moving field becomes (by introducing
(3.2h):
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S S ) ALV we 0
2(w+d)) g

M(l_»;)+”(fr(n—«f)—wW(n-m)

241 T T(T(17-¢)+29)

I: =

X, plate

tl—a
3.41)

This is the force a glass plate of dimensions L x K experiences when it is
displaced by 6.

For the rotary actuator, the torque T, as a function of a rotary
displacement due to the applied moving field becomes (by introducing
(3.29)):

n(d +w,)
R,———— S
—————-—Z—L—Sin(—J4LV2w€”ll_"

4 8
oot ) A AT

26 -1 T T(T (n-¢)+24)

T=

ll—a

(3.42)

Experimental validation of these findings is the goal of the following
chapter.

3.3 Viscoelastic creep

The physics that allow the propulsion of a glass rotor are linked to a very
slow charge-creep through the glass. It was already mentioned in section
2.2 that in literature this phenomenon is compated to elastic strain to
follow an applied stress (Hooks law is a simplified description of such
phenomena).

In the direction parallel to the rotor plate, a similar phenomenon is also
introducing a kind of viscoelasticity into the system (figure 3.12):
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Fig. 3.12  Viscoelastic behavior of the electrostatic glass motor

On the left hand side of figure 3.12 is schematized the case of a live
electrode facing a glass plate. The electrode is kept in place for some tens
of seconds, so charges will appear of the glass (designated by Q). This
charge dynamic and the resulting attraction force in g-direction are
accurately described by equation (3.29).

In the presented model, the charges were supposed to be static, once
they have been induced. Static in terms of position on the glass rotor, so
the rotor was supposed to follow perfectly synchronously the moving
field. Measurements confirmed the accordance between rotation speed
and field speed, thus validated this hypothesis for most applications. In
very precise positioning, however, the impact of this hypothesis should
not be underestimated:

If the live electrode is displaced from place A to place B (see figure 3.12),
and the glass plate remains at its initial position, then the charges at the
old position .4 will start to dectease and the glass region now opposite to
the electrode (at position B) is subjected to an increase of charges
(schematized by “dQ/df’ and arrows indicating decrease and increase,
respectively). The net result of these charge dynamics is, that the force
component in x direction (the force that makes the electrostatic glass
motor work), is decreasing. After some time the chatge at the old
location A completely disappeated and the identical quantity of charges
is now at location B. The exponential nature of the charge dynamics
(equation 2.12), which are responsible for forces in g direction, lead to
the assumption that this force decrease in x direction behaves
exponential, as well. The “center of inertia” of the induced charges
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follows the electrode, but slowly. Figure 3.12 sketches at the right hand
side the evolution of the charge position with time, and the evolution of
the exploitable force, F, , with time.

Observing the force and position vatiations, it can be concluded that the
glass-charges behave very much like a Maxwell fluid [31]. Reemploying
the analogy of stress analysis, the glass motor seems to have the
capability of unlimited deformation under finite stress. Its response
immediately after load application is elastic with a cettain modulus.

Viscoelastic behavior (the observed material exhibits properties

characteristic of both a solid and a fluid) is phenomenologically modeled
by Hookean springs and Newtonian dashpots (figure 3.13):

404, PSS

e
n €
Linear elastic solid : Hookean spring Linear Viscous Fluid : Newtonian dashpot
Perfectly elastic component, does not Can store no energy, all work done on
dissipate energy, retums all stored such an element is immediately dissipated,
energy presumably in the form of heat
Hooke’s law o=E¢ de
Newton’s law o=n—
dt

N\

Viscoelastic solid/ fluid
o= /(s)

Fig. 3.13  Basic elements for viscoelactic analysis
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The traditional stress analysis variables have been used: ¢ designates
strain [%], E the Young modulus [N/mZ], ¢ the stress [IN/m?] and 7 the
viscosity [Ns/m?.

These elements, connected in series (Maxwell models) or in parallel
(Voigt models), provide a black-box treatment of the differential
equations and corresponding mechanical analogs which can be used to
describe time dependant behavior.

The Maxwell fluid element consists of a Hookean spring and a
Newtonian dashpot combined in series. Both are subjected to the same
stress, and the total strain in the Maxwell element is equal to the sum of
the strains in the spring and dashpot (figure 3.14):

VA
>

Equilibrium 0,=0,=0

Strain compatibility g=g +¢£,

Goveming equation £ = 2 + f— (3.43)
E 7

Fig. 314 Maxwell fluid element

The two viscoelastic phenomena are creep (and creep recovery) and
stress relaxation. By creep we understand the delayed time-dependant
relaxation that follows an initial instantaneous elastic deformation when
a viscoelastic material is subjected to an instantaneous load. It is the
property that is of intetest for the electrostatic glass motor, since it
determines the ‘relative’ creep between the moving electrostatic field and
the moving glass rotor. This phenomena is difficult to measure, since in
the case of electrostatic glass motors, no physical elongation is the
manifestation of creep, but the movement of charges. However, there is
a way to quantify the creep: The characteristic parameters of the Maxwell
fluid model (Young modulus and viscosity) can be determined by
measuring the stress relaxation. Stress telaxaton involves the
instantaneous application of strain, which is held steady whilst the stress
in the material is obsetrved. Under these conditions the stress increases
instantaneously and then relaxes slowly over a period of time to some
steady-state value. Stress relaxation is easily measurable using a
dynamometer.
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The Maxwell model solution for stress relaxation (assumption of a
constant strain) becomes for equation (3.42):

Z:%-0 (3.44)

Integration (given ¢ = E-gyat £ = ()

, |
o =Es exp(—=) with 7=-L (3.45)
T

The Young modulus E is easily determined once the applied strain is
known (the instantaneous sttess leads ditectly to E through Hook’s law).
Since the time constants of the charge dynamics and of the stress
relaxation must be identical, equation (3.41) and equation (3.44) allow
the determination of the viscosity.

The resulting creep is determined as follows: The Maxwell model

solution for cteep (assumption of a constant stress) becomes for
equation (3.42):

F=—2 (3.46)
Integration with respect to time leads to

£ =221+ const (3.47)
n

When 7 = 0, ¢ = g, / E, therefore

=242 (3.48)

Which is the creep between glass rotor and motor field, measured in
percent, in function of time.
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The analogy between viscoelastic materials and our electrostatic glass
motor is presented in figure 3.15 for the phenomenon of stress
relaxation:

FaxeA FeeA

Fig. 3.15 Analogy of stress relaxation for a) viscoelastic materials and b) the electrostatic

glass motor.

In the case of a viscoelastic bar B, the force that acts inside the specimen
once it is stretched by an amount ¢ is proportional to the bar surface A4
(and on the material properties, of course). On the other hand, the force
that acts on a glass plate G once it is shifted by an amount ¢ is
proportional to the electrode surface A4 (and of the applied voltage).

The term of force F [N] is used in this context. The concept of stress ¢
[N/m?| cannot be matched directly, due to the different nature of the
involved surfaces. However, by multiplication with the electrode surface
A, equations (3.43) to (3.37) can be adapted to electrostatic glass motots.
Stress (force) relaxation becomes:

t
F(#) = AEz, exp(——=) with 7 = fE—’ N (3.49)
T
And creep can be written as:

1(F, F .
e(?) —z[—n—i+ EJ [%%] (3.50)
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3.4 Synthesis

The analytical models established in this chapter lead to the complete
dynamic model of the electrostatic glass motor, sketched in figure 3.16:

KCharge D Charge

A ’_?EQ MCharge =0
ROTOR
(@ (@]

§ KA Iotor

STATOR | Y 8@%@ =0
C

////A

Fig. 316  Coupled oscillator modeling the electrostatic glass motor.

Inside the dashed box is represented the motor field. Its lateral
displacement 4, forces the rotor (supported on a supposed frictionless
bearing) to follow suit via the mutual attraction force due to Ky, (can
be derived from equation (3.29) or, simplified, from equation (3.41)).

The force Fy due to K, is the force that acts on the Maxwell fluid
element on the rotor. Experiments on stress telaxation allow the
determination of K, (via the “Young modulus of glass charges), and
the damping coefficient D, can be computed using the fact that the
time constant of stress relaxation equals the one of charge induction
(equation 3.29), allowing the determination of the “viscosity” of glass
charges.

Note that figure 3.16 is schematic. In reality, the M, ~wagon would
have an infinite extension (circular geometry).

59



EXPERIMENTAL VERIFICATION

IV. Experimental verification

4.1 Force measurement setup

such as those that govemn electrostatic and electromagnetic

attraction, need an actively regulated dynamometer guaranteeing a
constant ait-gap. A flexible hinge structure regulated by a voice coil
magnetic bearing was chosen. Figure 4.1 sketches the expenmental
ﬁ(-'"lp:

I Yorce measurements involving inherently unstable square laws,

Visws
- ¥
Ve~ mp

Fig4.1 Active regulated force semsor. The inlet thows the pammetens of the test

clectrodes

A two phased electrode 1 fabncated with standard prnted arcuit board
technigues is facing the glass specimen 2, mounted with a gap g between
clectrode and glass. This glass specimen 18 mounted oo the flexible hinge
structure 3, which 1s actuated by a voice conl actuaror 4. Regulated by a
standard PID feedback loap, the applied control signal is proportional o
the electrostanc attracnon force. The voltage applied to the clectrode are
kept at DC level. The electrode surface i 4 cm?, the glass specimen
surface | em?. A photo of the realized force sensor is shown in figure

4 >
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Pig4.2 Phote of the force sensor with s control boax The dSPACE regulator 15 not

shown

The force sensor was used in two ditferent configurations: For the
measurement of Fy, the semp is identic ro the one of hgure 4.2, For the
measurement of .y, a linear drive was added in order to deplace the glass

specimen parallel to the electrode

Fig4.3 ) Messurement of P b) measurement of Py

il
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4.2 Attraction force experiments

42.1 Electrode configuration

Twenty different electrode configuranons have been tested, Track width
w oand mnter-track distance 4 vaned from 0.2 mm to 0.8 mm. The
developed forces are compared o the artraction force produced by a
plan copper plate ar a potental of 1000 Vol Figure 4.4 plots the
mMeasurements:

H
£25
S,
i2
-
- 02
" ‘0.4
05| e
08 o T 8
I e R T
w [mm]| .

Flig4.4 Determination of optimal dectrode parameters. The teference o indicates the

attraction force produced by a plain copper sheet. Soda-lime glass. Applied voltage 1000V,

It can be seen that the electrode with the thinnest tracks and the highest
track density produces the biggest attraction force, up to three tmes
higher than the force produced by a plan conductor. This important
result shows the importance of the track boundanes tor the electrostanc
glass motor. If the target 15 a conductor, the plan electrode would
produce the maximal attraction force. In the case of a glass arger, for a
maximal attraction force, the thinnest possible tracks are advantageous.
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4.2.2  Chatge dynamics for different glass blends

Preliminary measurements (figure 3.6) showed that the final polatization
state of a soda-lime glass specimen was not reached after more than 10
minutes. Lacking an asymptotical value, we use the model of (3.14) to
describe the charge dynamics of different glass blends. The model
describes the physical reality very well:
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10 Si02 57% AI2O3 20% MgO 12% [
Lithium disilicate glass ceramic
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Time [sec]
Fig.4.5 Model versus measurement for the most common glass blends. Measurement

of attraction force-density fz between common glass blends and electrode (d=300um,

w=300um), applied potential 1000 V, air-gap g = 100pum, RH = 30 %

Of course the simplified model (equation 3.40) describes reality just as
well. The tested glass types ate representative for the most common
blends. Leaded glass is missing, but the impossibility to produce thin
wafers out of this blend disqualified it for motor applications. The
parameters &, & and o have been determined for each glass type and are
given in table 4.1:
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Type of glass o el 8H

SiO2 72% Na20 13% 0.5 4 411
Si02 65% NazO 17% 0.45 4.51 4.63
Glass Ceramic 0.5 4 4.1

SiO2 57% ALO; 20% 0.65 3 3.16
S102 90% 0.6 3 3.12
SiO2 70% B2U3 28% 0.45 23 2.35

Tab.41  Model parameters for the measured glass blends

The relevant force component for the motor function, Fy, is represented
in figure 4.6 as a force density fy:
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g
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3
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é ———S$i02 70% B2U3 28%
4 [l e e $i02 72% Na20 13% CaO 11% [
= = 8i02 65% Na20 17% CaO 8%
Ry Sio 900/0
] -~ — Lithium disilicate glass ceramic
0
100 150 200 250

Time [sec]

Fig.4.6 Dynamic of fk for the most common glass blends. Electrode (d=300um,
w=300pm), applied potential 1000 V, air-gap g = 100um, RH = 30 %

A comparison between the tested glass blends is given in figure 4.7. The
reference is the Lithium disilicate glass ceramic from the Japanese
company OHARA, since this material is commercially available in the
form of standard discs for hard disc drives.
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SiC 57% AlO) 200 MgO 12%

s‘)’ o B:lrl r.—

S0y AP%

TS10 Glass ceramme

SO T2% Nagl) 13% Cal) 11"

D20 40 60 80 100 120 140

TS — L

Fig47  Comparison between the measured gliss blends, Reference is the OHARA glasa
ceramie “TS10°. The inlet shows the commercially available hard dise substeates made of

L5 (1)

We conclude that, by using a blend of Soda-lime glass, the motor forces
can be augmented by 30%, compared to the commercial TS-10 material
Soda-lime glass is easily machinable and comes in vanous thicknesses
(down to 0.13 mm for microscope object cover plates).

423 Influence of the glass rotor thickness

‘The influence of the glass rotor thickness is a parameter thar was not
included into the model. Equation (3.14) and following developments
are based on the assumption of an infinite thick glass roor. We carried
out two expeniments to determine the influence of the glass thickness on
the produced attraction force. The first test consisted of measuring the
attraction force as a function of the thickness for soda-ime glass: the
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attraction force was measured after 100 seconds of.charging for all
specimens.

Figure 4.8 shows the tresults, as well as exponential fits. Three different
electrode types were measured.

70
i
,;E 50
m .
Z 40/4) 1 [].-rb ""“f% if -tir
g | AT
@w ]
g 30 l..[ d_% I +
2 (13 ] $
£ 20 {r
=—S=w = 0.4mm, d = 0.3mm
10 ={%=w = 0.3mm, d = 0.5mm H
=0=w=0.2mm, d = 0.7mm
i - i i
0 0.5 1 1.5 2 2.5

Glass thickness [mm]

Fig.4.8 Attraction force density versus glass thickness for three different electrodes.

The superimposed curve fits suggest an exponential allure.

As intuition suggests, the force tends asymptotically towards a limit with
growing glass thickness. For electrodes that are interesting for motor
applications, glass rotors thicker than 0.5 mm seem not to further
improve the attraction force.

The second experiment investigated whether the charge dynamics of the
glass rotor are influenced by the glass thickness. We measured the
attraction force vetsus time by using only one electrode (4 = 300 pm, »
= 300 pum). Figure 4.9 plots the measutements. It can be seen that the
charge dynamics are effectively influenced by the glass thickness. With
increasing glass thickness, the polarization progresses faster, thus the
motor force occurs sooner, as well. Again, a rotot thickness over 0.5 mm
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seems not to be interesting for our application. Thicker rotors only
increase inertia, but are not polarized any faster.
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Fig4.9 Attraction force density versus time for different rotor thickness. The voltage is

applied at # = 150 sec.

424 Influence of air-gap

Electrostatic attraction is governed by an inverse square law, analog to
the electromagnetic attraction. The special geometry of the electrostatic
glass motor does not intuitively lead to the inverse square relation; hence
an experimental measurement is needed. Indeed, the model of equation
(3-14), which so far has proved to be satisfactorily exact (figure 4.5),
predicts an air-gap dependency of the form

A
F(g)jm @.1)

here, 4, B, C and D being constants. Figure 4.10 plots the measured
influence of the air-gap against our model of equation (3.14) and, for
compatison, 2 fitted curve of the form (Constant/g):
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Fig.4.10  Attraction force density versus air-gap for soda-lime glass. The dashed
line indicates the inter-track width of the electrode.

It can be seen that the amplitude and the allure given by our model
(3.14) are close enough to the physical reality to present a valid tool for
the design of electrostatic glass motors. We can explain the discrepancy
between model and measure above 200um ait-gap by our model-
hypothesis that the air-gap ¢ is of about the same magnitude than the
inter-track gap d.

It is important to note the influence of the ait-gap is of the same order
of magnitude as the influence of the glass blend. Hence, the flattest
possible electrode substrate together with the smallest possible air-gap
are imperative for maximizing the performance of the actuator.

4.2.5 Influence of humidity

The surface tesistivity of glass is influenced by the humidity as are the
charge dynamics and therefore the developed electrostatic attraction
forces are a function of the humidity. The charge mobility on the disc
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increases with humidity, so there exists an optimal humidity with respect
to the rotation speed as confirmed by experiment (figure 4.11):
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Fig4.11 Influence of the air humidity on the attraction force density. Measure
and second order polynomial fit.

It was observed that for the glass type used, the optimal soda-lime blend,
a humidity of 25% seems to present the best balance between charge
creation and chatge mobility.

4.3 Restriction force experiment

4.3.1 Lateral restriction force

Equation (3.21) models the lateral restriction force if the field moves
parallel to the glass rotor. In order to validate our model, we measured
the lateral restriction force using a two-phased electrode (figure 4.1) and
a modified experimental setup, still using the zero-displacement force
sensot. This model seems to be satisfactorily accurate, as it can be seen
in figure 4.12.

It can be seen that lateral force densities in the order of newtons per
square meter can be obtained. The lateral restriction force equals zero
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for zero displacements and increases toward a maximum. If the applied
motor load is too important (bearing losses, air friction, inertia etc.), the
necessary force to drive the load will force the operating point over the
maximum, the region where the lateral restriction force is decreasing.
This is the point where the rotor loses the field and the synchronous

machine stops.
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Fig4.12  Verification of model for the lateral restriction force

4.3.2 Dynamic force / torque

The experimental setup used for the detetmination of the ‘load
force/torque’ of the electrostatic glass motor is sketched in figure 4.13.
By load torque we understand the quantity of torque that is not used for
the rotation of the rotor, therefore apt to drive and additional load. It is
not the absolute measure of the torque/force (proved to be adequately
modeled by (3.21)) that is of interest (depending on glass blend, gap etc.)
but the allure of the curve torque-versus-rotorspeed.

A rotary electrostatic glass motor (diameter 65mm) is mounted on a
translation-stage. A cylinder mounted on the glass disc 1 is in contact
with a thin thread, on both ends of which masses are attached. The
heavier mass 4 is on the measure sutface of a precision balance 5, the
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lighter mass 3 hangs freely. By pushing the spmning disc along the
indicated direction, frction is increased, dragging on the mass on the
balance. Knowing the radius of the cylinder 1 and the value of grawvity,
the torque can be computed directly from the mass difference read on
the precision balance. The correct value (the searched torque) is
displayed when the rotor stops.

1]

(]

Fig 413 Setup for tonque measurement. The arrows indicate displacement and rotation

NS

Figure 4.14 plots the torque versus the rotation speed:
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Fig. 414 Load torque versus mtation speed
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The proposed method (figure 4.13) proved to be adequate for the
measutement of small torques and is reported to be used in the DC
motor industry for this purpose.

4.4 Visco-elastic creep experiment

The measurement of figure 4.12 (measurement of the lateral restriction
force) is also determining all model parameters of figure 3.16, here
recapitulated for the sake of convenience:

KCharge DCharge

. }_gag MCharge =0
ROTOR
MRotor

@) @)
/ / /A A

z
Kasoror
X
) MEFicla = 0
STATOR ﬁ*

g _ / A

FIG. 415 Coupled oscillator modeling the electrostatic glass motor, recapitulation of
figure 3.16

The attraction force modeled by the K, spring is of course of negative
stiffness (inverse square law of electrostatic attraction) but since the gap
between glass disc and electrode is fix and we are interested in lateral
displacement, the system actually behaves like if there were a positive-
stiffness spring hence justifies this approximation.

The force in x-direction Fy that acts on the rotor when the stator field

moves by an amount of § can be directly read on the mounting part of
graph 4.12, as indicated in figure 4.16.
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This force Fy is also the force that acts on the Maxwell fluid element on
the rotor. The spring element of the Maxwell fluid will immediately
produce the same force (elastic equilibrium) therefore it can be stated

that the stiffness of the Maxwell-spring (K, equals the curve of figure
4.12.

25 . .
Negative stiffness
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'§ \ I<Charge
& /
£
q 0.5
g
L
-

0

0 0.05 0.1 0.15 02 0.25 0.3
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Fig. 416 Measure of stiffness per surface unit Kcwg the point P indicates an arbitrary
point.

The extension to stiffness per surface unit is explained by the fact that all
forces depend on the surface of the glass rotor. The stiffness per surface
for soda-lime glass can therefore be estimated to

Kty = 15 10> [N/(m? - m)] *+2)

Following the reasoning of section 3.3, the viscosity (or damping) of the
Maxwell fluid element can be determined:

The stress relaxation time constant of the visco-elastic model equals the
time constant of the charge induction (see figure 3.12), measured in
figure 4.5 and 4.6 for the most common glass blends. This time constant
is estimated at

7 =150 [sec] 4.3)
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Value that is acceptable for most glass blends (see figure 4.6).

For a ‘strain’ of 0.1 mm (reminder: analogy to plastic material
deformation, the field is displaced by 0.1 mm, equivalent to a strain
applied to a bar), the immediate lateral stress-force per glass surface unit
will be 1.5 N/m? The surface of the glass specimen is 1 cm?, so equation
(3.50) leads to the Young modulus per glass surface unit ¢,,,;

£
Crmge = Cj;‘g' =150-10° N/ (m? m?)] (4.4

Or a ,Young modulus’ E of 150 MPa if the glass rotor has a surface of
1m? In this case, K, would be 15-10° [N/m].

Once the surface of the glass rotor is known, the viscosity can be
computed. For a very large rotor of 1m? surface:

Nohuge = TE =22.5- 10° [Ns/m? (4.5)
Of course im? big glass rotors are not realistic. The numerical
application serves to give a first idea of the order of magnitude.
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Fig. 4.17  Viscosity and damping versus electrode surface (4 = w = 300um, g = 100 pm, V
= 1kV)
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Figure 4.17 plots the viscosity 7 and the damping D versus the electrode
surface for smaller and more realistic glass rotors in the order of several
square centimeters. For the Young modulus E and the stiffness K, figure
4.18 plots the same calculation:
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Fig. 418 Young modulus and stiffness versus electrode surface (4 = » = 300pm, g = 100
um, V = 1kV)

Table 4.2 compares the viscosity of a 1cm? big electrostatic glass actuator
with other, familiar viscous materials:

Material % [Ns/ m?]
Air 1.82-10%
Ethanol 1.20-10-
Water 0° 1.79-10
Glycerin 1.48
Polycarbonate 220° 0.810*
lcm? Soda lime glass (V=1kV, w = d'= 300um, 2=100um) 2.25-10¢
Low viscosity epoxy 25° 4-10¢

POM technical polymer 1.44-101

Table. 4.2 Viscosity of a small electrostatic glass actuator compared to other viscous

materials
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These measurements allow the computation of the mutual creep
between rotor and stator. Figure 4.19 plots the creep of a typical
electrostatic glass actuator with a glass surface of 10cm?
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L110°
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Fig. 419  Rotor — stator creep. Rotor — stator displacement § = 120pm (4 = » = 300um, g
= 100 pwm, "= 1kV)

It can be concluded that if the described motor is running for 30 seconds
(we have no information about the actual speed), and the external loads
(ailr resistance, inertial acceleration etc.) force the rotor to lag 120um
behind the stator field (otherwise there would be no torque), then the
glass rotor ‘crept’ about 2.4pm relatively to the stator field.

This creep is hindeting open-loop precise positioning except in the case
of a no-load condition (for example the positioning of mitrors or lenses
mounted on the glass rotor). The effects of the creep could also be of
importance for fast turning electrostatic glass actuators. This is briefly
illustrated with the following numerical example: A 5 cm diameter rotary
actuator spins at, say, 5000 rpm. Air friction and bearing losses impose a
motor force (in the rotary case of coutse a torque) comparable to the
working point P in figure 4.16. This motor must spin for approximately
500 hours (21 days, 3 weeks) until the mutual creep reached one
revolution. Hence it is appropriate to speak of a synchronous actuator at
least from the engineering point of view.

76



e

EXPERIMENTAL VERIFICATION

4.5 Discussion

The petformed expetiments validated the analytical model.

Using a custom developed actively regulated dynamometer, the delicate
measurement of the weak electrostatic force could be performed.
Different experimental setups allowed the measurement of the total
attraction force and of the lateral restriction force (the moving motor
field was simulated by lateral displacement of the test electrode). This
allowed the determination of the characteristic permittivities of a set of
the most common glass blends. In addition to the validation of the
models, other, non-modeled influences, were put in evidence:

It was shown that soda-lime glass blends are most advantageous for
motor applications.

Humidity plays a key role in the force-development of electrostatic glass
motors. A maximum attraction force was observed for relatively dry air

(30% RH).

The model implies an infinite thickness of the glass motor. As intuition
suggests, in reality, thickness is an issue. The influence of the thickness
was measuted to decrease asymptotically, so that for motor applications,
a rotor of about 0.5 mm thickness approaches the “infinity” hypothesis.

Being an inductive actuator (even though the induction time constant is
so slow that one might think of a stepping motor actuator, there is a
visco-elastic creep between rotor and stator (due to the creep of charges
inside the glass rotor). This creep was modeled and measured and was
shown to be neglectable for fast moving or rotating actuators, but
becomes relevant for precise positioning applications, as soon as
external loads act on the rotor. Closed loop positioning is the solution
that allows the rejection of the errors induced due to this creep.
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V. lmplmm'ntﬂtions

5.1  Preliminary prototypes
51.1 65 mm single side with ball bearing

st verthication of the rotanon panciple [73] with a commercially
available 65mm diameter plass hard disc dnve substrate made ow
of TS-10 ceramic from the Japanese company OHARA. Rotanon
was abserved after applicanon of three-phased sinuse ndal and srep wave

excitanons, The maximal romnon speed was around 4500 rpm.

crsity of Tokyo

|'.~m:,: an opnc al -]'wt'd illlllii', the synchronous rotnon was conbrmed.
It was observed that, for a given high voltage supply, the torgue
(therefore the obtainable speed) can be augmented by 30% if a three-
]'Pll.lhl'll step exatabon s chosen instead of smusordal waves. The
resulting cogging on the other side disqualifies this solution o

™ sinoning I“!!"]hl‘\l"\.
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5.1.2 65 mm double side with ball bearing

'he orgue gamn obtamed by using two clectrode arrays that sandwich the

lass roror was exanuned o ng the [r-H-.-\\!'.l-_' CXpernmy nral STy

B W) i

I'is motor can be powered m two ditferent ways, the two fields being in
phase or out of phase by 120 degrees. 1t was observed that, if the upper
and the lower field are in phase, torque gamns up to 100% are possible
Cn the other hand, if the rwo felds are out of |-||.l'-1 thie torgue of su h
1 double siche drive 15 about l'l_[l:.l] (L8] '|\| torgue ol thi -m-,'|| '-II}- drivi
presented in the previous paragraph

e 1 1 .
I'he maxumal obramable sPEed o thas drnve was around ,\'“'!:‘1". | e

dynamie torgue m tuncoon of the rotaton speed was isurcd and 15 at

its maxumum 400 Nm Ty --.'!'.;‘..T.!"»Ei t F Tmm !---:.- wd 3mm

thick brushle I M VOO

I e nfluenc ] wits measured for the birst tinw il we
d Mano | as a tuncthhon ol the ambent

I IMExnnGa

dependency trom thus parametes

humidity, an mdicanon of the stro
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5.1.3  One inch single side with ball bearing

Based on the previous prototypes, a one-inch smgle side disc motor was
realized, in the context of a feasibility snudy for potennal electrostatic
glass motors for hard disc doves n portable devices. Figure 5.3 shows
the expenimental setup, together with a custom three channel high
voltage amplifier:

Fg 33 Ome-inch motor, smgle sde deve, with two ball bearmgs. Electrode with n =

60, o = 4 pm. Showed 15 also a eustom three-channel high volage dover

This prototype showed that electrostatic glass motors are an interesting
alternative to tradinonal electromagnetic solutions. Rotation speeds of up
to 5200 rpm have been observed: the consumed power of the actuator
was approximately 0.1 Watt. The simplicity and compactmess of the
electrostatic glass motor could be a decisive sales pomnt for hard disc
drives for handheld applications,

For cost effective muniature hard disc dnves, the ball bearings would
have to be replaced by 8 more precise and more compact solution. We
proposed a ruby beanng, as used by the warch mdustry, to reduce the
total high of a potential hard disc dove down to 3mm, the dimension of
a commeraally available flash memory card.

The glass blend used was again the glass ceramic 1510, produced by the
Japanese company OFHARA
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5.1.4 65 mm single side with single point bearing

Replacing the ball beanngs by a simpler and more cost-cffective solution
15 not an casy task. Actively regulated contact-tree suspension 1s
lnlnitlh ated and needs extensive computng power. stanc an beanngs
need extermal compressors and hydro-beanngs are also  somewhat
encumbenng tor tlat applicanons hke portable hard disc drives. So we
replaced the ball beanng with whar we eall a single pomnt beanng [76]. A
prvor (ideally a needle np, in our prototype a steel ball) is located m a
groove in the muddle of the rotor. Figure 5.3 shows a protorype and the
principle:

With an acceleranng rotor, a wviscous mr-flm 18 established under the
glass disc. At speeds of some thousands rpm, this viscous boundary layer
is on the same order of magmtude as the air-gap between gliss rotor and
clectrodes, say 100pm. This active air-bearing, together with  the
stabilizing effect of the gyroscopic momentum eliminated almost all axial
run-outs that were due to the use of ball beanngs, The measured run
outs were under 1pm, same order of magnitude as the roughness of the
L'LI\\ s

Note that the presented solution, being very attractive tor hard dise dnve
purposes (simple, precise, cheap), 1s not suitable for precise posinoming,
smce the proposed air beanng s of an active nature, hence 1t necds

unportant rotation ‘-]wrds tor its operanon.
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5.1.5 22 mm single side with single point bearing

For this prototype, as in the previously presented device (the 65mm
diameter motor with single point beanng), the same remarks .:|‘|11\.

Ihe motivation was to realize a very compact, very cheap and yer verny
efficient one-inch disc dnve. This fast rotanng device was intended 10
demonstrate the .hl\.ult.tgr\ of the electrostanc _;;l.h\ motor tor data

storage purposes. Figure 5.5 shows the realized protorype:

— e
10 mm

Fig. 5.5 22 mm motor, single side dive, with sinple point bearnng. Eleerrode wath
1 i I |

O, o = 400 wim

Figure 5.6 plots the start-up, shows the stubilizanon of the dise with nme
(and speed, since the disc comtinues to accelerate), and the axial run-out

at 3000 rpm:

Ve

T

Fig. 5.6 Start equence and axtal run-out of the 22 mm disc dnove
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5.2 Prototype for precise positioning
52.1 Concept

The aim s a cost-cffective, compact device that can operate from any
commercially available PC without any upgrades, such as acqusition
cards, DSPs, ete. The RS 232 serial port 1s a peripheral mterface that all
computers are equipped with; we chose o communicate with our device
via this port, It seemed further necessary o develop the entire driver
clectronics from scratch, since the high voltage dnvers needed do not
exist on the market (since there are no comparable acruators on the
market). The electronics could be composed out of off-the-shelf
laboratory equipment, bur would have the size of a full-scale mobile laly
rack. This 15 due 10 the fact thar most devices have o much power for
our motors or o many addimonal features. So a compact draver with
just the needed performances was developed. This circuitry dnves the
first operanional prototype, a rotary glass motor mounted on a atr beanng
n order to chminate any frction. Figure 5.7 shows the complete system,

LR,‘» 232 link —|

[ Control P

Doaver with high volage amplifier, funcnon
generator, and control and nterface unit

Fig 57 Photo of the rotary positionmy protorype

Figure 5.8 shows a schematic overview of the prototype:
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nENDENGE

CPU Up/Down
Master Counter

Quadrature

Counter ,_‘_i;
i I

Graphical User Interface (GUT}

] —J
— ch, Windows 2000 / NT

Fig. 5.8 Schema of the prototype

A Windows-based PC 1 features a graphical user interface that allows the
operation of the positioning actuator. Different modi (Continuous
rotation, incremental displacements, positioning) can be chosen. The PC
is also hosting the control algosithm for closed loop positioning. The PC
communicates via RS 232 with the interface and processor unit 2,
triggering the function generator 3 in the desired direction, with the
desired speed and total displacement (user defined). The driver voltage is
amplified by a three-channel high voltage amplifier 4 which drives the
electrostatic glass motor 5. The feedback loop is closed via an
incremental sensor 6, communicating the absolute position via the slave

CPU to the PC.
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A glass disc 1 with diameter 95mm is mounted above a circular electrode
array 2, at a constant air-gap of 100um. A static air bearing 3, blocking all
degrees of freedom except the rotation around its main axis, guarantees
frictionless suspension.

The exact rotor position is determined using an incremental sensor disc
4 (Numetrik Jena, 18’000 incr./rotation, 200 times interpolated — 0.35
arc-second resolution). The read out is performed with a very compact
sensor head 5. The outputs of the sensor are two signals in quadrature.

The implemented electrostatic glass motor features the following
parameters (table 5.1)

Designation Designation Value Unit Reference

# tracks n 240 - (3.19)

# poles m 80 - (3.23)
Outer diameter  Rou 9.5102 [m] Fig. 3.8
Min. track width wis 200-10¢ [m] Fig. 3.8
Inter-track gap d 400-10¢ [m] Fig. 3.8
Air-gap g 150-10-¢ [m] Fig. 3.8
Voltage \% 900 [V] Fig. 1.17
Sine resolution n 16 [bit] (2.20)

Rotor blend TS-10 cetamic - - -

Peak torque T 14 [MNm] (3.29)
Resolution 4 0.2 [arcsec] (2.24)
Inertia I 250 [gem?] -

Table. 5.1  Characteristics of implemented electrostatic glass motor
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5.2.3 Driver Specifications

The desired output of the driver electronics are explained using the
output characteristics of a first prototype (figure 5.10):

500

Output Voltage [V]
3

A pE
/ — Phase 1
¥ | - Phase 2
- Phase 3
-500 T
0 50 100 150 200

Time [sec]

Fig. 510  Desired driver output characteristics, with indication of the different regimes: 2)
charging, b) forward rotation, c) stop, d) forward rotation and €) backward rotation

Prior to operation, the glass rotor has to be charged for several seconds
(a), then the actuator is at stand-by and can be operated at any moment.
A forward movement (clockwise or counterclockwise) is user-defined by
displacement speed, displacement sense and displacement-amplitude (b).
Once the desited position is achieved, the sine excitations ate ‘frozen’
into DC voltages (c), in order to keep the rotor polarized, even at rest.
The motor can be re-launched at any moment (d). In addition, it should
be possible to change the rotation direction at any moment (e).

The sine wave excitations should be encoded with the maximal possible
resolution (equation 2.20).
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5.2.4 High Voltage Amplifier

Commercially available high voltage amplifiers are mostly one-channel
devices and quite expensive. Bipolar amplifiers (the voltage swings
around ground) are not available with voltages around T 450V. The only
commercially available bipolar high voltage amplifiers, are mainly DC
devices with a bandwidth of 1kHz, having only one channel and costing
atound 10°000 §. This market situation imposed a custom development
for a compact and cost-effective bipolar high voltage / low current AC
amplifier.

The main features of the realized high voltage amplifier are:

3 Channels

Input + 10 V, Output + 450V

5 Watt output power

10 kHz bandwidth

Convenient 230VAC/110 VAC power supply

5.2.5 Function generator

A high-resolution function generator had to be developed for several
reasons. First, commercial generators are expensive, of lower resolution
(8 or 12 bit), have at maximum 2 channels and cannot ‘move backward’
with the output sine waves, a feature indispensable for precise
positioning, Softwate solutions (LabView®, LabWindow® etc)) were
evaluated, but are not an option since they do not allow smooth
acceleration of the sine wave excitations or changing of the direction of
the moving field. Their inherent jumps in the generated sine waves cause
the rotor to lose the motor field and can generate electric breakdown
between motor electrodes.

The main features of the realized high-resolution sine wave generator
are:

e 3 Channels
® Input: digital counter input 16 bit (parallel), clock for analog
conversion
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e  Output: 3 sine waves, 65536 levels of amplitude, 65536 points
pet period

¢ Count up/Count down capability

e Output frequency: DC to 436 Hz

The tealized function generator allows, in combination with the
implemented 80 pole electrode of the presented rotary prototype in
figure 5.9, a maximal rotation speed of 290 rpm (theoretical value, not
consideting the important inertia of the air bearing). For a 80-pole
electrode, we obtain a theoretical resolution of 0.2 arc-second, of course
over an infinite range (rotation). On a linear system with a comparable
electrode (same inter-track gap 4, track width » of same size), the
theoretical resolution would be 18 nm.

5.2.6 Interface and processor unit

In order to use the convenient RS 232 connection that all PCs come
equipped with and to limit the computation on the host PC, a processor
unit that commands the function generator and the high voltage
amplifier stage is necessary. We chose two PICI6F76 CPUs,
programmed in assemblet-code for maximal processor speed. One CPU
(master) manages the serial communication with the host computer and
controls the number of displacement steps, the motor speed and the
direction of rotation; the other CPU (slave) manages the sensor readout
and communicates the exact position of the rotor to the host PC via RS
232 on user request.

Appropriate circuitry ensures that the control board is always counting
the impulses coming from the incremental sensot, independent from the
tasks performed by the master CPU.

The main features of the realized interface and processor unit ate:

RS 232 serial connection with commercial PC

No need for data acquisition card on PC, just installed software
Two 20 MHz PIC16F76 processots in master/slave mode
Parallel in / parallel out 16 bit counter
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The data stream through the relauvely slow RS 232 line could be
mummized to a three-byte word.

The first byte codes the displacement speed (256 different levels), the
second byte indicates the number of desired displacement steps (0 to
255) and the third 1s used to define the rotton direcnon of the rotor
and if the sensor output should be communicated to the host PC or not.
The processor unit acknowledges all actions,

Figure 5,11 shows the first and the second dnver prototype:

Fig. 5.11  4) Fust dover prototype, manually soldered, bj Second daver peotonype, usimg
SMD compuoments. 9V battery for size indication

The manually soldered first protorype (figure 5.11a) features 16bit
technology, but due to inevitable unprecisions (ground loops, long
cables, common analog and digital ground etc.), only 14 bit could be
explotted.

The second prototype (figure 5.11b), based on the experience pained
with the previous one, allows full 16bit operation.
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The development of complete positioning driver software is not within
the scope of the present thesis, but using the developed modules
(continuous movement, step movement, controlled position control),
more sophisticated movement patterns can be easily implemented.
Figure 5.13 presents the various functional sub-panels:

Fig. 5.13  Functional sub-panels of the graphical user interface. a) Actuator type choice
and adapted introduction of electrode parameters, b) choice of operation modus, ¢) step
mode panel with indication step size, d) continuous mode panel with indication of effective
displacement speed, ¢) position mode.

The various panels are self-explanatory. The indication of the ‘effective
speed’ in the continuous mode panel is due to the fact that for a constant
clock frequency, the displacement speed of the rotor vaties greatly with
the displacement-step size.
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VI. Results

6.1 Smoothness

he charge dynamics described in equation (3.21) and measured in

figure 4.5 suggest that the glass-charge distributions are still

subject to changes once the motor starts to turn. Indeed, the
electrostatic field seen by the glass rotor differs fundamentally between
the DC charging mode and the motor mode. This is due to the fact that
a sinusoidal electrostatic field is not realizable at rest (non-moving
sinusoidal field), but can be achieved in motion (moving sinusoidal field)
by means of multiple-phase electrodes, as proposed for the electrostatic
glass motor. These multi-phase electrodes should have equal track-width
w and inter-track gap 4. However, the motor needs a DC period in order
to build up charges that can power the rotor. During this charge build-up
period (“charging™), the field is somewhat discontinuous, as sketched in
figure 6.1:

Glass'totor

3

Gliss fotot

b)

Motor electrode

Fig. 6.1  Schematized charge distribution during a) charging mode b) motor mode.
Amplitude and sign of charge distributions are indicated by color (dark gray = positive

charges, light gray = negative charges) around the glass and electrode surface line.

When the electrostatic field starts to move, an obsetver on the glass
rotor would see a sinusoidal moving field. The charges are expected to
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mirror the shape of the applied field, changing with the same time
constant that was determined in figure 4.6. Driven by a sinusoidal field,
the rotor is expected to adapt a sinusoidal charge arrangement, thus
losing its speed-ripple within a couple of seconds and adopting a smooth
synchronous movement.

Figure 6.2 shows the experimental verification of the theoty:
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Fig. 6.2 Progressive smoothness of rotation during start-up of the electrostatic glass

motor.

The experiment consisted of imposing a rotation speed of 0.3 rpm at
time #=0. It was observed that, effectively, the cogging is reduced with
time, following an exponential envelope with a time constant comparable
to the charge dynamics of glass determined in figure 4.6.

This measurement was performed using the information from the
incremental sensor (figure 5.9). The frequency of the impulsions
(900°000 impulsions / 360°) is equivalent to the rotation speed and
allows long time / long range measurements. Figure 6.2 proves that with
time, the rotation is without any speed ripple.

This behavior of the electrostatic glass motor is unmatched by other
electrostatic or electromagnetic actuatots. The magnetic or electrostatic
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potentials on the rotor usually have a discontinuous distribution in the
form of permanent magnets or electret charge sttipes. Also in the case of
reluctant electromagnetic or vatiable capacitance electrostatic actuatots,
the variation of the reluctance / capacitance is discontinuous, resulting in
speed ripple. Of course, by means of position feedback, telatively
smooth rotation can be achieved.

Another long-range measurement supports the assumption that the
movement is truly smooth, ie. without speed ripple: The gap between
two adjacent electrode tracks d being 400pm for the motor electrode; we
should observe a speed variation with a period in the otder of the gap 4,
if there is any motor-related speed ripple. Figure 6.3 shows a
measurement that gives no indication of a speed tipple related to the
motor principle:
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Time for travel between two electrode tracks

Fig. 6.3 Progressive smoothness of rotation during start-up of the electrostatic glass

motor.

A relatively slow rotation speed (0.0075 rpm) 1s imposed on the rotor.
Measuring the frequency of the sensor-impulses (e.g. the rotor speed), no
periodicity synchronous to the stator can be determined. The noise
observable in figure 6.3 is atttibutable to the measuring method (small
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vibrations of sensor increments around the equilibrium). Smooth fits do
not indicate any periodicity that can be associated with the electrode
geometty, so a perfectly smooth movement down to sensor resolution
can be assumed.

A short-range measurement, performed with a capacitive probe, is
presented in figure 6.4. Again, over a range of 33 arc seconds, no speed
ripple was observed:
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Fig.6.4  Smooth rotation of the rotor, powered by a 10 arc sec/sec moving electrostatic

field.

This open loop rotation smoothness, together with a very broad speed
range from 30 rpm down to 0,1 arc-second / second (for the positioning
prototype presented in figure 5.9) are the main features of electrostatic
glass motors, unmatched by electromagnetic or piezoelectric alternatives.
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6.2 Open loop step mode positioning

One of the main advantages of the electrostatic glass motor is, besides its
smooth displacement and its broad speed range, that its open loop
precision is completely decoupled from mechanical aspects.

The resolution is a function of the patterns’ geometric dimensions, as
well as of the function generators’ resolution. Exclusive of the geometric
outline of the motor electrode, which we suppose to be ideal thanks to
printed circuit board technology, the resolution of the function generator
plays a decisive role. It will be shown that a 16bit resolution is already
permitting a sub-arc second positioning. Note that in audio technology,
24bit resolution has been mastered.

Using the developed 16bit function generator, the influence of the bit-
resolution can be simulated: Modifying the step size via the graphical
user interface, the device behaves like a function generator with a
resolution down to 8 bits. Table 6.1 shows the conversion:

Resolution Step Size
8 bit 256

10 bit 64

12 bit 16

14 bit 4

16 bit 1

Table.6.1 Simulation of lower-resolution function generators using a 16bit device

The implemented rotary incremental sensor allows the measurement of
displacement steps as small as 16 (corresponding to a 12 bit resolution as
seen in table 6.1). The displacement step sizes for 8bit, 10bit and 12bit
resolutions are compared in figure 6.5. The obtainable displacement
resolutions using generator resolutions ranging from 8bit to 12bit allow
the experimental estimation of the displacement resolution using the full
16bit capabilities. This estimation is visualized in figure 6.6. Figure 6.6
also shows the accordance of the model (equation (2.24)) with reality.
The measured displacement step resolutions range from 80 atc seconds
for an 8bit function generator down to 5 arc seconds for a 12bit
generator. The estimated resolution of a 16bit generator is approximately
0.3 arc seconds.
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The measurements were petformed by counting the increments issued
from the rotary encoder. Good agreement of model and measurement
allow the following petrformance estimation (table 6.2):

Generator Resolution Rotary displacement Linear displacement
14 [bit] 0.8790 [arc sec] 735 [nm]
16 [bit) 0.2192 [arc sec] 183 [nm]
18 [bit] 0.0554 [arc sec] 4.62 [nm]
20 [bit] 0.0181 [are sec] 1.15 [nm]
22 [bit} 0.0032 [are sec] 0.29 [nm]
24 [bit] 0.0008 [are sec] 0.07 [nm]

Table 6.2 Theoretical displacement resolutions for comparable rotary and linear
electrostatic glass actuators. Rotary actuator: m = 90, d = 400pm. Linear actuator: w = 400

pm, d = 400 pm. Parameters according to figures 2.12 and 3.8).

Since angular displacements are not as intuitive as linear displacements,
the rotary actuator is compared to a linear actuator of similar
characteristics.

The totaty resolution of a 14bit dtiver was verified using a laser
displacement probe (figure 6.7):

15
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Fig. 6.7 Measurement of displacement step controlled by 14bit driver. The dashed line

indicates the computed displacement step.
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The tesolutions theotetically possible with driver resolutions above
20bits, as presented in table 6.2, are given for the sake of completion.
For comparison, the atomic radius of the H atom is 0.03 nm, the Al
atom 0.143 nm and the Cs atom 0.262 nm. It can be concluded that the
resolution of the driver does not constitute a technological limit (as
mentioned previously, audio devices already work with 24bit signal
resolution).

Expressions (2.20) and (2.24) indicate a direct relation between
geometrical outline of the electrodes and the displacement resolution. It
is tempting to diminish the electrode track width » and the inter-track
gap d, in order to augment the resolution. Two comments apply:

The track width w can be reduced. However, depending on the employed
electrode-manufacturing technology, a certain minimal width should be
respected. For standard printed-circuit-board etching technology, this
minimum is around 100pm. Thin electrode tracks enhance sparking due
to the edge effect [30].

The mnter-track gap 4 cannot be reduced at will. The validated hypothesis
(flux follows circle trajectory) that led to equation (3.29) indicates that
the gap & should be around two times the air-gap g (between glass rotor
and motor electrode). A 4 too small with tespect to g leads to flux closing
underneath the glass rotor (little or no flux goes through the glass),
drastically diminishing the obtainable force / torque. Since the easily
realizable air-gap g is considered to be around 100um, the minimal inter-
track gap dis put between 200 and 300pum. It was experimentally verified
that no usable force can be obtained with 4 = 100um, validating the
hypothesis that the flux describes a circular trajectory. Of course, a
reduced torque / force, due to a small gap 4, is partly compensated by
the surplus of tracks that now fit on the electrode (higher track density).
If further torque augmentation is desired, “stacking” motor layers (as
described in paragraph 3.1.2) is a valid solution. Stacking is in no way
affecting the displacement resolution.

A very cost effective positioning device could therefore have the
following characteristics:

The driver resolution is 16bit, a resolution that that is not too delicate to
master. Also, 16bit digital-to-analog converters ate significantly cheaper
than 24, 22 or even 18 bit devices.
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The distance between rotor and stator, the ait-gap g, is kept at 100um for
the reasons presented above.

The performance of a rotary device is linked to its radius. For a 10cm
diameter glass rotor, 450 electrode tracks with a mutual spacing of
300um seem realizable. The calculated resolution is 0.13 atc seconds.
Using a linear device with the estimated minimal electrode track width »
of 100um and inter track gap 4 of 300um, the resolution would be about
9 nm.

Using a laser displacement probe, the capability of the driver in open
loop step mode could be verified. Imposing a fast displacement,
followed by vatious direction-changes at lower speeds it can be observed
that the device works smoothly as expected without any hysteresis and
without backlash. Figure 6.8 plots the measurement:
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Fig. 6.8  Measurement of forward and backward rotation at different speeds. 2) rapid b)

steady ¢) direction change d) steady. Displacement steps of 5 arc seconds.
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6.3 Closed loop positioning

6.3.1  Self-sensing

The electrostatic glass motor is potentially capable of position-self-
sensing. This tempting and elegant solution is presented in figure 6.9:
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Fig. 6.9  Self-sensing. a) Rotor at rest, in equilibrium with stator field, b) observed

current variation due to rotor displacement.

The three applied potentials issued from a (supposed ideal) voltage
source keep the rotor in equilibrium with its stator field. ‘The capacitance
of the system remains constant, thus no current flows to and from the
electrode tracks. Once the rotor is displaced by a distance <1 (by means
of an external force / torque), each electrode track sees itself opposed to
a higher of lower net charge (on the glass). The adaptation to this new
charge situation manifests itself in cutrent flowing to or from the
electrode tracks. These cutrents stop once the charge distribution on the
electrode tracks mirror the charge disttibution on the glass rotor. Thus
the displacement could be sensed without external sensor, by
observation of the charge dynamics:

Acc [Ldt i=1,2,3 6.1)

But as the charges creep slowly through the glass (visco-elastic strain
effect), there is no reference to the glass rotor. Once the rotor is
displaced (figure 6.9a), the charges will ‘wander’ towards their old
position with the usual long time constant. Hence an absolute reference
would be lost; an external sensor has to be implemented.

102



RESULTS

6.3.2 Control circuit

If the rotation speed is fast with respect to the charge time constant (this
is the case for all propulsion speeds, except teally slow ones), the
described visco-elastic effect can be neglected. Howevet, if a precise
position has to be maintained over time and there are load forces and
torques acting on the actuator, the positioning actuator has to be
controlled. A possible feedback loop is sketched in figure 6.10:

error Sensor
||I||l|\t|ll|l il
Control ﬁ £ f

Algoritm

speed Driver

T/

Position sense e ]f

Fig. 6.10  Control circuit for electrostatic glass actuator

The transfer function of the plant is given by equations (3.41) and (3.42)
for the linear and the rotary actuator, respectively.

The proposed control circuit was implemented, using a PD controller.
The displacement speed of the stator field corresponds to the derivative
component. Error-rejection comportment within the resolution of the
sensor was observed.

The displacement speed indicates the torque as with many electrical
machines and therefore stands for the proportional component, the gain.
The displacement sense of the stator field opposes the rotor
displacement sense.

Mote advanced control algorithms could be implemented. The control
engineer community proposes a vast choice of solutions for the
stabilization of inherently stable plants like the electrostatic glass motor;
a stable and robust position control is possible and mastered.
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The goal was to characterize the “plant”, in order to allow control
engineers to apply the cotrect tools for a precise positioning according to
the required specifications.

6.4 Other aspects

6.4.1 Losses

The main losses in electrostatic glass motors are due to the capacitive
losses in the stator (the capacitances created between the metallic
electrode tracks and the dielectric substrate).

The capacitive losses between rotor and stator are neglectable since the
rotor follows synchronously the stator field (so no re-polarization in the
dielectric occurs).

The Joule-losses in the stator augment with the speed of the stator field:
P, =Ul=—=UC 6.2)

In order to minimize the capacitive losses, the substrate of the electrodes
has to be chosen with care (low relative permittivity).
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Fig. 6.11 Measured input voltage and current for a 65mm glass disc drive @ 3000 rpm for
one phase. Electrode parameters: 4 = 400pm, g = 100pm, » = 60,. RH = 30%
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In order to get an order of magmtude, the wput voltage and nput
current for 4 65mm diameter motor at 3000 rpm have been measured
(figure 6.11). One phase was measured, which gives for all three phases a
total average power consumption of about 0.2 Wart. Note the for a
capacitive system typical phase shift of 90 degrees,

It can be concluded thar the electrostanc glass moror 15 a low-power
device per se, whereas the main losses of the overall posttioning system
are located n the daver electromes (generation of high voltages etc.)

6.4.2 Excitation strategy

Using three phase voltages, there are three different strategies to drve
the rotor. First, only one electrode can be used. Second, using two motor
electrodes, with the upper and the lower moving clectrostane field m
phase and third, with the two fields out of phase by 120°. "The prototype
of figure 5.2 was operated in the three ways and the maximal obtainable
speed was measured. This top speed, being function of the torque, gives
an indication about the optimal excitation strategy. Figure 6.12 plots the
rotation speed versus the zero-to-peak voltage 1,0

R 25000 . - . :
.llI ‘:v)l T Dhwbde side 1) ibegres dvase shilt
T . e — .
1 2 3 I L Y
o
1 = 3 1 i“ u?
| CO . o
i = —3 L_ o
’) 1
B O . s
1 2 3 1 o e
S0 1
1 2 3 1 o Lgsditt
= - 8248*
~ .rl...,.I...‘ 4 4
L | fimbs i i i
d (L] b o oo
B e - :
3 1 2 ) L
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It can be observed that if the upper and the lower field are in phase, the
maximum top speed 1s abour three nmes higher than wath only one
clecrrode.

Note the poor performance of the 120° phase shift setup, due o
crosstalk berween upper and lower electrodes (the ar-gap g 1s of the
same order than the inter-clectrode gap 4).

I'his situation is stmulated by fintte elements simulanon in figure 6.13:
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It can be seen that, if the upper and lower electrodes are our of phase,
the flux hnes close between the two electrode layers wia the glass disc.
The resulting field distnbution 1s not optimal for motor applicanons: The
induced charge distributions are not m the vicimty of the inter-electrode
gap, resulung m a lower torque.

It can be concluded that the optumal exctanon straegy 1s the
“sandwich”-structure using two electrodes, but care has to be taken tha
the upper and lower field are in phase.
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6.4.3 High voltage in desktop devices

It is important to note that high voltages, we talk of voltages above one
kilovolt, are already common in today’s everyday electronic appliances,
The most common applications are drvers for hquid crystal display
backlights (LCD). The usual voltages for those applications are above 2
kV and the power supplies can easily offer more than 10 Warts, Coil
wound transformers or compact piezo-transformers are availuble, Figure
G4 shows a of-the-shelf high voltage power supply using a piczo-
transformer (from the Japanese enterpnse TOKIN):

The high voltage part of an
clectrostatic plass actuator is not
accessible by the user (covered by a
good nsulator, the glass rotor), so
the only way to touch a lve
clectrode 18 to disassemble the
device with the power supply
switched on. The electrodes are
Fig 614 Tokm PIT, > 2000 Vv just a fraction of a millimetre apart,
power supplies for LCD displays 50 1t is quasi impossible 10 touch
only one polanty. If somebody
really opens the apparatus with the high voltage supply med on,
removes the disc and touches the elecrrode (presumably wath a finger),
the small current would only flow for a fractnon of a millimetre through
the human body (the distance along the flux lines between two
clectrodes) without passing any vital organs, The tny shock, comparable
to a cattle fence, will teach not o open switched on electronic
appliances.
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CONCLUSION AND OUTLOOK

VI1I. Conclusion and outlook

new concept for precise rotary and linear positioning has been
proposed in this thesis.

Using a seldom-used electrical property of glasses, the relatively
stable charge distributions induced by an applied electrostatic field, very
smooth synchronous rotation over a wide speed range was proved to be
possible. This rotation can be stopped at any time with very high
precision, allowing precise rotary positioning with a theoretically infinite
open loop resolution.

The smoothness of the rotation was found to be due to the rather slow
dynamics of the induced charges, the same phenomenon that allows the
induction of surface charges that actually make the actuator work. Since
the charges on the rotor have the tendency to mitror the applied stator-
field, the adaptation is completed after a characteristic time constant in
the order of tens of seconds; an applied sinusoidal stator field will create
a sinusoidal rotor field, allowing a smooth movement.

The open-loop resolution was found to be dependent only on the
geometric outline of the motor electrode realized with printed circuit
technology, and the resolution of the driver circuitry.

The smooth movement over a very broad speed range (fast for
transportation, slow for approaching the desired position; depending on
the motors’ dimensions and on the inertia of the bearing) the high open
loop resolution, absence of wear, its unlimited operation range together
with the actuators’ remarkably simple structure (potentially very low
production cost even at small series) and compact outline is a
combination of properties unmatched by other technologies.

The proposed concept of positioning produces weak forces that requite
low rotor inertia. However, promising applications are found in the in-
line positioning of optical devices, laser machining or electron-beam
opetations. The weak forces are a drawback that can be improved by
stacking multiple glass-electrode pairs, stacking which does not affect the
positioning resolution.

A review of the state of the art in rotary precise positioning showed
clearly that there is a niche for highly compact, cost effective devices
with sub-arc second resolution and an infinite operation range. The usual
application of the commercially available devices, the positioning of
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optical elements, is encouraging for an electrostatic device, since the
relatively weak forces and torques are not influenced by external loads. A
compact actuator that can operate open loop, e.g. without expensive
high-precision sensors, would be useful for vatious applications.

After an introduction to electrostatic actuators in general, the physical
principles that “power” the electrostatic glass motor have been analyzed.
The behavior of a non-ideal dielectric in an electric field has been
studied. The glasses have the most pronounced polarization, and are
therefore presented as the matetial of choice for this kind of actuator. It
actually works also with other dielectrics such as certain polymers, but
the performances seem to be much weaker. Linear as well as rotatry
actuators have been introduced, parameterized and the theoretical
expression of the open—loop resolution in function of the electronic

tesolution and the geometry of the electrode pattern has been
established.

An analytical model of the driving forces has been established. It is based
on two hypotheses:

- that the motor flux lines describe circle trajectories (verified by
finite element simulation)

- that the air-gap between rotor and stator is of the same order of
magnitude than the distance between two electrode tracks

This model describes the rise and decay of glass-charges with time, as
well as their interaction with a moving stator field, and leads to the
exploitable lateral forces (for linear actuators) and torques (for the rotary
case). An attempt to approach these relatively heavy expressions using
function-discussion methods proved successful and provided relatively
compact exptessions, which constitute the first design rules for
electrostatic glass actuators.

In order to evaluate the model, a high-resolution force sensor has been
developed. It allows the measure of the weak electrostatic forces. The
demanding specifications (measure at constant air gap, possibility to
“scan” over a range of 1 mm and the possible use in different spatial
configurations) led to a custom development, based on a flexible hinge
structure, actuated by a magnetic beating. This versatile sensor allowed
the verification of the model and other, not modeled but important,
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characteristics of the electrostatic glass actuator such as its dependency
from humidity. The optimal electrode pattern was determined. As
predicted by the model, contrary to electrostatic attraction of conductors
(for example copper), comb shaped electrodes of alternate polarity
featuring a maximum of boundaries (a high electrode track density)
proved to develop the highest forces for the attraction of dielectrics (for
example glass). For the attraction of conductors, a plain electrode surface
is optimal.

The optimal glass composition was determined among a set of the most
common glass families. It was shown that the cheap and widely used
soda-lime blend has the best performances among the tested glasses.
Luckily soda-lime glass can easily be machined and comes also in very
thin lamellas (object covers for optical microscopes) of 0.1 mm
thickness; therefore further miniaturization of electrostatic glass motors
seems easily achievable. Experiments and mathematical model show that
a glass rotor thickness above 0.5mm does not improve the
performances. In addition, the strong influence of the air-gap between
rotor and stator was documented, also in accordance with the analytical
model. This air-gap should be inferior to 150um. A parameter of utmost
importance for electrostatic actuators, the humidity, also plays a key role
for the glass actuator. It was shown that a maximum petformance in
function of humidity exists and that the actuator works well in the range
of 10 to 70 % RH.

Prototypes of various sizes and designs have been operated. It was
confirmed that the electrostatic forces are potent enough to spin (ot
convey) mactroscopic glass rotors at technically interesting speeds. The
enormous speed range that was observed using one-inch glass discs and
light ball beatings (from over 5000 tpm down to 0.0001 rpm) led to the
tempting idea to use this actuation concept for very compact, simple and
cost-effective hard disc drives, an idea proposed by Higuchi at the
University of Tokyo. The final prototype for precise rotary positioning is
built around a compact static rotary air bearing, in order to prevent any
friction.

This thesis treats both, linear and rotary actuators, but a rotary device is
preferred because of the infinite motion range for research purposes.
Sub arc-second resolution can easily be demonstrated without imposing
any stringent manufacturing tolerances.
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The requirements for the driving electronics were out of reach of
commercially available components (16bit resolution, DC capabilities,
the possibility to move forward and backward without loss of continuity,
real time programming of frequency, rotation sense and displacement
value etc.), so a compact custom high voltage dtiver with all the needed
features was designed and realized. Controlled via a convenient graphical
user interface over the RS232 port, it allows a cost-effective and compact
command of electrostatic glass positioner with any Windows-based PC.

The realized prototype was charactetized and proved to work
satisfactorily. As predicted, the cogging of the rotation diminishes with
time, so that after 30 seconds of operation no speed ripple was
observable. The decrease of the speed ripple occurs with a time constant
equal to the rise and decay time of the glass charges. The open loop
positioning capabilities have been measured and an angular resolution of
0.3 arc-second was reported. The dependency between positioning
resolution and driver resolution was measured and confirmed the model.
Based on the measurements, it could be shown that by increasing the
driver resolution from 16bit to 18bit (audio technology has already
mastered 24bit) and by using a simple PCB-electrode, angular resolutions
under 0.05 arc seconds can be obtained, a resolution unachieved by
concurrent rotary positioning actuators (state of the art is 0.1 arc
seconds, over a limited range of 8 degrees, using piezo-actuatots). The
tesolution can be ‘further increased by diminishing the geometrical
parameters of the electrodes (within certain limits). An eventual loss of
totque / force can be compensated by stacking of multiple electrode-
glass layers. The driver proved to work very well, allowing step rotation,
continuous rotation and feed-back position control. Feed-back position
control is necessary for applications where a load torque or force is
acting on the rotor, since the slow charge-creeping (responsible for the
stable charge arrangements that make the electrostatic glass motor work)
is inducing a visco-elastic strain effect into the actuator. In order to
counter this charge creeping, an additional sensor was implemented,
providing sub-arc second angular resolution. Using a PD controller, the
angular position could be stabilized. It is also this creep that discards the
tempting approach of self-sensing (As the actuator is the sensor, there is
no need for expensive external sensors). The slow creeping of the
charges and therefore of the rotor imposes an external sensor.
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The present thesis developed all necessary design tools for the
development of rotaty and linear electrostatic glass actuators. The forces,
resolutions as well as control aspects and dtiver electronics have been
examined. Based on this, future work should focus on two issues:

1. The realization of a multi degree of freedom displacement stage
(x-y-9 is sufficient for many applications) [72] should be envisaged. The
necessary torques and forces to dtive the stage can be obtained by
stacking multiple glass-electrode layers. The most challenging part in
designing such a device is certainly the bearing issue: For the research
presented in this thesis, powering just one rotary axis, a convenient static
air spindle could be used. We made abstraction of the bearing by
considering that it was ideal therefore friction was absent. It is desirable
that no cables and certainly no rigid air-conducts lead to the positioning
table (inducing forces, therefore errors). Already a single linear axis is not
trivial, since linear air bearings always bring the air pressure to the slider,
therefore connect the slider to an air-conduct. Active magnetic bearings
appear to be the best alternative to linear ball or roller bearings.
Electrostatic bearings or passive diamagnetic bearings ate more compact,
but have less load capability.

2 The control of such a stage. Although the actuator works very
well open loop, this kind of operation should be reserved for
applications where a constant and very smooth movement is required
(e.g. scanning applications) or where mediocre precision is sufficient. For
such applications, open loop operation presents a very well performing
and cost effective solution. For most precise positioning applications, the
well-known algorithms from the field of precision machinery tooling can
be directly implemented to dtive the multi-axis stage.

Finally, a first design of a potential ‘product’ electrostatic glass positioner
can be presented. It 1s build around a Canon AB-30 air spindle. Figure
7.1 gives an idea about size and structure of such a device:

112



CONCLUSION AND OUTLOOK

a)

75 mm

125 mm

b)

Stacked
glass-
electrode
layers

g .. c .
Air bearing
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Incremental Canon air
disc  with bearing

sensor

c)

Fig.7.1 Proposition for rotary positioning  actua

prnciple, c) Segment of motor clectrode (not to scale)
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The specifications of such an actuator are calculated as follows:

Motor type:

Electrode:

Weight:
Inertia:

Torque:

Top speed:

Slow speed:

Resolution:

Range:

16 stacked soda-lime glass discs (Si0; 72%, NaO 13%,
CaO 11%), double side drive.
Air gap g = 100pm

300 tracks (#=300) — 100 poles (» = 100)
Inter-track gap 4 = 400 pm

Outer radius R, = 95 mm

Inner radius R;, = 28 mm

Minimal track width »,, = 200 um
Breakthrough voltage = 1.2 kV

— Applied motor voltage peak to peak = 1kV

600 g (estimated)
250 gem?

44 mNm (equivalent to 4cm x 3cm ironless DC
motor)

~ 200rpm (estimation based on top speed achieved
with one single glass disc)

Slower than 10 arc sec / sec (36 hours for one
rotation)

Sensor: 0.36 arc second
Actuator (open loop, 16bit driver): 0.19 arc second

Infinite
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X. Appendices

10.1 High Voltage Amplifier Stage

Figure 10.1 Photo of the theee-channel high voltage amplifier stage

Output Voltage: * 430V
Input Voltage: 10V
Bandwidth: 10 kHz
Output power: 6 Watt
Bode diagram:
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10.2

Interface and processor unit

Figure 104 Photo of the mterface and processor unit

Input:

Output:

RS 232 senal connection with commercial PC @ 19200 baud
Protocol: 4-byte word: WW XX YY 22

WA number of steps (hex 00-FF)

XX: rotation speed level (hex 00-F)

b e rotation direction (hex 00.01)

Lz position sensor enable (hex 00-01)

After reception, a '@ character 1s returned to the PC. I the
exact rotor position 18 requested (ZZ = 01), then a 16 bit word
is returned.

Numenk Jena Encoder Kit R sensor cable for posinon
detection. Requested components:

Encoder Kir R with 50 times intepolation
Encoder Disc with 18000 increments

16 bit parallel address bus, counting up or down with the
requested number of impulsions and speed. Retums the rotor
position if requested with additional 4x mterpolation (200x n
total)
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10.3 Function generator

Figure 10.7 Photo of the fmction genesator unit

Input: 16 bit parallel address bus
Conversion trigger signal

Output: 3 sine waves, mutually 120 phase shifted.
65536 levels of amplitude.
A\mplitude * 10V

Bandwidth : DC to 436 Hz

Resolution: 0.2 arc second (in combmanon with a 90 pole
electrode)
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Figure 10.8
Scheme of function
generator
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NOTATIONS

XII. Notations

Symbol Description MKS unit

A Surface of glass [m?]

B Magnetic flux density [Teslaj] [Wh/m?
C Capacitance [Farad] [C/V]

D Electric displacement vector [C?V/Nm?]
D Damping coefficient [Ns/m]
D Width of electrode pole [m]

E Electric field [V/m]

F Force IN]

H Height of actuator [m]

I Cutrent [Amp] [C/s]

K Stiffness IN/m]

K Width of glass slider [m]

K Constant

L Length of electrodes [m]

N Number of dipoles pet volume [1/m?]

P Power [Watt]  [kgm?/s?]
P Electric polarization [C?V/Nm?]
Q Charge ]

R Resistance [Ohm] [s/cm]

R Radius [m]

T Torque [Nim}

T Specific time [s]

\% Voltage V]

W Energy Joule] [kgm?/s?
d Inter-electrode gap [m]

f Force density [IN/m?]

f Clock frequency [Hettz] [1/s]

g Air gap [m]

h Thickness of glass rotor [m]

k Displacement coefficient

m Number of poles

m Mass kgl

n Number of electrode tracks

n Number of stacked electrodes

n [bit]

Digital resolution
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NOTATIONS

> YT QO OF A S I3 M O0Q NS M Mg d RO

Charge

Radius

Time

Speed

Energy density

Distance

Horizontal Cartesian displacement
Horizontal Cartesian displacement
Vertical Cartesian displacement
Power law constant
Displacement

Permittivity

Multiplication factor

Length of flux line trajectories
Multiplication factor

Viscosity

Efficiency

Relative dielectric constant
Magnetic permeability
Approximated function
Density

Stress

Time constant

Resolution

Characteristic length

Angular deviation

Constant
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[m/s]
[kg/ms?]
fm]

[m]

[m]

{m]

[C2/Nm?|



