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ABSTRACT OF THE DISSERTATION

Design, Modeling, and Control of an Electrostatic Suspension Platform for Thin Disks

by

Kenneth Ernest Pyle
Doctor of Philosophy in Mechanical Engineering
University of California, Los Angeles, 2023
Professor Robert T. M’Closkey, Chair

This dissertation describes the design, modeling, and testing of a system to electrostatically
suspend and manipulate a silicon disk between two sets of stator electrodes. Dual variants of
the system are investigated for two disk sizes to yield four total electrode-disk configurations
that differ in transduction schemes and the number of disk degrees of freedom that must
be actively regulated. Transformers couple the electrodes into pairs that measure disk-
electrode differential capacitances and exert electrostatic forces on the disk. There is no
physical contact with the disk when it is suspended. Both disks are six-degree-of-freedom
systems, however, yaw motion is not measurable using either electrode arrangement and
in-plane translations of the smaller disk are passively stabilized by the fringe electrical field.
Contributions of the dissertation include the development of a modeling paradigm that is
easily adapted to additional electrode-disk geometry, the design and fabrication of a new
levitation platform that eliminates actuator-sensor feedthrough, the development of a novel
parametric fitting technique for open-loop unstable systems from closed-loop data, and the

synthesis of a family of robust multivariable controllers.

The first electrode arrangement uses common electrodes for both control and sensing,
however, redundant use of the electrodes produces significant feedthrough from the con-

trol inputs to the electronic pick-offs. Feedback controllers are designed for the smaller
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disk to maximize robustness to perturbations of the plant’s normalized coprime factors and
multivariable loop-shaping techniques are used to improve closed-loop performance. The
disk is suspended and comparisons between the analytical model and empirical data are
made. Estimates of the RMS uncertainties of the disk position reveal nanometer- and sub-
microradian-level precision for the vertical and rotational degrees of freedom, respectively.
A new levitation platform aimed to eradicate actuator-sensor feedthrough is designed and
fabricated. The updated system utilizes similar transduction methodology, however, the
electrodes used for sensing and actuation are segregated. Analytical models are generated
and multivariable controllers robust to various forms of uncertainty are synthesized. This

system is under development for non-contact testing of micro-scale devices.
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CHAPTER 1

Introduction

This dissertation develops a modeling paradigm and investigates various robustly stabiliz-
ing controllers for the electrostatic suspension of a silicon disk between two sets of stator
electrodes. Four electrode-disk configurations are examined —two separate disks will each be
analyzed for two electrode arrangements. The first electrode arrangement utilizes a com-
mon set of electrodes for both differential capacitance sensing and electrostatic actuation,
however, this configuration creates feedthrough from the control signals to the electrical
measurements. Successful suspension of each disk requires that the feedthrough be effec-
tively mitigated in the measurements. The second electrode arrangement splits the system
into separate control and sense electrodes to eliminate actuator-to-pick-off feedthrough. The
disks vary in size such that the smaller disk is stabilized laterally by electrostatic forces from
the fringe electrical field; meanwhile, weak fringe field forces act on the larger disk requiring
active regulation of in-plane translational motion. All four electrode-disk configurations are
capable of measuring and controlling the vertical position, roll, and pitch degrees of freedom
of the disks. Disk yaw is unobservable in all cases due to the uniformity of the disks and
the lateral translational degrees of freedom are essentially unobservable for the smaller disk.

Yaw moments cannot be applied with either electrode arrangement.

The levitation platform establishes a prototype “testbed” that will be scaled down
to study the dynamics of micro-electromechanical systems (MEMS). Of particular inter-
est are the characterization of low-loss resonators used in high-sensitivity vibratory gyro-
scopes [CWY14, SAA15, DSC17, WLG21]. Etched from silicon wafers and often doped,
these devices are known for their high level of precision due to exceptional signal-to-noise

ratios. When excited, they generate vibratory responses that appear as degenerate pairs



of resonant modes. The performance of the gyroscope is dependent on the time constants
associated with specific modes, where longer time constants indicate superior performance.
Resonator testing has traditionally required mounting the stem to a solid substrate —typically
another silicon wafer via a gold adhesion layer ~however, the coupling between a vibrating
mode of the resonator and supporting substrate is a path for energy loss in the mode. It
is challenging in micro-scale devices to measure the coupling, however, any motion of the
suspended stem in response to the vibrating mode provides direct evidence of resonator-
substrate coupling and can be used to guide modifications of the resonator to reduce its

severity. The electrostatic “bearing” is proposed to meet this need.

Electrostatic suspension is established when a conductive object comes into contact with
an electric field of sufficient magnitude. Such an electric field is typically generated using
stator electrodes to provide the necessary charge required for counteracting the gravitational
force. In the simplest case, an electrostatically levitated body can be modeled as a parallel
plate capacitor —the electrode and body each constitute one plate. The electrostatic force
that can be exerted on the body is capped by the dielectric strength, defined as the minimum
electric field at which an insulator becomes electrically conductive. Electrical breakdown is
typically characterized by the breakdown voltage, which, for any gaseous medium like air,
is a function of the ambient pressure, gap distance, and dielectric [HN82]. The relationship
between the electrostatic force, F', and plate gap, z,

1,5, €A,
F= Q_ZCU = 2—221) s (11)

limits the levitation gaps to the MEMS-scale. Magnetic fields provide an alternative mode
of suspension, however, the necessity of large coils to produce the magnetic field and inabil-
ity to suspend non-ferromagnetic materials motivate the selection of electrostatics for this

dissertation.

Electrostatic bearings were originally developed for high-precision inertial instruments
based on spinning spherical rotors which are suspended in an electrostatic field [Atk67,
Atk75]. More recent research has produced micro-scale rotors [TTMO02, HGLO05]. Spher-

ical rotors require stabilization of the three translational degrees of freedom —the rota-
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tional degrees of freedom are sensed and regulated with a separate mechanism. The ab-
sence of physical support for the rotor eliminates most frictional torques, which improves
the accuracy, sensitivity, and life of the sensor. For non-spherical geometry, electrostatic
levitation of silicon and aluminum disks, thin rings, and square glass plates are reported
in [JHK95, JYH98, WYT10, MEF03, JH98]. The applications cited in these references focus
on the contactless manipulation of semiconductor wafers and disk drive media. Suspension
requires stabilization of the out-of-plane translational, roll, and pitch degrees of freedom.
These references employ transduction schemes that separate actuation and measurement
functions. The in-plane translational degrees of freedom are passively stable due to the cen-
tering forces created by the fringe electrical field acting on the platform sidewalls, or in the
case of the ring, actively stabilized by radial electrodes. Active stabilization of the disk’s
five degrees of freedom has been reported in [AM21], though wide bandwidth rejection of
feedthrough coupling is required. Poor feedthrough rejection at high frequencies, as well
as the implementation of an unstable feedback controller, are possible causes of unreliable

suspension.

The first contribution of this dissertation is the development of a modeling framework
that is applied to the system in [AM21]. A smaller disk is then fabricated to simplify
suspension through passive stabilization of the lateral degrees of freedom. Due to uncertainty
in the transformer-based transduction system, the uniformity and coplanarity of the disk-
electrode gaps, fringe field and squeeze film damping forces, and incomplete cancellation of
the feedthrough, an initial controller is synthesized for the smaller disk to robustly stabilize
the disk with respect to perturbations of a coprime factorization of the analytical model. The
initial controller successfully suspends the disk and enables the identification of a parametric
plant model from closed-loop data. Analysis of the parametric model yields information on
the input and output directions associated with the unstable plant modes and guides the
selection of well-conditioned input and output transformations that decouple the vertical,
pitch, and roll measurements. The noise spectra associated with these kinematic variables
show they are measured with high precision. A new electrode arrangement is constructed

and analytical models are generated for both disk sizes from the detailed modeling paradigm
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outlined. Stable controllers are synthesized and closed-loop stability margins to coprime

factor perturbations and multiplicative input and output uncertainty are predicted.

This dissertation is divided into two parts that correspond to the two different electrode
arrangements. Empirical data is only presented in Part I since testing of the second elec-
trode arrangement has not commenced. The dissertation is organized as follows: Chapter 2
describes the layout of the first electrode set and its transduction scheme and derives a de-
tailed model for the larger disk; Chapter 3 reviews several challenges presented by the work
in [AM21] that will be solved herein; Chapter 4 develops two multivariable controllers for
the smaller disk and presents experimental results; Chapter 5 describes the revised electrode
arrangement and makes comparisons to the previous electrodes; Chapter 6 computes a model
of the smaller disk with the second generation electrodes and designs a stabilizing controller;
Chapter 7 follows the blueprint of Chapter 6, but for the larger disk; Chapter 8 summarizes
the contributions and presents opportunities for future work on the topic; the appendices

provide additional modeling computations.



Part I

The Feedthrough Dilemma



CHAPTER 2

System Description and Modeling

This chapter provides a detailed description of the electrodes and transduction electronics for
the first electrode arrangement, as well as the analytical modeling technique and assumptions
made in generating the model. Only the larger disk is considered for now: the smaller disk

is the focus of Chapter 4.

2.1 System Description

A 41 mm radius disk is etched from a double side polished, 400 um thick silicon wafer. The
disk is sputtered with conductive films of 5nm titanium and 1gm aluminum to create an
equipotential surface. Pertinent parameters related to the disk geometry are highlighted in
Table 2.1. Two identical sets of electrodes —a top set and a bottom set —are used to suspend
the disk by exerting forces normal to the disk. The electrostatic forces are capable of applying
a net vertical force and two independent in-plane moments on the disk, as well as lateral
forces when the disk is not parallel to the electrodes. The electrodes, shown in Figure 2.1,
are patterned on glass plates as two concentric annuli, where each annulus is partitioned into

four identical sectors to produce eight electrodes per glass plate. The glass plates are oriented

Table 2.1: Larger Disk Parameters

Symbol Description Value
rq disk radius 41 mm
hq disk thickness 400 pm
m disk mass 4.92 x 103 kg
J; transverse-axis moment of inertia | 2.07 x 107 kg-m?
Js spin-axis moment of inertia 4.14 x 1079 kg-m?



glass plate housing
/ top electrodes

primary
electrodes
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gold bonding pads

Figure 2.1: Exploded view of the initial electrode configuration.

normal to gravity and parallel to one another such that the top and bottom electrodes are

mirror images of each other. The top and bottom electrodes ~&,; and &, ;, respectively,

i
where {i,7 € N |i <2, j <4} —are labeled according to “annular index”, i, and electrode
number, j. The inner ring of larger electrodes, corresponding to @ = 1, are referred to as the
primary electrodes and the outer ring of electrodes, that is, ¢ = 2, are the lateral electrodes.
The primary electrodes are grouped into four pairs of facing electrodes, i.e., electrodes &,
and &,, form a pair. These electrodes are used to exert electrostatic control forces on the
disk and measure differential electrode-disk capacitances in order to regulate and sense the
disk’s vertical position, pitch, and roll. The lateral electrodes, meanwhile, are used strictly
for sensing in-plane motion of the disk and are grouped in antipodal pairs where the top
and bottom electrodes are shorted. The lateral degrees of freedom are coupled to angular

rotations of the disk so that in-plane motion is stabilized by using the primary electrodes to

tilt the disk. Disk yaw cannot be measured nor can yaw moments be applied to the disk.

The electrodes are patterned on the glass plates using a titanium adhesion layer followed

by a conductive stack of silver and gold, where the gold cap prevents oxidation. The 100 x



125 mm glass plates are 2mm thick and the metal deposition thicknesses are 10 nm, 2 pm,
and 200 nm for Ti, Au, and Ag, respectively. Each primary electrode has an area of 10.3 cm?,
meanwhile the lateral electrode areas are 3.44cm?. To avoid electrical breakdown, a 20pm
layer of photoresist is baked onto each of the electrode sets, which also has the effect of
increasing the disk-electrode capacitances due to the additional dielectric. The layer of
photoresist is extended to a majority of the glass plates, leaving only the gold bonding pads
on the exterior of the plates exposed. Precision shims are used to set the gaps between
the disk and electrodes. Four sets of 229 ym shims and 400 ym silicon spacers etched from
the same wafer as the disk are stacked on the bottom plate’s photoresist, beyond the outer
radii of the lateral electrodes, as shown in Figure 2.2. The top plate rests on the spacers
to constrain the disk to a 229 um range of vertical motion. When the disk is horizontally
suspended such that its center of mass lies at the geometric center of the assembled system,
134 pum separate the disk surface vertically from each electrode set and the edge of the disk
is perfectly centered between the inner and outer radii of the lateral electrodes. When
viewed from above in this configuration, the disk overlaps 1.65 cm? of each lateral electrode.

Additional parameters related to the electrode geometry are provided in Appendix A.

The transduction scheme for the primary electrodes will now be discussed. These elec-
trodes are paired using the primary leads of center-tapped transformers that are supplied
with fixed amplitude, 25kHz sinusoidal currents. A separate transformer is used for each
electrode pair and the transformer-electrode connection is displayed in Figure 2.3 for two
adjacent electrode pairs. The center taps bisect the primary windings such that the primary
winding inductances are identical on either side of the center tap and the carrier frequency

is selected so that variations in the electrode-disk capacitances do not discernibly change

[ ] glass plates
[] electrodes and bond pads

‘\_l [ | [ | \_l‘
[] photoresist L[-1 [-1—‘
‘r—\ \ \ ! | r—\‘

B silicon disk and spacers

[] aluminum shims

[ ]air

Figure 2.2: Electrode-disk gaps (not to scale).
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Figure 2.3: Schematic of the transformers that couple the top and bottom primary electrodes.
The supply transformer that produces the center tap currents for two adjacent electrode pairs
is shown to the right. The two remaining primary electrode pairs are configured identically.

the impedance looking into the center tap. This guarantees that the center tap current is,
to first-order, evenly split between the top and bottom electrodes irrespective of the disk
position. Within any electrode pair, the center tap produces AC electric potentials on the

top and bottom electrodes that have the same phase.

In order to maintain the disk at ground potential, the current flow onto the disk by
one electrode pair must be balanced by an equivalent current flow from the disk onto a
different electrode pair. This is achieved using additional “supply” transformers to provide
the center tap currents to two adjacent electrode pairs. By connecting one of the primary
leads of a supply transformer to one center tap and the other primary lead to the companion
center tap, the current entering the two center taps are equal in magnitude and opposite in
sign. Since any positive charge deposited on the disk by one electrode pair is removed by
the adjacent electrode pair, the disk remains at ground potential. The supply transformer

for two adjacent electrode pairs is shown to the right in Figure 2.3, where the anti-phase



currents, i., and —i.,, supply the two center taps. The 25 kHz carrier is sourced by a signal
generator. An additional supply transformer is required for grouping the {&;,, &5} and
{&.4, Evy, } electrode pairs. The simplicity of preserving the disk at ground potential using
transformer-supplied center taps motivates the use of an even number of primary electrode
pairs to measure and control the disk’s vertical position, tilt, and roll. Only three electrode
pairs are required for regulating these degrees of freedom, however, maintaining the disk at
ground potential by implementing center tap currents 120° out of phase with one another
is difficult in practice. Thus, the proposed system utilizes four primary electrode pairs: two

groups of electrode pairs with each pair coupled by a supply transformer.

Pairing the primary electrodes using transformers provides a convenient way of measuring
the position of the disk via differential capacitances. Any mismatch in the gap between the
disk surface and each electrode within a given pair creates a nonzero potential across the
transformer primary winding. The resulting flux in the transformer core produces an AC
voltage drop across the transformer secondary winding, vs;, whose amplitude is indicative of
the capacitive imbalance and provides a measure of the disk’s vertical position local to the
primary electrode pair. Each “sense voltage”, v, is demodulated with the 25kHz carrier
signal to yield a baseband signal proportional to the disk’s position within the gap. A
convenient null position of the disk is established since equivalent top and bottom electrode-
disk gaps results in zero voltage drop across the transformer secondary winding. When
the disk is suspended in this central position, the primary electrode-disk capacitances are

estimated as 77 pF.

Each primary electrode pair is also used to exert electrostatic control forces on the disk
by adding a control voltage, v.,, in series with the transformer secondary load via resistor ..
The control signal is modulated to operate at the same 25 kHz frequency as the center tap and
produces anti-phase sinusoidal potentials on the top and bottom electrodes. The net electric
potential on each electrode is a superposed 25 kHz signal containing both the center tap and
control components. Attractive electrostatic forces are exerted on the disk proportional to

the square of the electrode potentials, however, the disk’s inertia acts as a low-pass filter that
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effectively attenuates the 50 kHz components such that the disk reacts to the mean-square
value of the electrode voltages. Redundant use of the electrodes for both actuation and
sensing intrinsically couples the control signals to the measurements, i.e., “feedthrough” from
ve; to vg, obscures the disk measurements if left uncompensated. High fidelity identification

and cancellation of this feedthrough coupling is required to suspend the disk.

The transduction scheme employed in the lateral channels is now discussed. The lateral
electrodes are also paired using center-tapped transformers (see Figure 2.4), however, the
primary leads are connected to antipodal electrodes. These transformers are identical to
those used for the primary electrodes and the center taps are supplied with constant, albeit
lower, amplitude 25 kHz currents that are generated using a supply transformer. Only one
group of lateral electrodes —two electrode pairs coupled by a supply transformer —are neces-
sary for measuring in-plane motion of the disk. Consider for now only the top electrodes and
assume that the disk is constrained to lie horizontally, i.e., angular rotations are not possible.
Any lateral translation of the disk in a single degree of freedom increases the capacitive area
between the disk and one electrode and decreases the capacitive area between the disk and
opposite electrode. The resulting capacitive imbalance generates a voltage drop across the
transformer secondary load whose amplitude is indicative of the disk’s lateral position. When
angular rotations of the disk are considered, the voltage across the transformer secondary
load is no longer strictly related to the electrode-disk overlap areas since the capacitances
are also dependent on the gaps between the disk surface and the electrodes. For example,
if an increase in electrode-disk overlap area is accompanied by an equal increase in distance
between the disk and electrode, then no change in capacitance occurs. By shorting the top
electrodes to the bottom electrodes to act as a single electrode, nonzero angles are accounted
for since any increase in the gap between the disk and top electrode results in a decrease in
the gap between the disk and bottom electrode by the same amount, and vice versa. The par-
allel capacitance between the disk-top electrode “capacitor” and the disk bottom-electrode
“capacitor” remains constant as long as the overlap area is unchanged. Thus, when the top
and bottom lateral electrodes are shorted together, the voltage drop across the transformer

secondary load is dependent only on the lateral position of the disk. Convenient null posi-
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Figure 2.4: Schematic of the transformers that couple antipodal pairs of lateral electrodes
to sense in-plane translational motion of the disk.

tions are also established for the lateral electrodes since zero amplitude voltage drops across
the transformer secondary loads indicate that the disk is centered between the antipodal
pairs. The sense voltages for the lateral channels, vs, and vy, are also demodulated by the

25kHz carrier signal.

A dSpace DS1104 digital signal processor (DSP) interfaces between the transformer elec-
tronics and digital filters discussed in detail in the following chapters. The DSP generates the
system’s inputs, u;, and samples the electronic pick-offs to produce the discrete-time signals,
g, k=1,...,6, at a 5kHz rate. Analog electronics are used to perform all modulation of the
control signals and demodulation of the sense signals, as well as signal amplification. The
control modulation phases, v, are selected to maximize the voltage differentials between
the top and bottom electrodes, meanwhile the demodulation phases, 15, , are set to maximize
the DC component of the demodulated sense signal with respect to changes in the electrode-
disk gaps. Low-pass analog Butterworth filters are used to smooth the DSP outputs and
avoid aliasing. A schematic of a single input/output channel of the analog subsystem of

the plant is shown in Figure 2.5. The lateral electrodes are removed from the figure for
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Figure 2.5: Diagram of the disk, primary electrodes, transformers, and analog conditioning
(lateral electrodes are not shown). The disk is offset from the geometric center of the
electrodes and the primary electrode footprints are traced on the disk top surface. The
discrete-time signals u; and g are specified and measured, respectively, by the DSP. This
schematic depicts one input/output channel representative of the primary electrodes. The
lateral channels exhibit similar output signal conditioning.

clarity and these electrodes exhibit similar analog-to-digital interfacing, however, no input
signal is present in these channels. A digital feedforward filter, F', is used to compensate
the feedthrough coupling in the primary channels and is considered internal to the plant.
This filter operates in parallel to the subsystem, G, whose input is u = [u; uy uz u4)” and
output is g = [g1 92 93 94 g5 gs]* (see Figure 2.10). The plant outputs, denoted (., are equal
to the subtraction of the feedforward filter outputs from the sampled anti-aliased signals.
No feedthrough is present in the lateral channels so (5 and (5 are equivalent to g5 and gg,

respectively.

2.2 System Model

2.2.1 Disk Dynamics

Two coordinate frames are defined to describe the position of the disk relative to the elec-
trodes. The inertial N-frame is designated with an origin, Oy, at the geometric center of

the electrode sets. The Ni- and Ns-axes lie in a plane parallel to the glass plates with the
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axes bisecting the electrode footprints! when viewed from above and the N3-axis pierces the
geometric center of each glass plate. The origin of the disk-fixed B-frame, Og, is located
at the disk’s center of mass, with the B;- and By-axes within the plane of the disk and the
Bs-axis oriented normal to the disk. The disk dynamics are parameterized by the generalized
coordinates ¢ = [z y z 0 ¢|T, where {x,y, 2} characterize translations of the disk’s center
of mass relative to the N-frame and {6, ¢} describe an Euler-angle sequence about the N;-
and By-axes, respectively. Since the electrodes are incapable of both measuring yaw rotation
and applying yaw moments to the disk, this degree of freedom is ignored. The relationship
between the two coordinate frames is displayed in Figure 2.6, where the rotation matrix from

the inertial frame to the body-fixed frame is given by

cosy sinfsing —cosfsinp
Ren=1| 0 cos 6 sin - (2.1)

sinpp —sinfcosp cosfcosp

The angular velocity of the B-frame, and hence disk, in the N-frame is represented by
WBN = 9D1 + ¢b,. (2.2)

Underbar notation will be used throughout this section to specify a directional vector in
three-dimensional space. The {n;, n,, n3} vectors represent unit vectors along the {Ny, No, N3 }-
directions, respectively, and {b;, by, by} are unit vectors that point along the disk’s principal
axes, i.e., {B1,Bq2,B3}. An additional A-frame is defined as an intermediate frame in the
Euler angle sequence shown in Figure 2.6, however, all vector computations in this section
are performed in the N- and B-frames. When the disk is suspended centrally between the

electrodes (¢ = 0), the N- and B-frames are coincident.

The disk’s governing equations of motion are developed using Kane’s method, a vector-
based approach to computing the generalized forces acting on a system using partial veloci-

ties. These forces are classified into two categories —generalized active forces, F, consisting of

IThe electrode footprints are the projections of each electrode’s perimeter onto the disk plane along the
Ns-direction.
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Figure 2.6: Left: Relationship of the inertial, N, and disk-fixed, B, coordinate frames. Right:
1-2 (60 — ) Euler angle sequence. An intermediate A frame is depicted, though all compu-
tations are performed in the N- and B-frames.

all contact and body forces acting on the disk, and generalized inertia forces, F*, considered

the “ma” side of Newton’s second law of motion,
F=F" (2.3)

Both conservative and non-conservative forces are present in the system, however, constraint
forces are not modeled. Calculating the generalized active forces requires knowledge of the
resultant forces and moments acting on the disk, as well as the partial velocities of all points
where forces are exerted and partial angular velocity of the disk. A free body diagram of all
forces acting on the disk (gyroscopic terms are neglected) is shown in Figure 2.7. Included
in the model are the gravitational force, viscous damping effects, and the electrostatic forces
exerted by the electrodes. The disk and electrodes are assumed to act as parallel plate
capacitors and the distributed electrostatic force exerted on the disk by each electrode is
consolidated into a point force located where the disk center plane intersects an imaginary
vertical line interpolating the projections of the electrode-disk overlap centroid onto each of
the glass plates. This line is represented by {N; = Z;;, Ny = 4;; }, where (Z;;, §;;) characterizes
the electrode-disk overlap centroid (viewed from above) for the {&,;, &, } electrode pair. All
centroids are computed in Appendix A and are assumed to be dependent only on the lateral
position of the disk. Since the disk is assumed to be an equipotential body, the electrostatic
point forces are oriented normal to the disk. The vertical and two torsional squeeze film
damping coefficients, ¢, and {cy, ¢, }, respectively, are estimated in Appendix C and the
corresponding forces and moments are proportional to the vertical and angular rates. Disk

shearing relative to the glass plates is modeled by Couette flow and the analogous viscous
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Figure 2.7: Free body diagram of the disk (not to scale). The electrostatic forces exerted
by the electrodes are {F} , I, }, the viscous damping coefficients are {c,, ¢y, c., cg, ¢, }, and
gravitational acceleration is denoted a.

damping coefficients, {c,, ¢, }, are also predicted in Appendix C. All viscous damping effects
are assumed to act on or about the disk’s center of mass. Acceleration due to gravity is

denoted a,.

All forces and moments exerted on the disk are located at or about the disk’s center of
mass or where the disk center plane intersects the vertical centroid lines. The positions of

these points in the N-frame are given by

Tog = TNy + YNy + 2N3 (2.4)
TP, = TijNy + YijNy + 24503,

where 1o, is the position of the disk center of mass, rp, is the position of point Py, the
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point where the disk center plane intersects with the vertical centroid line corresponding to

electrode pair {&,, &}, and z; represents the vertical deflection of the disk at point Pj;.

ij?
The vertical deflections of the disk can be evaluated in terms of the generalized coordinates by
rewriting the position vectors with regard to their translation relative to Og. The conversion

between reference points is given by
rp,;, =T0g + TP, /0g: (2.5)
where rp, /0, is the position of Py; relative to Og:
TP, /08 = (Tij — )0y + (Y5 — y)ng + (255 — 2)ns. (2.6)
Based on the coordinate frame definitions, rp,; /0, - by = 0, yielding the vertical deflections
zij = 2+ (x — T;j) secO tan p + (y;; — y) tan 6. (2.7)

The velocities of all points where forces are exerted on the disk are computed by vector
differentiation of the position vectors in (2.4). All differentiation is performed in the N-frame,
denoted by the N subscript in the velocity vectors, vpyn, where P is a placeholder for the point
at which the velocity is computed. The velocity of the disk center of mass in the inertial
frame is given by

VogN = &Ny + YN,y + Zng (2.8)

and the velocity of point P;; is represented by

O OYij O OYij
ljpijN:j}[ x]nl—l— yjr_12—|—((1—&)sec9tan¢+ﬂtan9> Q:;)}
x x Ox

0 0 ox
.| 0y, 0Yij 0x;; oy .
— =Y secht =29 _ 1) tan6 (2.9)
+y[ay n; + dy D2+( oy sect tan ¢ + Dy ant | ng| + zng

+60 [(z — Zi;) sec O tan O tan @ + (§;; — y) sec” 0] ng + ¢ (x — Ty;) sec 0 sec? pns,
where the expression for the vertical deflections in (2.7) is used.

Kane’s method provides flexibility in selecting the generalized speeds, v, which are chosen
for mathematical convenience and/or physical relevance. In the general case, the generalized

speeds are parameterized by

v=Y(q,t)¢+ Z(q,t) (2.10)
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such that the motion of the system is entirely determined at any given time if the generalized
coordinates and generalized speeds are known. For the disk system, the generalized speeds
are defined as v = ¢, where Y = [ and Z = 0 and the generalized speeds are identical to
the generalized velocities of a traditional Lagrangian formulation. The velocities in (2.8)

and (2.9) can be written in terms of the generalized speeds according to
vpn = (0p) 0+ Tp(g, 1), (2.11)

where Up is called the partial velocity of point, P, in the N-frame and ¥p represents all
terms independent of uv. The partial velocity vector for each point describes the directions
associated with each of the generalized speeds. The partial velocities in the N-frame at each

of the points where forces are exerted on the disk are evaluated as

-nl- | agx”nl + 8827“ n, + <<1 — 85”) secftan ¢ + y” tan&) N, ]
ny 89&” 0+ 8y” 0,y + ( i sec 0 tan ¢ + <8y” — 1) tan 0) n,
Uog = |ng|» b, = ns (2.12)
0 ((z — ;) sec O tan 0 tan p + (y;; — y) sec? ) ny
| 0 ] (z — ;) sec O sec® pnj

and are stacked in the vectrix, V, according to

N

Y = [@OB @Pu @Plg T @P24i| : (213)
The angular velocity of the disk in the N-frame can be similarly expressed as
WBN = (@B)TU + @B(qa t)? (214)

where wg = [0 0 0 n, by]”" is the partial angular velocity of the disk.

The unconstrained generalized active forces are computed according to

F=V-R+

1€

B - Mo, (2.15)

where R = [Ro, Rp,, Rp,, -+ Rp,,]" is the column vectrix of resultant forces acting on each

of the points and Mg, is the sum of the moments acting on the disk about its center of mass.
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The resultant forces are given by

Ro, = —czuiny — ¢uany — (mag + c;u3) 0
B 1 Y 2 g 3 (2.16)
BPij = Fni‘b:i;

J

where Fy,,, = F;,, — Fy,,; is the net force acting on the disk at point P;;. The only moments

iJ (%)

modeled are the torsional squeeze film damping terms,
Mo, = —cpuany — C,U5b,. (2.17)

Plugging the pertinent partial velocities, angular velocities, resultant forces, and moments
into (2.15) yields

—C,zU1 + sin @ Z” Fu,,
—cyUp — sinf cos ¢ Z” o,
F = |—c,u3 — mag + cosf cos ¢ Z” Fu, | (2.18)
—coua + 3 ; BijFu,

| —cpus tsecp )y, (x — Ty) Fy; |

where ;; = (z — Z;;) tan 0 sin o+ (;; —y) sec 0 cos . The generalized active forces constitute
the left-hand side of the disk equations of motion described by Newton’s second law. The
motion of the disk is characterized once the generalized inertia forces that constitute the
right-hand side of (2.3) are also computed. The generalized inertia forces are calculated
according to

f*:@OB 'B*+@B'MSB, (2.19)
where the inertia resultant is given by
R* = mag,n = muin; + moany + musng. (2.20)

The inertial moment acting about the disk center of mass, Mg_, is equal to the time derivative

of the disk’s inertial momentum in the N-frame:
. N
Mo, =H ogn; (2.21)

where Ho,n is the disk’s inertial momentum about its center of mass in the N-frame and the

N stacked above Ho,y indicates that the time derivative is taken with respect to the inertial
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frame. The inertial momentum is a function of both the angular rotation of the disk and
the disk’s inertia,

Hogn = wen - Log, (2.22)

where Io, = Jib;b; 4+ Jibyby + Jibsbs is the inertia dyadic (tensor) of the disk about its center
of mass. The inertia dyadic is written in the B-frame since the {Bj, By, B3}-axes are the
principal axes of the disk, i.e., the inertia matrix is diagonal in the B-frame. The transverse-
and spin-axis moments of inertia of the disk are denoted J; and Js, respectively, and their
values are provided in Table 2.1. Plugging the inertia dyadic and angular momentum of the

disk into (2.22) yields
Hogn = Jyug cos pby + Jyusby 4 J5ug sin obs. (2.23)

Although the inertial momentum is written in the B-frame, its time derivative in the N-frame
can be computed according to

N B
HOBN:HOBN +wpN X HOBN (2-24)

to yield

N
Hoon = ((Js — 2J¢)ugus sin o + Jyog cos o) by + ((Jt — Js)u3 sin @ cos ¢ + Jt05) b,

(2.25)
+ (Jsugus cos p + JsUy sin @) by.

With each of the terms in (2.19) evaluated, the generalized inertia forces are given by

m01
m02
Fr= mos . (2.26)

2(Js — Jy)ugus sin @ cos @ + (Jg sin® o + J; cos? )y

(J; — Js)uisinpcosp + Jy0s

Computing (2.3) and substituting the time derivatives of the generalized coordinates for the
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generalized speeds produces the ensuing set of nonlinear equations governing disk motion:

MmI = —c,T + sin g Z Fy,

/[:7j

my = —c,y — sinf cos ¢ Z F.,
1,3
mZ = —c,z — mag + cosf cos ¢ Z Fu, (2.27)
0,3
(Jssin® o + J; cos® @) 0 = —col + 2(J;, — J,)0¢ sin p cos @ + Z BijFa,,
1,3
Jop = —cop + (Js — J;)0? sin @ cos p + sec Z (v — Zy5) Fu,,-
.3

The governing equations of motion can also be obtained using energy formulations that

rely on a generalization of Lagrange’s formulation based on Kane’s Method. The generalized

Lagrangian, £, is defined as
L(g,v,t) = K(q,v,t) = V(g 1), (2.28)

where K is the generalized kinetic energy and V' is the potential energy present in the disk.
The generalized Lagrangian and generalized kinetic energy are identical to the standard
definitions of the Lagrangian and kinetic energy, respectively, however, the generalized ve-
locities, ¢, are replaced with the generalized speeds. In the presence of non-conservative

forces, Kane’s equations for disk motion are given by

d(&@@*) oL  0LIG0q _ . 10" (2.29)

d#\owow ) 9 Tavau 9g T au

where JF,. are the non-conservative forces acting on the disk. Only the viscous damping
forces are non-conservative. All remaining generalized active forces are conservative forces,

denoted F., that are related to the disk’s potential energy according to
YIF, =——— . (2.30)

Computing the disk’s potential energy from (2.30) is tedious due to the presence of elec-

trostatic forces acting on the disk, nevertheless, plugging (2.28) and (2.30) into (2.29) and

21



recognizing that the generalized speeds are equal to the generalized velocities simplifies the

disk’s equations of motion to

d (0K\ 0K _, .
a(m)-a—q—fc +./T"nc-

The generalized kinetic energy is evaluated by computing the kinetic energy,

. 1 1
K(q,4,t) = 57MU0EN * VOgN + JWBN ° Hogn.,

and replacing ¢ with the generalized speeds according to (2.10):

1
K= 3 [mut 4+ muj +mu3 + (sin® @Js + cos® pJy) uf + Jyuz] .

Taking the partial derivatives of IC with respect to v and g,

oK . 9 2
Ty = [ muy g (Josin® g+ Jyeos” ) vy s

oK

a—q:[O 000 (Js—Jt)sinwcoscpui]a

the left-hand side of (2.31) is given by

m()l
TTLOQ
4 (9K 9K _ .
dt \ Ou dq s

2 (Js — Jy) ugus sin @ cos ¢ + (JS sin? ¢ + J; cos? go) Oy

Jyos + (Jy — Jg) u?sin o cos

?

(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

which is equal to (F*)". Since the right-hand side of (2.31) is equal to F7, the equations of

motion generated via energy formulations confirm the disk’s governing equations presented

in (2.27).

The glass plates constrain angular deflections of the disk to less than 3 mrad, so invoking
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the small angle approximation simplifies the disk equations of motion to

mi = —c,T + goz Fu,;
‘7]‘
mij = —c,j — 0y F,
0, J
mi = —c.t —mag+ »_F, (2.36)
2%

]

Jop = —cop + (Js — Jy) ‘Pé2 + Z (x —7y) Py

.3
Nevertheless, the equations remain nonlinear. A linearization about a nominal operating
setpoint is pursued in Section 2.2.5. The electrostatic forcing terms in (2.36) confirm basic
Newtonian mechanics principles: the vertical force is comprised of the net force exerted by
all electrodes and the net electrostatic moments are simply the sum of each electrostatic
force multiplied by its corresponding moment arm. A distinguishing feature of the system is
the intrinsic coupling present between the lateral and tilt degrees of freedom. Lateral forces
are produced by tilting the disk, so using the primary electrodes to control angular rotations

of the disk provides a means of regulating in-plane motion of the disk.

2.2.2 Electrostatic Forces

Charge differentials between the (grounded) disk and each of electrodes result in net electro-
static forces on the disk. Since the system geometry constrains the roll and pitch angles to
less than 3 mrad, the disk and electrodes are modeled as parallel plate capacitors in which
the disk is assumed to be a thin rigid body so that the capacitive gaps are characterized
by deflections of the disk center plane and measured at the centroids of the electrode-disk
overlap areas. The vertical positions of the points on the disk where the lines given by
{N; = 7;;, Ny = @;;} intersect the disk center plane in the N-frame are given in (2.7), how-

ever, the small angle approximation simplifies this expression to

zij =2+ (€ = Zij)e + (Ui — y)o. (2.37)
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The gaps between the top electrodes and the disk are quantified by subtracting z;; from
the nominal gap when the disk is suspended in its nominal equilibrium position (¢ = 0).
Similarly, the gaps between the disk and bottom electrodes are assessed by adding z;; to the
nominal gap.

The capacitances between the disk and electrodes are estimated by modeling each parallel
plate capacitor as two series capacitors —one for each dielectric medium, air and photoresist.

The top and bottom capacitances assocated with the air gaps are given by

. é\3,11‘80145‘”‘

ir€0Ae,.
Cair ti: — Tz . CYair,b-- = Za ) (238)
J R R

respectively, where e,;, is the relative permittivity of air, ¢ is the vacuum permittivity, and

Zen 1s the shim thickness, and

Eprode,

O = (2.39)

Zpr
is the capacitance across the layer of photoresist, where ¢, is the relative permittivity of the
photoresist and z,, is the photoresist thickness. The thicknesses of the mediums that establish
the capacitive gaps are listed in Table 2.2. The net top and bottom capacitances for the

dual-dielectric gaps, Ct,; and Cy,,;, respectively, abide by the series capacitance relationship

1 1 1 1 1
Cti]- Cair,tij C1p1r Cbij Cair,bij Cpr ( )
Solving for Cf,; and Cy,,; yields
€ir€A.. €ir6A"
Ct’ij = Zsh a€air0 gl] Cb’bj = Zsh aEairO gl] : (241>
ST e Por T A 5T o A T A

Let € = e.,60 and define an “effective” nominal gap,

20 = L @zpr, (2.42)

2

pr
that is not dependent on the disk position. Using the expression in (2.42), the net top and

bottom capacitances are given by

_ e, _ i
Cy= 0 Gy = (2.43)
20 — Zij 2o + Zij

respectively.
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The electrostatic energy stored in the top and bottom electrodes, W;,. and W, respec-

tively, are given by )
UL TR
tz] 2 CtZ] (%) 2 CbZ] Y

where Qtij is the electrical charge stored on electrode Stij and Qbi]. is the charge stored on

(2.44)

electrode &,,;. The pull-in forces acting on the disk, assuming no charge losses, are computed

as
Wy, 1 Q3 9C:,, 1 eAg, X
= — = —— = ——
Lt Oz =3 9 Cf2 Oz =3 ) (ZO _ Zij)2 ti5 =3 (2 45)
F GWbij 1 Qb 8Cb 9oy 1 EAgij 2 b ‘
= bij 9z 2 6’2 0z 2 (2 + Zij)2 b

where the current-voltage relationship for a capacitor is used to introduce the electrode
voltages, v,; and vy, for electrodes &, and &,,;, respectively. The magnitudes of Fi,; and
F,,; comprise the electrostatic force terms of the previous section, denoted Fy, and F,;,
respectively. The magnitude of the net electrostatic force acting on the disk due to an

electrode pair, F},,;, is

5"4&" Uth" U%i'
R, = = ( e rn | (2.46)

The potentials are part of the electrical subsystem states and their presence shows how the

disk response is dependent on the transformer voltages:

2 2
- . gy Utz‘j Ubij
mx:—cxx—i-?E Agij< 5 — 5
i’j

(20 — 2i5)" (20 + 2i5)
.. el U? vgi,
my = —c, Y — — Ag,; = — =
2 Zj ((Zo —z;)" (204 z@-j)2>
2 2
vy (i
miz = —c,z2 —ma Ag” Y - Y 2.47
et Z ( 20— 25)°  (20+ %‘)2) (240
T = e+ 2 (S — J) ebp+ = (51 — ) A v, Vb,
10 = —coll + t — Js) U + = Vij —y) A, - - i
2 4= ! "\ (20— 25)° (20 + 25)°
J.G . (J J) 0'2 52( )A ’UtQ.. 'U%.j
= —cC cp—i— s — Jdt) P + = T — Tj; Eij Y — - .
: 25 ’ (20— 2)" (204 2)°
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Table 2.2: Gap Parameters for Electrode Configuration I

Symbol Description Value
Zsh shim thickness 229pum
Zpr photoresist thickness 20pm
20 “effective” nominal electrode-disk gap | 119um

These nonlinear equations of motion can be compactly expressed by the set of coupled first-
order differential equations

. .
- 7 = T, (2.48)
q f((L CL wtf)

where wys characterizes the transformer states.

2.2.3 Transformer Dynamics

The transformers are modeled to include non-idealities such as leakage inductances, winding
resistances, and stray capacitance. Each of the transformers are assumed to be identical,
though only the primary electrode transformers are connected to the control inputs and
the connections to the electrodes vary for the primary and lateral cases. A schematic of
the non-idealized primary electrode transformer is displayed in Figure 2.8, which shows the
transformer connections to the electrodes and control signal, v.;. The supply transformers

are not modeled, however, they produce a nearly constant amplitude current,
Get, = Qet,y COS (wot) (2.49)

for the primary electrodes, that serves as a second input to the transformer subsystem in
Figure 2.8. Note that wy is the 25kHz carrier frequency. All resistances, inductances, and
capacitances (excluding the variable electrode-disk capacitances) were evaluated using an
impedance analyzer in [AM21] and are listed in Table 2.3 for reference. An overdetermined

set of equations is developed for the primary electrode transformers using first-order current-
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Figure 2.8: Non-idealized primary electrode transformer model. Mutual and leakage induc-
tances, winding resistances, and parasitic and interwinding capacitances are modeled.

voltage relations:

Ctiji)tij = itij - ipij U3, — Ubyy Rzibij
Cbij /[}bij = ibij + ipij 'Uctij ’Ldi]. Rd
Cp (Dtij - Obij) = ip, U,y = I3 (ibwij - i3z’j)
Cwl (Dlij - ij4ij) = Z-twij Vs = Rsisij
Cuv (7}3z‘j - @51'3') = lbwi, Ve; = Vs;; = Rele,
. . . (2.50)
Lyiy,, — Myia,; — Mgis,; = Ver,; — V1, let; = Ta;; 1 U1, + 12,
_Mpilij + L2i2i]~ + Mslts.ij = Uct,;; — U3y, 1, = Ty T lhwy
_Msilij -+ MsiQij -+ Lsigij = U5ij — ’U4ij Z'Qij = ibij + ibwij
Ll (itwij + '231-]-) = Vyq;; — Vs, itwij + iSij + iCj = isij-
Ulij - Utij = Rll't”
This system of equations is compactly written in the state-space form
Mtflj (Q)wtflj = Atflwtflj + (—l)j_chtlictl + vac]- ‘
7=1,234 (2.51)

Uslj = th1 wtflj

27



Ut”

o
)N
!

||}—J

Uet;

)N

Ni(j+2) Y /Z/pij

vbl(]+2)

Figure 2.9: Non-idealized lateral electrode transformer model. The inductances, capaci-
tances, and resistances internal to the transformer are modeled identically to the primary
electrode transformers. Only the electrode connections and lack of a voltage source differ
from the primary electrode transformers.

for each primary electrode transformer, where all currents and voltages, excluding the center
tap current and control voltage input, comprise the 19-state vector, wi¢, ;. The subscript “1;”
indicates that the transformer is connected to the {&,;,&,,} electrode pair. The (—1)7~*
term in front of the center tap current input signal accounts for the alternating sign of the
signal between adjacent channels created by the supply transformers. While the phase of

each control voltage input must be adjusted accordingly, the (—1)7~! term is omitted from

the B, input matrix since it is accounted for upstream in the modulation phases, ;.

An electrical schematic of the transformer connection to the lateral electrodes is also
provided (see Figure 2.9) since the electrode-transformer configuration differs for the primary
and lateral electrodes. No control signal is presented to the lateral transformers and the
center tap current,

Gty = Qety €OS (Wot) (2.52)

is operated at a lower amplitude than 7.;,. The equations of motion for each lateral electrode
transformer are nearly identical to those in (2.50), however, the i.; state and v, input are

removed and the top and bottom electrode-disk capacitances are replaced with the electrode-
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Table 2.3: Transformer Circuit Parameters

Symbol Description Value
L1, Lo primary inductances 2.1H
Ly secondary inductance 1.53 mH
L leakage inductance 247 uH
M, primary-primary mutual inductance 2.1H
M primary-secondary mutual inductance | 56.7 mH
Cp parasitic capacitance 17 pF
Cyw,s Cy, interwinding capacitances 70 pF
Ry, Ry primary winding resistances 504 €2
R3 secondary winding resistance 0.54Q
R. control resistor 150 Q2
Ry shunt resistor 150 €2
R4 current sink resistor 1 MQ

disk capacitances of antipodal electrodes. Because the top and bottom lateral electrodes are
shorted, the electrode-disk capacitors for &, and &,; act in parallel and the net capacitance

between these electrodes and the disk is given by

1 1
Chy, = £Ag,, ( + ) . (2.53)

Zo — Zoj 20t 2
The overdetermined set of coupled first-order equations for each lateral electrode transformer

is succinctly written as

Mtfgj <Q)wtf2j = Atfzwtfgj + (_1>J7 BCtQiCtQ .
j=1,2 (2.54)
/USQJ' - ththfzj’
where the state dimension is 18. The 57 = 1 set of equations is written with respect to

the £91-Eo3 electrode pair (the top/bottom electrode subscript is omitted here since the top
and bottom electrodes are shorted and act in parallel as a single electrode). Similarly, the
transformer connected to the &,,, &v,,, &i,,, and &, electrodes is represented by the j = 2

set of equations in (2.54).

The six transformer subsystems collectively act as the six-input/six-output system

Mie(q)wys = Aggwis + Beyicy + Beve
(2.55)

Vs = Otfwtf7

29



whose inputs, 7,; and v., and output, v, are

» Ve, Vs,
. Lety . .
let = y  Uec = : , Us = . )

Z'Ctg
where each of sense voltages, vg,;, has been relabeled so that the subscript “ij” is replaced
with the subscript “&” according to the relationship
i=1, 7=1,2,3,4
=2, 7=12.

k=40 —1)+j

For example, vg,, becomes vg, and vg,, becomes vg,. Using this notation, the subscript indices
are representative of the measurement number, i.e., vy, is the first measurement and v, is
the sixth and final measurement. This notation was adopted in Section 2.1 and the sampled
signal gy, is electrically connected to the transformer signal vs, . The state vector in (2.55) is
given by

Wit = [wtf11 Wity Wifyg Wity Wify, wtfzg]T

and the aggregate state-space matrices are
Mit(q) = diag (M, , Mis,,, Mig,s, Mig,,, Migy, , Mig,,) € RH1Z¥112
Atf = dlag (Atf17 Atfl, Atf17 Atfn Atf27 Ath) c R112><112

Cit = diag (Cit,, Cit,, City , Cigy s Ciy, Cip,) € R,

[ B., 0 | (B, 0 0 0]
_Bct1 0 0 Bv 0 0
Bet, 0 0O 0 B, 0
By = t cRU>X2 B — c R1IZ4,
—DBt, 0 0O 0 0 B,
0 Bctg 0 0 0 0
| 0 — By, | 0 0 0 0]

where diag(-) represents the block diagonal concatenation of the matrix arguments. The
transformer states are coupled to the disk’s kinematic variables, ¢, by the matrix M, which
contains the electrode-disk capacitances. Model reduction using a singular value decompo-

sition is performed in Section 2.2.5 so that the redundant constraints in (2.55) are omitted.
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Table 2.4: Analog Filter Parameters

Symbol Type Poles | Corner Frequency
Hg, low-pass Butterworth 2 5kHz
H,, low-pass Butterworth 4 1kHz

2.2.4 Analog Filtering Dynamics

The analog filtering electronics are also modeled and are based on the filter parameters

provided in Table 2.4. The input electronics are governed by

Wsm = AsmWsm + Bsmt
(2.56)
Ve = CcComWsm,
where C. = k. diag(cos(wot + ¥, ), ..., cos(wot + 1¢,)) is the diagonal matrix of sinusoids
describing the analog multiplier and amplification, and (Agy, Bsm, Csm) characterizes the
Butterworth smoothing filters with state variable wg,. The analog gain on the input elec-
tronics, k., is equal to 9.3. The modulation phases of adjacent channels are 180° out of phase
with one another to account for the alternating sign of the current in adjacent channels cre-
ated by the center tap supply transformers, i.e., ¥, = 9, + 7. Furthermore, these phases
are chosen so that a positive u; results in a net lifting force acting on the disk relative to the
{&;, &, )} electrode pair. The dynamics of the output electronics are represented by
Waa = AgaWaa + Baalsvs
(2.57)
9 = CaalWaa,

where Cs = diag(ks, cos(wot+1s, ), - .. , ks, cos(wot+1s,)) characterizes the analog demodula-
tor and sensing amplification, and (Aaa, Baa, Caa) describes the Butterworth anti-alias filters
with state vector w,,. The analog transduction gains for the sense electronics vary by chan-
nel. The gains corresponding to the primary electrode measurements, i.e., {ks,, ..., ks, },
are each equal to 1.9, meanwhile the lateral channel gains, ks, and ks, take on the value 6.3.
Differences in the phase of each transformer subsystem created by the alternating signs of
the center tap supply currents are accounted for in the demodulation phases, v;, so that an

increase in the vertical position of the disk local to each primary electrode pair results in a
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positive change in g;. Similarly, positive motion along the N;- and Nj-axes is measured as
net positive changes in g5 and gg, respectively. The coupled, time-varying dynamics of the

analog subsystem of the plant are collectively governed by

wsm = Asmwsm + Bsmu
Mtf(Q)wtf = BCCcCsmwsm + Atfwtf + Bctict
_ I (2.58)

d |g
dt q f(QaQ7wtf)

waa = BaaCsthwtf + Aaawaa

g = Caawaa~
2.2.5 Linearization About Operating Point

The governing equations of motion are nonlinear and overdetermined, however, small signal
linearization about a nominal operating point is used to evaluate a linear time-periodic
approximation of the plant. Futhermore, careful selection of the DSP sampling period to be
an integer multiple of the carrier signal period yields a time-invariant discrete-time estimate
of the system. The desired nominal setpoint is § = 0, ¢ = 0 since the disk is designed to be
suspended at the center plane between the glass plates. A periodic solution of (2.58) exists
at this setpoint because the mean value of all forces and moments acting on the disk sum
to zero when a constant nonzero control input, denoted u, is applied to counteract gravity.
Due to the rectification of transformer primary voltages vis-a-vis (2.45), the 2wy components
of the forces and moments are neglected since the disk’s inertia effectively attenuates these
signals. When the disk is suspended in its nominal position, the periodic solution of the

transformer states is given by

_ r _ _ Gt w
Wi (t) = (JwoMee(q) — Ase) ™" [Bct BC} et (2.59)
_kcECCsmAs_nllBsma
— T — diag(ete e : - : -
where aep = [Gety Gety]”, Ee = diag(e?¥e1, ..., e¥e), and j is the imaginary unit, not to

be confused with the subscript, j, that indicates the electrode number. Linear variational
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equations are computed by introducing perturbation variables to each of the plant inputs,

outputs, and states:

U=1u-+ 0, Wem = Wsm + Osm Wi = Wyt + Ogf
q=0+9, g=0+19 Was = Waa + Oaa
g =g+ 0.

The bar notation represents the signals that are a solution of (2.58) at the setpoint and
{6u, Osm, - . .} represent the deviations. The matrix M(q) is continuously differentiable for

all physically realizable disk configurations and is approximated in a neighborhood of ¢ =0

by
N v OMy OMis OMis OMis OMis
Mie(q) ~ Mie(q) + o (q) 0z + 9y (@) 0y + 5, (q) -+ 5 (q) do + e (@) b, (2.60)

— N—— N—— ——
M, My M, Mﬂ M(p

Substituting the perturbed variables and (2.60) into (2.58) and retaining only the linear

terms produced by approximating M (q) yields the set of first-order differential equations

5sm = Asm(ssm + Bsméu
M(Q)étf = BCCcCsm§sm + Atf(;tf - (Mxéx + My(sy + Mzéz + M959 + andp) 'u;)tf

by = 6,
v (2.61)

Sq' == thff(q7 Cja wtf)(stf + qu(@a éa wtf)(sq + qu(@a éa wtf)éq'

5aa - Aaaéaa + BaaCsth(;tf

5g = Caaéaav
where V. f, V,f, and V,f are the gradients of the generalized forces and torques with
respect to wys, q, and ¢, respectively.

The transformer subsystem, however, is overdetermined: wy; contains 112 states yet the
rank of M (q) is 36. A model reduction via a singular value decomposition-based coordinate

transformation resolves the overdetermined constraints. A singular value decomposition of
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M (q) is expressed as

M(cj)z[U1 Ug} B0 , (2.62)

—— 00 vy

vT
where the unitary U and V matrices are partitioned such that U; € R12x36 3, ¢ R36x36,

and Vi € R12%36 A new set of transformer perturbation coordinates are defined according

to

b= Vi zl (2.63)
2

so that d; comprises the states of the truncated model, i.e., the essential states for describ-
ing the transformer dynamics, and d, constitutes the states that have no impact on the

transformer dynamics.

Plugging (2.62) and (2.63) into (2.61) produces
UrS181 = BeCeCumbom + AigVidy + AuVady — MW 46, (2.64)

where M, = [M, M, M, M, M,| and Wtf = diag (w, w,w, w, w). Independently left multi-

plying by Ul and U] yields the set of equations

5161 = U7 BiCoCumbum + UL At Vidy + UT Ay Vady — UL MW 6,

) (2.65)
0 = Uf B.CoCiumbsm + UJ AgVidy + U A Vady — UF MW 6,
where Ul Ay V3 is invertible so that §, can be expressed in terms of g, 1, and gt
0y = — (UF AyVa) ' UT <BCCCC’sm65m + AgVid, — Mthf(Sq) . (2.66)

Plugging this expression for d5 into the differential equation describing the essential states of
the transformer dynamics and defining Q = V3 (UQTAthQ)_1 Ul and R = S7'UT (I — AxQ)
yields

81 = RBoCoClonbom + RAGVI6, — RM,W 46, (2.67)

The non-essential states propagate through the model via the disk and anti-alias filter dy-

namics, however, these states are easily removed by recognizing that
it = ~QBLeCamnbenn + (I — QAu) Vidy + QM, Wy, (2.68)
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so that the reduced-order analog dynamics can be written as

6sm = Asm(ssm + Bsméu

51 = RB.CoClmbam + RA:VI8, — RM, W,

5(} == _thff<q_7 qL7 7I)tf)CBBCCCC'sm(;sm + thff(cz (?7 wtf) (I - QAtf) ‘/1(51
+ <thff(q, 67 wtf)QMthf + qu(qy év wtf)) 5q + vqf(@a (j7 wtf)dq

5aa = _BaacscthBCCCCsm(ssm + BaaCsth(I - QAtf)‘/l(Sl

(2.69)

+ BaaCsthQMthféq + Aaaéaa
59 - Caafsaa’
where 76 states have been shed from the model in (2.61). Collecting all essential perturbation

states in the state vector 9, the model is compactly expressed as the time-varying state-space

realization
5 = A(;(t)é + Bso,

(2.70)
5y = Cj0.

An approximate time-invariant discrete-time model is characterized by solving the initial

value problem posed by (2.70):
t
5(t) = O(t, 10)5(to) + / Ot 7) Bybu(r)dr, t > fo, (2.71)
to

where O(t, 1) is the state transition matrix over the time interval [to, ¢]. While the starting
time, to, specifies the phase of the periodic solution, it has been shown in [AM18] that its
impact on the system is negligible from a frequency-domain perspective, therefore ¢y = 0 is
assumed for the following analysis. A key feature of the discretization procedure is selecting
the carrier period, Ty = 27 /wy = 1/250005s, to be an integer divisor of the DSP sampling
period, t; = 1/5000s. The periodicity in (2.70) guarantees that

027l Jwy, 20 jwy) = O (21 Jwy,0) ¥V L, n € Z. (2.72)
By selecting the carrier frequency in the manner specified,
O(( + 1)t lty) = 6° (27 Jwy,0) V (€ Z. (2.73)
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When viewing the solution to the initial value problem over successive samples of the DSP,
(t+1)ts
S+ 1)) = O(( + 1), 0t)5(1E,) + / O((L + 1)ty 7) By (7)dr, (2.74)
12 s

the input signal, §,, can be extracted from the integral since it is constant over the inte-
gration bounds due to the zero-order hold instituted by the DSP. Once ¢, is removed from
the integrand, the integral is constant from one sample to the next because the remaining

integrand is periodic with period Tp, thus, the solution to (2.70) is approximated by

(£ + 1)) = ®(0t,) + T6,(¢t,)
(2.75)
5, = Cs8(Lt,),

where ® = O(t,,0) and I' = [;* O(t,, 7) Bsdr are numerically computed.

2.2.6 Analysis of the Linearized Model

The four-input/six-output discrete-time system in (2.75) is evaluated for a.,, = 17.7mA,
act, = 1.2mA, and each element of u equal to 1.7V. The model order is 78: 10 states
are associated with disk motion, 36 states characterize the six electrode transformers (the
transformers supplying the center taps are not modeled), 8 states describe the four input
signal smoothing filter dynamics, and 24 states are associated with the six anti-alias filters.
The model in (2.75), however, contains the actuator-to-pick-off feedthrough that must be
removed for controller design. A feedforward filter, denoted F' and shown in Figure 2.10,
is designed to cancel this feedthrough and is modeled by constraining the states associated
with the disk degrees of freedom in (2.75) to be zero. Complete feedthrough cancellation is
assumed, although this is unrealistic in practice. The predicted feedforward filter is nonzero
only along the diagonal, where each diagonal element is identical, and contributes another
68 states to the analytical plant model, P. The discrete-time poles of P are plotted in
Figure 2.11. Three unstable modes are present in the model, given in discrete time as
A1 = 1.0011 and Ay = A3 = 1.0026. These instabilities correspond to continuous-time
approximations of 5.60 and 13.0rad/s, respectively, confirming that the disk dynamics evolve

on a much slower time scale than the carrier signal. The geometric multiplicity of Ay and A3
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Figure 2.10: Block diagram of the plant, P = G — F', that includes the subsystem G, whose
input is the DSP-generated signal u and output is the sampled signal g, as well as the digital
feedforward filter, F'.
is two. Two pairs of lightly damped, stable resonant modes lie just inside of the unit circle
with natural frequencies equal to 0.98 rad/s.

The pole directions are useful for understanding the instabilities in terms of the disk’s de-
grees of freedom —see [SP05], for example, for definitions of input and output pole directions.

The input pole directions for {1, Ao, A3} are approximately

T
— |1 1 1 1
V., = |= = = =
L 2 2 2 2}
r T
v =10 5 0 —%} (2.76)
r T
— 1 1
V3. = | ——— —
31 \/5 O \/§ O:| ?
%1073
T
, x . vertical
0.5 0 N ! E instability
X x X \
HE 0 5 X X % é 0 1 X X
x x
051 N . FaN 9 ! tilt instabilities
L E (double pole)
T S SO A )
-1 -0.5 0 0.5 1 0.999 1 1.001 1.002 1.003
Re Re

Figure 2.11: Discrete-time poles of the analytical plant model. Left: all poles; right: zoomed-
in plot of the unstable poles.
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respectively, however, because of the geometric multiplicity of Ay and A3, any two linearly
independent vectors in the space spanned by v, and vz, are input pole directions. Infinites-
imal deviations from the reported directions exist due to the imbalances present in the
non-idealized transformer model. The input directions reveal how the electrostatic actuators
couple to the unstable modes. An input of the form u = vy, corresponds to applying a net
vertical force on the disk, meanwhile inputs represented by u = vy, and u = v3, correspond
to moments about the Ni- and Ns-axes, respectively. Similarly, the output pole directions

associated with {1, Ao, A3}, respectively, are given by

-1 1 1 1 T
U=z 3 3 3 U 0}
r T
— 1 1
Vg, = _O 75 0 —75 0 —6] (277)
[ 1 1 ’
Ugo = _—75 0 75 0 € O] )

where € < 1. The output pole directions provide a useful interpretation of the instabilities in
terms of the measurements. Recall that the measurements (i, k = 1, 2, 3, 4, are related to the
disk’s vertical position local to each primary electrode pair, thus, they provide insight into the
disk’s vertical and angular positions; meanwhile, (5 and (g, are purely in-plane measurements.
With this knowledge, the unstable pole \; represents a pure vertical translational instability,

Ay corresponds to the disk rotating about the Nj-axis coupled with translational motion in
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Figure 2.12: Analytical frequency responses of the feedthrough-compensated plant outputs
to input channel u;. The uncompensated output, g;, and feedthrough itself are also shown.
Feedthrough is only predicted in the diagonal channels.
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Figure 2.13: Singular values, 0;, j = 1,2,3,4, of the analytical plant model (feedthrough
removed). Only three traces appear because o1 = 0.

the No-direction, and A3 is associated with an angular rotation about the Ns-axis coupled
with translational motion in the N;-direction. Recall that the angular and lateral degrees
of freedom were inherently coupled in the disk’s equations of motion. The correspondence
between {1, A2, A3} and these degrees of freedom is confirmed by analyzing the eigenvectors
associated with each unstable mode. The A; and {\y, A3} instabilities are appropriately

named the “vertical” and “tilt” instabilities, respectively.

The discrete-time frequency response from u to the feedthrough-compensated signal,
¢, is computed and is plotted in Figure 2.12 for input u;, where it should be noted that
(¢/u; = 0. The remaining input/output channels are easily identified from the system’s
symmetry, i.e., (1/u; = (of/ua, (1/us = (of/ur, (5/ur = (g/us, etc. The feedthrough is also
included in Figure 2.12 and indicates that the magnitude of the feedthrough exceeds the
motional gain of the plant. The singular values of the plant are provided in Figure 2.13,

where only three traces are shown because o; = 05. The plot reveals a “low gain” (o4) with
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right and left singular vectors that are independent of frequency and given by

N[

N[ =

N =

DO

(2.78)

respectively. The remaining right singular vectors correspond to two independent moments

and a vertical force acting on the disk. The remaining left singular vectors include v;, and

four vectors that coincide with two orthogonal rotations of the disk coupled to two indepen-

dent lateral translations. The magnitudes of the rotations relative to the lateral translations

vary with frequency because the measurements are dominated by in-plane motion at low

frequencies, however, this motion is negligible beyond 1 Hz (see (5/u; in Figure 2.12).
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CHAPTER 3

Previous Results

Stabilization of the system described in Chapter 2 has been reported in [AM21]. In that
work, classical loop-shaping techniques are used to design single-input/single-output feed-

back controllers around each nonzero channel of a decoupled plant. The plant decomposition,
P =DI'PD;, (3.1)

utilizes transformations based on the input and output directions associated with the plant’s

unstable poles, v, and v, , [ = 1, 2, 3, respectively, where

o o

D; = [Uli o, Ugi]a Do = vy, vy, w3, vy v, (3.2)

are the input and output decoupling matrices, respectively. The input and output directions
associated with the unstable poles correspond to the vertical and rotational modes of the
system and the remaining output decoupling vectors,

Uz:|:0 0001 O} (33)

T

Uy:|:00000].i|7
provide measurements of the lateral degrees of freedom in the inertial coordinate frame. The
low gain input direction of the plant, v, , essentially exerts no net forces nor moments on
the disk and is omitted from the transformation —see Section 2.2.6. Similarly, rigid body
motion of the disk cannot produce measurements in the low gain output direction, vy,: if
included in the decoupling transformation, the measurement corresponding to this channel

is virtually zero. Hence, this vector is also omitted from the transformation to yield a
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three-input/five-output model of the form

(3.4)

vl
I
S O O O %
o
*

* 0

where the elements labeled by a % are nonzero. The transformation DI PD; correlates the
inputs and outputs of P with the disk’s controllable and observable degrees of freedom,

respectively.

In [AM21], the vertical and tilt degrees of freedom are stabilized by an inner control loop,
meanwhile, an outer loop regulates the lateral modes. In these coordinates, however, the
inner loop plant is not strongly stabilizable, necessitating unstable feedback controllers in
these channels for disk suspension [YBL74]. The system is incapable of maintaining nonzero
angular rotations of the disk since the DC loop gain corresponding to the pitch and roll
feedback loops is zero. The feedforward filter implemented in practice fit an FIR filter to the
electrical response to broadband random inputs with the disk resting at its bottom position.
Inputs were independently applied at each input channel in separate experiments where the
amplitude of the input signals was not large enough to actuate the disk, so any electrical
response was the direct result of feedthrough from u to g. With the disk suspended, empirical
measurements of the system were captured that align quite well with the model in (2.75),
nevertheless, the work in [AM21] presented a number of challenges to consistently suspending

the disk that must be addressed prior to miniaturization to the scale of microresonators.

The first challenge made apparent in that work is the implementation of unstable con-
trollers due to rapid windup of the state variable and subsequent saturation of the control
command upon startup. Stabilization is inconsistent and unreliable: the disk must be lifted
to just the right position for the controller to “catch it”. Saturation limits are imposed
upon the state variable, however, the bounds must be fine-tuned such that nonzero error

signals can provide enough energy to relieve the state from saturation while simultaneously

42



providing large enough controller gain for stabilization. A more systematic and consistent
approach to suspend the disk is desired, motivating the next challenge of improving closed-
loop robustness margins. Cross-channel coupling not predicted by the model is indicated
in [AM21] due to inherent differences in the transduction gains between channels that ruin
the symmetry of the system such that the coordinate transformation mixes the variables.
Additional controller synthesis techniques that provide robust stability against such uncer-
tainties present in the plant model should be investigated, as these uncertainties play a role
in the unreliability of the previously designed controller. On the other hand, improved ro-
bustness margins are ineffective without an accurate model of the plant. Accurate empirical
models of the plant based on spectral analysis of long data records (the lightly damped
resonances occur below 0.2 Hz) are possible, however, more advanced multivariable control
techniques rely on parametric models of the system. Thus, obtaining an accurate paramet-
ric model of the plant from closed-loop data presents another challenge. Additionally, the
feedforward filter is only capable of rejecting about 90% of the feedthrough coupling within
the system. Above 10 Hz, residual feedthrough dominates the plant response and introduces

significant phase lag, effectively constraining the loop bandwidth.

In addition to the modeling paradigm developed in Chapter 2, this dissertation addresses
the final three challenges laid out in the previous paragraph. Furthermore, the modeling
framework is expanded to additional electrode-disk configurations. A two-pronged approach
is investigated: first, parametric identification and robust stability to coprime factor pertur-
bations of the system are examined for a smaller disk that reduces the number of actively
controlled degrees of freedom to three; second, the challenges addressed with the simpler sys-
tem are applied to a system redesign that eliminates feedthrough by separating the control
and sense electronics. Chapter 4 discusses the design of a robustly stabilizing multivariable
controller and iteration of the control design to improve robust performance using a novel
parametric identification technique. Furthermore, the unstable pole input and output direc-
tions of the parametric fit are used to identify differences in transduction gains. The simpler
system is strongly stabilizable, even when decoupled, so the implementation of unstable con-

trollers is not addressed. Part II investigates the modeling, fabrication, and control design
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of the updated system that incorporates segregated control and sense electrodes. Both disks
—the one discussed in Chapter 2 and the smaller one used in Chapter 4 —are studied, again
using a controller synthesis procedure designed to maximize robustness margins to perturba-
tions of the plant’s normalized coprime factors. The control algorithm produces an unstable
controller for the larger disk, however, an additional, albeit less robust, stable controller
is designed for the four-input/six-output, non-decoupled plant since this system is strongly

stabilizable.
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CHAPTER 4

The Three-Degree-of-Freedom Disk

A smaller, 37 mm radius disk is etched from a 400 ym thick double side polished silicon
wafer and coated with conductive films of 5nm titanium and 1xum aluminum to create an
equipotential body. The radius of this disk matches the outer radii of the primary electrodes
so that fringe field forces passively stabilize the disk’s lateral position. The electrodes and
electronics are identical to those discussed previously, however, all electronics corresponding
to the outer ring of electrodes, i.e., 1 = 2, have been disconnected and powered down. Con-
tinued use of the electrodes for both actuation and sensing sustains the feedthrough dilemma.
The center tap amplitude to the primary electrodes, carrier frequency, and modulation and
demodulation phases remain unchanged and the schematic shown in Figure 2.5 of a single
input/output channel of the analog subsystem of the plant for the larger disk is valid for the
smaller disk as well. The same DSP interfaces between the transformer electronics and digital
filters at a 5 kHz sample rate. Digital feedthrough compensation is still considered internal
to the plant. With the lateral electrodes disconnected, the plant is a four-input /four-output

system.

New silicon spacers are etched from the same wafer as the smaller disk so that the nominal
air gaps of 114 um are maintained by the aluminum shims used prior. The rigid body motion
of the disk is described by three degrees of freedom —vertical position, pitch, and roll. As
before, the electrode arrangement is incapable of measuring yaw rotation and provides no
means of spinning the disk about the vertical axis. Lateral motion, however, is essentially
unobservable with the updated electrode-disk configuration. The system remains under
development for testing of MEMS gyroscopic resonators and it should be noted that when

the suspension system is scaled down, the outer radius of the electrodes will be designed to
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match the resonator stem radius so that fringe field forces constrain lateral motion of the

device’s center of mass.

4.1 Analytical Model

Generating an analytical model of the system with the smaller disk follows the same pro-
cedure laid out in Chapter 2. The disk mass, m, and transverse- and spin-axis moments
of inertia, J; and Jg, respectively, are evaluated from the disk radius and thickness. A free
body diagram of this disk is pictured in Figure 4.1. Gravitational and viscous damping
effects remain present and the electrostatic forces continue to be modeled as point forces
normal to the disk. With the lateral electrodes disconnected, however, only four top and
four bottom electrostatic point forces act on the disk. Although the lateral degrees of free-
dom are immeasurable, they are included in the model out of consideration of in-plane forces
due to electrical field fringing. These terms are assumed to be proportional to translations in
the Ni- and Ns-directions so that the forces act as virtual springs. The “spring” stiffnesses,
{ks, ky}, are selected so that the lateral modes have a 2 Hz resonance. Lateral fringing forces
were ignored with the larger disk since these terms were negligible for mild deviations from
the nominal setpoint: for small perturbations from the inertial origin, the net lateral forces
acting on the disk from the electrical fringe fields effectively “cancel out” since the in-plane
component of the fringing forces from the electrodes pull outwards on the disk sidewall in all
directions. Significant lateral deviations of the larger disk results in fringing forces dominated
by a lateral electrode on one side of the disk and primary electrode on the opposing side,
creating an imbalance in the in-plane forces acting on the disk since the primary electrodes
operate at larger voltage amplitudes and have larger area. Thus, fringing forces provided a
barrier several millimeters larger in diameter than the disk that kept the disk from shooting
out horizontally but inside of the barrier the disk was free to move laterally. In contrast,
the distributed fringe field forces oppose any in-plane motion of the smaller disk since any
lateral displacement results in stronger pulling forces on the disk sidewall that lies within

the outer radii of the electrodes. While the lateral restoring forces are exerted on the disk
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sidewall, the disk is constrained to very small angular rotations and is assumed thin so that

the spring forces are modeled at the disk’s center of mass.

Collecting the forces and following the procedure laid out in Chapter 2, the motion of

the smaller disk is governed by

mi = —c, & — k,x+ @ Z Fu.,

1,J
my = —cyy — kyy — 0 Z Fu,
0,
. . 1=1
mz = —c,z2 — mag + Z Fu,; (4.1)
ij 1=1,2,34

1]

Jyp = —cpp + (Js = ) @92 + Z (z — fij) Iy

i,
The most glaring difference between the analytical models for the two differently sized disks
is the presence of the k,z and k,y fringing terms in the lateral degree of freedom equations

for the smaller disk. The system of equations in (4.1) is concisely written as

% L T (4.2)
q f(Q7 Q7 wtf)

The remaining dynamics of the model remain nearly identical to those of the larger disk and
are briefly reviewed. The only electronic changes stem from the fact that fewer transformers,
analog demodulators, and anti-alias filters are necessary since the measurements associated
with the lateral electrodes have been removed. The states and pick-offs corresponding to the

disconnected electronics are eliminated from (2.55) so that

wtfll vCl vsl
Wir = ) Ve = ) Vs =

wtf14 UC4 US4
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Figure 4.1: Free body diagram of the smaller disk (not to scale). The disk diameter is equal
to the electrode diameter. The fringe field creates in-plane restoring forces with equivalent
spring constants {k,, k, }.

and the state-space matrices are
Mtf(Q) = dla’g (Mtfnv Mtf127 Mtf137 Mtf14) S R76X76

Ay = diag (Aus, s Atry, Asry, Airy) € R76x76

th = dla’g (th17 th17 th17 thl) S R4X76

[ B, | (B, 0 0 0]
_BC 1 0 Bv 0 0
By = e R™*1 B = c R76%4.
Bet, 0O 0 B, 0
| — Bt | 0 0 0 By

Similarly, the state vector w,, and block diagonal matrices represented by (Aaa, Baa; Caa)

and Cs are truncated from those in (2.57) to only contain the electronics corresponding to
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the primary electrodes. The model order of the truncated anti-alias filtering electronics is
16. The smoothing filter dynamics remain unchanged from (2.56) and the analog subsystem
is collectively governed by
wsm = Asmwsm + Bsmu
M(Q)wtf = BCCcCsmwsm + Atfwtf + Bctict
L I (4.3)
q f(Qa Q7 wtf)

SRS

waa = BaaCsthwtf + Aaawaa
g = Caawaa7

where ¢ = [g1 g2 g3 g4] . Following the procedure outlined in Section 2.2.5, small signal
linearization about the nominal operating point, § = 0, ¢ = 0, is used to approximate a

linear time-periodic realization,

6 = As(t)d + Byd,
(4.4)
0y = Cs0,
where ¢ contains the perturbation states of the linear variational equations and 9, and g
are the perturbed input and electronic pick-off, respectively. Using the fact that the carrier
period is an integer divisor of the DSP sampling period, the solution to an initial value

problem posed by (4.4) can be effectively discretized to yield the time-invariant discrete-

time model

S((£+ 1)) = DS(Lt,) + o, (L)
(4.5)
5, = Cso(0t,)

for sample index integer /.

The four-input/four-output frequency response of the discrete-time system (4.5) is com-
puted with a = 17.7mA and each element of u equal to 1.41V. The DC input signal
required to suspend the disk by counteracting the gravitational force is lower than that

required for the larger disk due to the reduced disk mass. The model order is 58: there
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are 24 states associated with the four transformers used for transduction (transformers sup-
plying the center tap currents are not modeled), 10 states associated with the disk, and
24 states associated with the smoothing and anti-alias filters. The model (4.5) contains the
actuator-to-pick-off feedthrough that must be removed for controller design and the feed-
forward filter, denoted F' in Figure 2.10, is implemented to “cancel” this feedthrough. The
signal used for feedback is denoted ¢ = [¢1 (2 (3 C4]T. The response of ¢ to u; is shown
in Figure 4.2. The remaining input/output channels can be determined from the system’s
symmetry, i.e., the plant frequency response is symmetric and all diagonal channels are iden-
tical. In the model, the feedthrough is only present in the diagonal entries and is determined
by constraining the states associated with the disk degrees of freedom in (4.5) to be zero.
The graphs assume complete feedthrough cancellation, although in practice this is not the
case (see Section 4.3). The feedthrough is also shown in Figure 4.2 and indicates that the
magnitude of the feedthrough exceeds the motional gain of the plant. The lateral modes are
barely evident in a neighborhood of 2 Hz. These modes are stable and weakly coupled to the
pick-offs since the capacitive transducers are insensitive to small perturbations to the disk’s
lateral position. Removing the in-plane degrees of freedom yields a nearly identical model:

the disappearance of the 2 Hz lateral modes is the only difference.
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Figure 4.2: Analytical frequency responses of the four compensated plant outputs to input
channel u;. The uncompensated signal g; and the feedthrough are shown by the dashed
traces.
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Figure 4.3: Left: Discrete-time poles of the analytical plant model. Right: Zoomed-in view
of the three instabilities present in the model.

Despite the high model order, the plant frequency response has a simple low-pass charac-
teristic. There are, however, three unstable eigenvalues given in discrete-time as Ay = 1.0017,
Ay = A3 = 1.0047 (corresponding to 8.38 and 23.6rad/s, respectively, in continuous-time).
The plant poles are plotted in Figure 4.3. The geometric multiplicity of Ay and A3 is two.

Both the input and output directions associated with {1, A2, A3}, respectively, are given by

T
w=[3 444
r T
=10 % 0 —J%} (4.6)
r T
B=|-0 0 > 0} .

Due to the geometric multiplicity of A\ and A3, though, any two linearly independent vectors
in the space spanned by v, and v3 are also input and output directions. The output direc-
tions are informative for understanding the instabilities in terms of the measurements: )\,
corresponds to a translational instability in which the disk is moving in the N3-direction with
no rotation (see Figure 4.1) —this is confirmed by analysis of the eigenvector associated with
A1; similarly, Ay corresponds to the disk rotating about N; and A3 corresponds to the disk
rotating about Ny. Accordingly, \; is designated the “vertical instability” whereas A\, and
A3 are the “tilt instabilities.” The input directions also indicate how the four electrostatic
actuators couple to each unstable mode: v; corresponds to applying a vertical force to the

disk with no moments, whereas vy and v3 correspond to pure moments with no net vertical
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Figure 4.4: Singular values of the analytical plant. Only three traces appear since o; = 0».

force.

The plant singular values in Figure 4.4 reveal a “low gain” with both input and output

singular vectors independent of frequency and equal to

vy = [ _ ) (4.7)

1 1
2 2 2

N |

This is not surprising because the disk’s pose is specified by its vertical position, pitch, and
roll. Thus, a vertical force and two moments in the disk plane are necessary to hold a given
pose. Four independent electrostatic forces applied by the electrodes exceed this minimal
requirement (recall that the choice of four electrode pairs was motivated by a hardware-based
solution to maintain the disk at ground potential). The low gain input singular vector gives
the combination of electrostatic forces that yield essentially zero net vertical force and zero
net moments. The output singular vector yields capacitive gap measurement voltages that

cannot be produced by a rigid body pose of the disk.

The orthogonal transformation [v; vy v3 v4]T can be applied to the four capacitive gap

measurement potentials to produce four new potentials proportional to the states {¢,, dg, o, }.
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The last element in the new potentials is essentially zero and insensitive to changes in the disk
pose. Proportionality constants, or scale factors, are determined by applying independent
perturbations to 4., dg, and J, and noting the corresponding change in the new potentials.
The estimated scale factors are 14.1 um/V and 0.887 mrad/V to convert the new potentials

into vertical and rotational positions with units of ym and mrad, respectively.

4.2 Robust Stabilization of the Linearization

Deviations between the model and physical system can be attributed to many sources: mis-
alignment of paired electrodes, non-parallel plates, differences in transformer parameters,
inexact cancellation of the actuator-to-pick-off feedthrough, damping errors, and so forth.
These will not only change the transduction gains but also shift the unstable eigenvalues. In
view of this, a conservative control design approach is adopted in which robust stabilization
is the initial objective. Once the disk is stabilized, identification of the plant dynamics from
closed-loop measurements will yield an accurate empirical model of the plant and provide

an opportunity for a second control design iteration.

A controller, denoted K in Figure 4.5, is synthesized to maximize the closed-loop stability
margin with respect to perturbations of a normalized left coprime factorization of the shaped

plant, P, = M~ N —see [Vid85, Fra87, ZDG96, SP05]. The shaped plant is a filtered version

A

Ay ——()— Ay

Y

|
[

M—l

A

~K,

Figure 4.5: Controller, K, in feedback with a left coprime factorization of the shaped plant.
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of the model in (4.5) and is discussed below. The coprime rational functions M and N
are both stable, implying that N contains all right half-plane zeros of P, and the unstable
poles of P, appear as zeros of M. Coprimeness indicates that there are no common right
half-plane zeros in M and N that would result in unstable pole-zero cancellations of M ' N.
Mathematically, this implies that there exist stable matrices U and V' such that M and N
satisfy the Bezout identity

NU+ MV = 1. (4.8)

Coprime factorizations are not unique, however, a normalized left coprime factorization is

co-inner, i.e., it satisfies the frequency response identity
N(gw)N*(gw) + M (gw)M* (jw) = I, (4.9)

and is unique to within a left multiplication by a unitary matrix. A minimal state-space

realization for a normalized left coprime factorization of the shaped plant is given by

A+ HC ‘ B+HD H
R71/2Cf ‘ Rfl/ZD R71/2

[N M] = (4.10)

where (A, B,C, D) is the state-space realization of the shaped plant, R = I + DDT|
H=—(BD"+ZC") R,
Z is the unique positive definite solution to the algebraic Riccati equation
(A= BS'D"C) Z + Z(A-BS™'DTC)" — ZCTR'CZ + BS7'BT =0,  (4.11)

and S = I + DTD. The reader is referred to [Vid88] for the realization for a normalized
right coprime factorization.

The perturbed plant is given by (M + Ay)~'(N + Ay) for the complex perturba-
tions {Ay;, Any} —see Figure 4.5. This highly generalized unstructured uncertainty de-
scription characterizes low frequency parameter errors, neglected high frequency dynamics,

and uncertain (quantities of) right half-plane poles and zeros and is especially useful when
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a priori information regarding sources of uncertainty in a system is unknown. The con-
troller that internally stabilizes the closed-loop system over the largest set of perturbations

(AN Ap]lleo < 1/7) is found by solving

K, o

=1in s .

y = inf (I+PK,)"'M (4.12)
A1

over the set of stabilizing controllers. The solution to this problem was solved in [GM89]
and is quickly reviewed (see [MG90, ZDG96, SP05, ZDG96] also). The maximum achievable

stability margin of the closed-loop system shown in Figure 4.5 is given by
Ymin = V' 1+ p(XZ) (4.13)

where p(-) is the spectral radius of the matrix argument and X is the unique positive definite

solution to the algebraic Riccati equation
(A= BS™'DTC)" X + X (A= BS™'DTC) — XBS'B'X + CTR™'C =0.  (4.14)
The controller that guarantees (4.12) for the suboptimal problem, v > v, is given as

A+ BF +~2L-TZCT(C + DF) ‘ 2L TZCT

BTC DT

where

F=-5"1(D"C+ B"X)

L=(1-)1+XZ

While the control synthesis technique outlined above optimizes robust stability, per-
formance requirements of the system cannot be specified. Improved performance can be
achieved, however, by pre- and post-compensating the plant to shape the open-loop singular
values prior to implementing the controller algorithm. The shaped plant, P, that is used

for control design is given by

Ps - WQPWl, (416)
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where W; and Wy are the pre- and post-compensation weights shown in Figure 4.6. For the
disk suspension problem, the shaping is simply a scaling of the open-loop plant, P, = 4P,
i.e., W7 =4 and Wy = I, so that the three largest singular values of the frequency response

cross over between 1 and 10 Hz —see Figure 4.8. For the shaped plant, vy, ~ 1.9.

Using the algorithm proposed in [MG90] requires a continuous-time representation of
the plant, so the bilinear transform is used to map the discrete-time model in (4.5) to the
continuous-time domain. The synthesized controller is stable for the suboptimal problem
v = 1.1 X Ynin, however, the controller is of equal dimension to the system model, which
contains 106 states (feedthrough cancellation contributes an additional 48 states to the plant
model). Implementing such a controller is not feasible with the DSP, so a model reduction
by balanced truncation is performed. Inspection of the controller’s Hankel singular values
suggests that the controller dimension can be reasonably approximated by a 3-state system,

denoted K. The error in the reduced-order controller is subject to the bound
| Ks — Kplloo < 2(0041 + Opy2 + ... +0n), (4.17)

where {0,,1,...,0x} represent the truncated Hankel singular values, though this bound can
be loose when the Hankel singular values are close to one another [Enn84, Glo84]. The
maximum singular values of K, K,, and K, — K, are plotted in Figure 4.7. The graph

indicates that K, approximates K, with little frequency response error. Furthermore, the

| :P
d | - F |
K, | W, u 1 G —1— ¢
W2<

Figure 4.6: Feedback diagram with the plant pre- and post-shaping weights, W; and W5,
respectively. The controller, K, is synthesized from a normalized coprime factorization of
the shaped plant. The reduced-order approximation of K, is implemented in practice and
the plant shaping weights are lumped into the controller realization.
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Figure 4.7: Maximum singular values of the 106-state robustly stabilizing controller, reduced
3-state controller generated from a balanced truncation, and difference between the two
controller realizations.

plot reveals that the upper bound of 0.81 provided by (4.17) is quite conservative. With
the reduced-order controller, the closed-loop system is robustly stable to coprime factor

perturbations of norm 0.46.

The plant shaping weight is absorbed into the filter implemented, K, according to
Ko =W K, Ws,. (4.18)

For the disk suspension shaping weights, this corresponds to Kq = 4K,. The H.,, norm of
both the sensitivity and complementary sensitivity functions with K, are shown in Figure 4.8
to be approximately 1.2 and 1.5, respectively. Thus, the closed-loop system is robust to
large unstructured multiplicative uncertainty at the plant output. Furthermore, the low
gain input-output direction of the system is essentially open-loop, so the norm of S, is close
to 1 at low frequencies. Analysis of the input sensitivity and input complementary sensitivity

functions yields very similar results.
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Figure 4.8: Left: Singular values, o, j = 1,2, 3,4, of the shaped plant, P;, and output loop
gain, P,K,, using the reduced-order controller. Only three traces appear for each function
because 07 = 05. Right: Maximum singular values of the predicted output sensitivity
function, S,, and output complementary sensitivity function, 7.

4.3 Identification of the Stabilized Plant

4.3.1 Plant empirical frequency response

Prior to closing the loop, the actuator-to-pick-off feedthrough must be estimated. This is
accomplished by supplying the transformer center taps with their nominal currents and then
applying broadband test signals at the inputs, u;. The amplitude of test inputs is too small
to move the disk, which is at rest on the photoresist coating the bottom electrodes, thus, the
measurements are due solely to the feedthrough. Unlike the analytical model in which the
feedthrough is present only in the diagonal elements of the four-input/four-output system,
all sixteen elements of the feedthrough matrix must be quantified in the physical system to
determine the feedforward filter, F'. The empirical frequency response of the feedthrough
is shown in Figure 4.9. The largest off-diagonal elements, with DC magnitudes of about
0.06 V/V, correspond to the subdiagonal and superdiagonal channels that share a common
supply transformer, i.e., {Fio, Fo1} and {Fs4, Fy3}. Each channel is fit with a 15-tap FIR
filter to create the feedforward filter, F', that is implemented by the DSP in parallel with

the subsystem, GG, as shown in Figure 4.6.
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Figure 4.9: Measurements of actuator-to-pick-off feedthrough with the disk resting at its
bottom position. The diagonal channels dominate, however, an FIR model is fit to all
elements and implemented as the four-input/four-output feedforward filter, F'.

With the feedforward filter in place, the 3-state controller, Ky, is discretized using Tustin’s
method and closing the loop successfully suspends the disk. Broadband test inputs are in-
jected at d in Figure 4.6 to generate empirical frequency responses of the closed-loop transfer
matrices PS; and S;, where S; is the input sensitivity function. The plant identification pro-
cess is time consuming due to the relatively low frequency dynamics, however, there are
no constraints on the duration of the system identification tests so low variance closed-loop
frequency responses are obtained by time-averaging the periodograms computed from non-
overlapping segments of Tukey-windowed data. Since the condition number of S; does not
exceed 3.5, the empirical frequency response of the open-loop plant, denoted Fepyp, is reli-
ably computed by evaluating (PS;)(S;) ! on a frequency-by-frequency basis. The results are
shown in Figure 4.10 from the perspective of input u;. The responses of the individual chan-
nels display good agreement with the first principles analytical model, which is represented
by the dashed traces in the figure. The frequency responses of the remaining channels are

provided in Figure 4.13, though the dashed lines in these plots represent the parametric fit
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Figure 4.10: Comparison of the measured (solid) and analytical (dashed) frequency responses
for input w;. Empirical frequency responses for the remaining input/output channels are
pictured in Figure 4.13.

of the following subsection. The DC gains are larger, and the unstable tilt eigenvalues are
“faster” in the physical system compared to those of the analytical model. This is most likely
due to errors in the estimate of the actual center tap currents applied to the transformers
—larger than modeled currents will produce both of these observed effects. The unstable
vertical eigenvalue, however, is slower in the physical system than in the analytical model.
The instabilities are dependent on the system damping, thus, error in the estimated verti-
cal damping coefficient is likely the culprit. Nevertheless, the controller synthesized for the
analytical model is robust enough to suspend the physical disk. The largest discrepancy
between the system and its analytical model is due to inexact cancellation of actuator-to-
pick-off feedthrough. Although the degree of cancellation varies by channel, a 20x reduction
in feedthrough can be routinely achieved. Residual feedthrough, though, causes the plant
singular values to level off above 50 Hz. This has the deleterious effect of creating right half-
plane zeros in the elements with larger residual feedthrough. This is clear from the empirical
frequency response in Figure 4.10, where the high frequency phase exhibits more lag than
the analytical model. This behavior can also be confirmed using only partial feedthrough
cancellation in the analytical model. Although difficult to see in Figure 4.10, the lateral

modes are damped oscillators with a frequency of about 2.6 Hz.
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4.3.2 Parametric plant model

A parametric model can be derived from the empirical frequency response using the eigensys-
tem realization algorithm [HK66]. Since FFT-based techniques were used to obtain Py, the
system’s impulse response, h, is estimated by applying the inverse discrete Fourier transform
to Pemp. The signals produced from the inverse FF'T are shown in Figure 4.11, where it is
clear that the plant instabilities manifest in the noncausal response for sample indices ¢ < 0,
where t = (t,. It is necessary to have sufficient frequency resolution so that the time-domain
transients are fully captured. In the present work, the resolution of the empirical frequency
response is 0.04 Hz, which corresponds to estimating h over a 25 second interval centered
about t = 0 —this duration is much longer than required to capture the transients in h. The
samples for £ > 0 and for £ < 0 can be used in two separate identification problems based on
the Ho-Kalman method as discussed in [AB17]. This segregates the system into two isolated
subsystems: one purely stable and the other purely unstable. Let discrete-time realizations

for the stable and unstable components be

xs(lts) = Asas(ts) + Bsu(lts)
ys(lts) = Csxg(lts)

(4.19)

o (lts) = Ay (lts) + Buu(lty)
yu<£ts) - Cuxu(gts)a

(4.20)

respectively. The state-space feedthrough, or “D”, matrices can be assumed to be zero
because of the anti-alias and smoothing filters and the zero-order hold implemented in the
DACs. The impulse response of the stable system given in terms of its Markov parameters
is

0 (=...,—-2,—-1,0

hs(lts) = (4.21)

CAMIB, 1=1,2,3,...

and the eigensystem realization algorithm establishes a 19-state model from the causal seg-

ment of the impulse response data. Identifying the Markov parameters for the ¢ < 0 com-

ponent of the impulse response is achieved by manipulating the frequency response function
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Figure 4.11: Pulse response of ( from u, estimated by applying the inverse discrete Fourier
transform to the empirical frequency response. The markers indicate the individual samples.
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of (4.20):

Hy(w) = Cy (¢*T — A,) ™' B,
1

=C, (™ (At — e 1) A,) By,
— —CL AT (e — ATY T Bt (4.22)
Defining A, = A;', B, = By, and C, = —C, A", the frequency response in (4.22) can be

expressed as

~ ~\—1 -
Ho(w) = C, (aﬂwtsf - Au> Bue 9t (4.23)

The time-domain samples can be recovered using the inverse discrete-time Fourier transform,

I

ha(ts) = gy Hy(w)e™ s dw
= — Chu (e’ﬁmsf — Au> Bt gy, (4.24)
27 )y

where wy is the Nyquist frequency. Applying the change of variable v = —w and defining a

new sample index, (= —(¢ — 1), the recovered pulse response samples are given by
~ 1 WN N1 . -
ho((=0 4 1)ts) = 2—/ Cy (ej”tsl - Au> Bae?dy. (4.25)
T J oy

. N
The Cy (eJ”tSI — Au> B, portion of the integrand resembles the frequency response of an

asymptotically stable, causal system, so

~ wtst A 1 bty _ 0 £ <0
Cyle?I — A, Bye"™"dv = N (4.26)
CLASB, 0> 0.

1 wN

Converting back to the original sample index and state-space realization, (A, By, Cy), the

impulse response of the unstable system is given by

—C,ASIB, (<0
0 > 0.

Two Hankel matrices of the backward-time transient —starting from ¢ = 0 and ¢ = —1,
respectively, and propagating backward in time —are used to identify the (A, By, C,) real-
ization in balanced coordinates following the Ho-Kalman method, from which {A,, By, Cy,}

can be recovered.
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Figure 4.12: Fifty largest singular values of the Hankel matrices composed of the causal (left)
and noncausal (right) segments of the impulse response. Three singular values dominate
the noncausal segment of the response, implying that the system is characterized by three
instabilities.

The singular values of the Hankel matrices developed for the stable and unstable com-
ponents of h are graphed in Figure 4.12. The singular values suggest that the noncausal
segment of h can be modeled by a 3-state system, thus confirming the number of instabili-
ties predicted by the analytical model. Meanwhile, the singular values of the Hankel matrix
constructed by the causal segment of h do not provide much information as to the state
dimension of a low-order model that matches the impulse response data well. An iterative
process to reasonably fit the causal data with the minimum number of states identifies a sta-
ble model of order 19. The parametric discrete-time realization of P, is the aggregate of
the model fits to the stable and unstable components, yielding a 22-state model characterized

by the state-space realization

Ay 0 By
A= , B= , C= [cs Cu} . (4.28)
0 A, B,

The frequency response of the identified (parametric) plant model shows excellent agreement
with the empirical frequency response —the dotted traces in Figure 4.13 are the identified
model frequency response and Figure 4.14 compares the singular values of the measured

frequency response data and to those of the identified model.
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4.4 Updated Controller

The norm of the sensitivity and complementary sensitivity functions computed with the
initial controller, Kj, and identified plant model from Section 4.3, denoted P, are shown
later in Figure 4.16. The stability margins are adequate (||S,|lc = 2.0 and ||T,||s ~ 1.6),
however, the lack of integrators in the loop means low frequency disturbance rejection and
command tracking will suffer. A second controller design, which includes integral action, is
based on the identified plant. Weighting each of the four control efforts with integrators,
however, destabilizes the closed-loop system. This is unsurprising considering the disk’s
{z,0, ¢} configuration is defined by three points, so an inconsistent specification can be
produced by defining four gaps. Since it is desired to regulate the disk’s vertical position
and two angles, the four measurements are consolidated into three new signals proportional
to these variables. This is accomplished by determining the directions associated with the
unstable eigenvalues. Following the notation used in Section 2.2.6, the normalized output

directions are
- T
V1, = |0.5308 0.5024 0.4770 0.4882}

_ T
ve, = [0.0053 0.7107 0.0175 —0.7033] (4.29)

- T
v3, = |—0.7293 —0.0476 0.6801 0.0577] 5
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corresponding to eigenvalues A\ = 1.0014, Ay = 1.0050, and A3 = 1.0052. These represent the
vertical and two tilt instabilities, respectively. The output directions are nearly orthonormal

so D, € R**3 is defined as

: (4.30)

D, = arg mgn HD— [vlo va, ’030] ‘F

DTD=I
where the Frobenius norm is used. The solution to the optimization problem in (4.30) is
based on the left and right singular vectors of [v;, ve, v3,] and yields a matrix whose columns
are orthonormal and are closest to the output directions of the unstable eigenvalues [Hig89].

Similarly, the unstable input directions are

r T

v, = [0.5338 0.4806 0.4681 0.5148]
r T

vy, = |—0.0570 0.6898 0.0521 —0.7199} (4.31)
r T

v3, = [—0.7406 —0.0041 0.6720 0.0018} :

and a matrix, denoted D; € R*3, whose rows are orthonormal and is the closest approxi-

mation to the matrix of input directions is computed from the optimization problem

(4.32)

D; = arg mDm HD— ['Uli Vg, U?J ‘F.

DTD=1
Pre- and post-multiplying the identified plant produces the three-input/three-output diag-
onally dominant system, denoted P = DIPD;, in Figure 4.15. The three scalar output
signals of P are voltages approximately proportional to the {z,0, ¢} kinematic variables of
the disk with the proportionality constants approximated as the scale factors reported at
the end of Section 4.1. Meanwhile, each of the three input signals to P controls a single
degree of freedom of the disk. The inputs and outputs of P are denoted @ = [u, ug uSD]T and
¢ = (€. Co @,]T, respectively. The nonzero DC gain in the diagonal channels corresponding
to the tilt degrees of freedom is indicative of this system’s ability to specify out-of-plane ro-
tational motion of the disk. This is in contrast to the larger disk discussed in the preceding
chapters and investigated in [AM21], which was incapable of maintaining nonzero angular

rotations.
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Figure 4.15: Frequency response of the three-input/three-output transformed plant, P.

A new controller is designed to achieve precise control over the disk’s vertical displacement
and angles. The synthesis procedure is based on a coprime factorization of the identified
plant, with the input and output transformations noted above. Accordingly, asymptotic
regulation to desired values of {z, 0, p} is achieved with proportional-integral pre-weighting
of P to produce the shaped plant

Pi=(4+%2)P (4.33)

A continuous-time representation of the weight is shown for readability. The singular values

of P and P, are shown in Figure 4.16. For the shaped plant, v, = 2.6. A filter is synthesized

68



102 T T T T 10!

701(1?) o1(S,)
10t L 70’1(Ps) ] © Ul(To)
UZ(LO) % o
\ S R B
ag 100 L \\ ] ;@ 100 b e L . A
: ~ :
50
-1 g
5 5
2107 > 210}
\ :
1073 J =
104 : : : : : 102 : : : : L
1072 107! 10° 10! 10? 10° 1072 107! 10° 10! 10? 10°
Frequency (Hz) Frequency (Hz)

Figure 4.16: Left: Singular values of P, the shaped plant, P,, and the output loop gain,
L,. Right: Maximum singular values of the output sensitivity and output complementary
sensitivity functions computed with the identified plant model and two differing controllers:
the updated controller, K, (solid traces) and initial controller, Ky, (dashed traces).

according to (4.15) using a normalized left coprime factorization of P, and v = 1.1 X Ypin.
After absorbing the plant weight into the filter, the controller can be reduced to a 9-state
system, denoted K, with no loss in fidelity. The controller is implemented according to the

block diagram in Figure 4.17 and produces a stable closed-loop system.

The output voltages of P are converted into estimates of {z,0, ¢} using the scale factors
from the analytical model (see Section 4.1). Step references are applied at r in Figure 4.17
and the responses are shown in Figure 4.18 with reference step heights of 2.8 um for z
and 0.18 mrad (0.01 degree) for {0, ¢}. Note that these step sizes correspond to 0.2V. The

step references are applied in separate experiments to each channel of r: the first channel

=

Figure 4.17: Closed-loop block diagram with the input and output transformation matrices
that convert the plant into a diagonally dominant three-input/three-output system with
output voltages proportional to the disk’s kinematic variables {z, 6, p}. Measurement noise
is represented by n.
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corresponds to the vertical displacement and is denoted r.; likewise, ry and r, represent the
references for the angle measurements. The closed-loop time constants are consistent with

the singular value crossover frequencies associated with P.

The noise spectral density, S,,,, reflected to the output of P is of interest since this will
determine the ultimate measurement resolution of the disk’s position and angles. With r» = 0,

the auto-spectral densities, Sz; and Sg;, and cross-spectral density, S¢;, of the closed-loop
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signals in Figure 4.17 are estimated and S, is recovered from

SCW S&l _ So Snn [S*

s (K8, (4.34)
S, Sw| | -KS,

The diagonal elements of S,,,, which describe the noise spectra of {z,0, ¢}, are shown in
Figure 4.19 (double-sided spectral densities are shown for positive frequencies). Shorter
data records are used in the spectral estimation so the frequency resolution is coarser than
the empirical frequency responses. The noise identification experiments exhibit a greater
number of periodogram averaging, however, so the time durations of the experiments are

similar, representing the trade-off between variance and frequency resolution.

The noise spectra reveal that the disk position and angles are measured with high pre-
cision: the full bandwidth (DC-2.5kHz) resolution of the vertical disk position is approxi-
mately 6.3nm; similarly, the angle measurement resolution is approximately 0.41 urad, or
about 23 udeg. This sensitivity to motion is due to the large capacitances formed between

the disk and electrodes. If narrowband measurements are desired, these noise figures are
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reduced even further, i.e., the measurement uncertainty in z is 2.1 nm from DC-100 Hz. The
RMS errors estimated from the noise spectra are corroborated by measuring the RMS errors

of the settled step response signals in Figure 4.18.
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Part 11

Segregated Control and Sense
Electrodes
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CHAPTER 5

Levitation Platform II1

A new electrode configuration is designed to mitigate feedthrough by establishing sepa-
rate control and sense electrodes. The new electrode arrangement, shown from above in
Figure 5.1, mimics the design of the previous electrodes, however, each of the primary elec-
trodes from Part I has been sliced into two sectors of roughly equal area by an arc of constant
radius. This creates an additional “ring” of electrodes on each glass plate and the top and
bottom electrodes are denoted &, and &, respectively, for i = 1,2,3, j = 1,2,3,4. The
new top and bottom sets of electrodes are mirror images of one another. The inner ring
of electrodes, corresponding to ¢ = 1, are coined the “control electrodes” and will be used
strictly for regulating the disk’s vertical position, pitch, and roll. The middle annulus of elec-
trodes, that is, + = 2, are deemed the “primary sense electrodes” and are used to measure
vertical translations and two in-plane angular rotations of the disk. Finally, the outermost,
or “lateral”, electrodes, i.e., 1 = 3, measure in-plane translations of the disk. The updated
electrodes provide no means of measuring rotations about the vertical axis nor can yaw

moments be applied.

The electrodes are patterned on soda-lime glass plates and a 14.4 ym layer of photoresist
is baked over the electrodes to guarantee a nonzero gap between the disk and electrodes
and avoid electrical breakdown. Precision shims specify the net air gap between the disk
and the two electrode sets so that the nominal air gaps of 114 ym remain unchanged. The
inner radius of the control electrodes and outer radius of the primary sense electrodes are
1.5 mm and 37 mm, respectively, matching the inner and outer radii of the primary electrodes
in Part I, and the lateral electrode geometry here is identical to before. When the disk is

horizontally suspended with its center of mass located at the origin of the inertial frame, the
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Figure 5.1: Top view of the updated electrode configuration. The bottom set of electrodes
is a duplicate of the top set.

capacitances between the disk and each of the control electrodes are 37.9 pF. The electrode-
disk capacitances of the primary sense electrodes and lateral electrodes are approximately
36.3 and 12.4 pF, respectively, with the disk in this position. For additional details on the

electrode geometry, refer to Appendix A.

The primary leads of center-tapped transformers are used to couple the electrodes in the
manner described in Chapter 2, though each of the transformer circuits now serves a sole
purpose: either actuation or measurement. The control and primary sense electrodes are
configured in pairs of facing electrodes so that {& , &, }, @ = 1,2, form a pair and the lateral
electrodes are grouped antipodally where the top and bottom electrodes are shorted (see
Figures 2.3 and 2.4). A total of fifteen transformers are required for the new electrodes —ten
to pair the electrodes and five to supply the center tap currents. All transformers are designed
to be matched. No measurements are taken from the control electrodes, i.e., the load across

the transformer secondary is not picked-off. The “sense voltage” signals, vg,;, are conditioned
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and measured only for the primary sense and lateral electrodes. The electrode redesign calls
for separate circuits for the control and pick-off signals in order to eliminate feedthrough,
thus additional signal conditioning electronics are required even though the number of control
inputs (four) and measurements (six) remains unchanged. The prior electronics are assigned
to the control and lateral electrodes, and new boards are printed for the primary sense
electrodes that match the signal transduction gains reported in Section 2.2.4. Photographs of
the assembled electronics are provided in Figure 5.2, however, at the time of the photographs,
the updated electrodes had not been fully fabricated, so the previous electrode plates are

shown in place.

In an effort to mitigate residual coupling between the control inputs and measurements
through sources such as common power supplies, the disk, etc., the control and sensing
electrodes operate at separate carrier frequencies. The control carrier frequency, w., and sense
carrier frequency, ws, are 25kHz and 30 kHz, respectively. The measurement demodulation

phases, 15, , must be adjusted accordingly.

The reduced area of the control electrodes compared to the primary electrodes from Part I
diminishes the control authority of the system. The area has effectively been cut in half so
the voltages required to lift the disk using only the control electrodes must increase by a
factor of v/2. In order to avoid electrical arcing, however, the primary sense electrodes are
used to provide additional lift so that similar electrode voltages to Part I are maintained
for the disk at its nominal setpoint. This is accomplished using a constant amplitude,
30kHz signal, vy, added in series to the transformer secondary load to bias the primary
sense electrodes. The bias signal, vy, is supplied to all four primary sense electrode pairs
and the signal phase is selected to maximize the voltage differential on the top and bottom
electrodes. This provides a new avenue for actuator-to-pick-off feedthrough, however, the
bias signal amplitude is generated by the DSP and analog modulated to 30kHz so that
the analog demodulated sampled signal contains only a DC feedthrough term that is easily

identified and negated by a constant gain feedforward filter in the DSP.

At the time of writing, system testing with the new electrode plates has not commenced,
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so empirical results for the updated system are provided. Nevertheless, the following chapters
develop models and synthesize controllers for the suspension of both the 37 mm and 41 mm

radius disks.
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Figure 5.2: Photographs of the assembled electronics for the updated electrode configuration.
Top: overview of all electronics; middle: signal conditioning boards; bottom: transformers.
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CHAPTER 6
Three-Degree-of-Freedom Disk

Modeling and control design for the 37 mm radius disk is investigated in this chapter. Since
the disk radius matches the outer radius of the primary sense electrodes, the electrostatic
fringing field passively centers the disk laterally so that only the vertical position, roll,
and pitch must be actively controlled. All electronics used for the lateral electrodes are

disconnected.

6.1 Analytical Model

An analytical model of the disk with the new electrodes is developed following the modeling
procedure outlined in Chapter 2. A free body diagram of the disk is provided in Figure 6.1
and shows the same forces and moments acting on the disk as in Figure 4.1, however,
additional electrostatic forces are present and the magnitudes of the electrostatic forces are
reduced from those of the prior electrode configuration. The lateral degrees of freedom are
included in the model, though they have little impact. The yaw degree of freedom is ignored.
The translational disk dynamics are governed by

mi = —c,T — kyx + gpz Fu,;

0]

. . i=1,2
my = —c,y — kyy — 0 Z Fu, (6.1)
i j=1,2,34
mzZ = —c,z — mag + Z Fu,;
i,
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and the equations for the observable angular degrees of freedom are

- =4
| J (6.2)
Jip = —cop + (o= L) b + ) (v = 3) Fr, j=1234

i,J
where the coefficients of viscous damping are computed in Appendix C and the virtual
springs that represent the fringing field forces are selected so that the lateral modes have a

2 Hz resonance.

The transformer dynamics for each control electrode are modeled from the schematic in

gt24 gtu 5t12 €t22
1 1 1 1
| | | | P
| | Ny R, A
I I . 1 |
| F | * c 0 |
F 1 tiy 0
toy ! i Fsy /‘\
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Figure 6.1: Free body diagram of the smaller disk with the new electrodes. All forces present
in the previous electrode arrangement remain and additional electrostatic forces due to the
increased number of electrodes are accounted for.
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Figure 2.8 and given by
Mtflj <Q)wtf1j = Atflwtflj + (_l)jilBCtliCtl + BUUCJ‘7 .7 = 17 27 37 4 (63)

where the center tap current, i.;, = ac, cos(w.t), has an amplitude of 12.8 mA. The current
amplitude has been reduced from Part I in order to maintain similar voltages on the elec-
trodes when the disk is suspended in its nominal position. Note that no output equation is
included in (6.3) since the “sense voltages” for the control electrodes are not picked-off. The
transformers for the primary sense electrodes are modeled on the same non-idealized trans-
formers as the control electrodes, however, the bias voltage, vy, replaces each of the control
inputs, ve;. The bias voltage is equivalent in amplitude for each transformer, however the
phases differ based on the phase of the center tap current. Thus, the bias voltage corre-
sponding to electrode pair {&,,, &, } is in anti-phase with the bias voltage on electrode pair
{&i,, sy }- The same is true for the j = 2,4 electrodes. To simplify the model, rather than
consider four bias input signals to the system, only a single bias voltage input is modeled
and the sign of the corresponding “B” matrix alternates on a channel-by-channel basis. The
dynamics for the primary sense electrode transformers are governed by
Mg, (Q)wtf2j = Atfzwtfgj + (—1)j_cht2ict2 + (—1)j_1Bv2Ub
71=1,2,34 (6.4)

USQJ' - ththfQj 9

where Mg, = My, A, = Asty, Bet, = Bety, Bu, = By, and Cyy, = Cyy, since the control
and primary sense transformers are identical and analogous states are used to describe the
dynamics of each transformer. The center tap current, i., = ac, cos(wst), has an amplitude
of 15.7mA. The dynamics of all eight transformers (the supply transformers that produce
the center tap currents are not modeled) are collectively governed by the seven-input/four-

output system

M (q)wye = Aggwis + Beyicy + Beve + Buuy (6.5)

Vs = thwtf )
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whose inputs, 7., ve, and vy, and output, vs, are

. iCtl . .
Tt = , ve=| |, wp=kecos(wst +Up)up, vs= ||,
thg
(N Usy

where uy, is the DSP-generated signal that sets the bias amplitude and 1, is the bias modu-
lation phase. Each of sense voltages, v, has been relabeled so that the “2” in the subscript
%57 is dropped, i.e., [Us, Vs, Us, Us,]" = [Usy, Usyy Usyy Usyy]” - The state vector in (6.5) is given

T .
by wie = [Wepy, - .- Wiy, Wery, --- Wery,) and the aggregate state-space matrices are

Mi¢(q) = diag (Mg, , Mgy, Mg, Mgy, Mgy, Mgy, Mgy, Mis,,) € R152x152
Ay = diag (Ayr, , Aus, s Aveys Atry, Autys Aty Atry, Agg,) € RIFZXI2

Otf - dlag (th27 Otf27 th27 Otfg) € R4X152

BCt1 O B’U 0 0 0
_Bct1 O 0 Bv 0 0
Bct1 O 0 0 Bv 0
—B. 0 0 0 0 B,
B, = 1 c ]R152x27 B. = c ]R152x47
O Bctz 0 0 0 0
0 — By, 0 0 0 0
0 Bctg O O O O
0 — By, 0 0 0 0

T
B,=10 000 B, —B, B, —B,| €R".

The remaining analog filtering dynamics are not reviewed as the only updates are the result

of the change in the sense carrier frequency and demodulation phases.

The linearization and discretization framework described in Section 2.2.5 is applied and
a four-input/four-output linear time-invariant discrete-time model, G, is generated. The
control input required for suspension about the disk’s nominal setpoint, @, is equal to 1.26 V

in each element and the DC bias signal generated by the DSP, wy,, is also 1.26 V. The model
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Figure 6.2: Frequency response of the analytical model from the perspective of u;. The
model developed in Section 4.1 for the previous electrode configuration is shown by the
dashed traces for comparison.

consists of 82 states: 8 for the smoothing filters, 48 associated with the transformers, 10 for
the disk dynamics, and 16 associated with the anti-alias filters. This model contains the DC
feedthrough that must be removed prior to controller design. A constant gain feedforward
filter, F', that operates in parallel to G is identified to cancel the feedthrough. This filter is
considered internal to the plant, P, so that P = G — F'. The feedthrough-compensated signal
is denoted ¢ = [(1 (2 (3 C4]T and a frequency response of u; to ( is plotted in Figure 6.2.
The remaining input/output channels are easily identified from the system’s symmetry. For
comparison, the frequency response of u; to ¢ using the previous electrode arrangement is
shown by the dashed lines in the figure. Similar trends are observed, however, the gain is
approximately 4x lower with the updated electrodes. This is expected since the sensing and
actuation electrode areas have both decreased by a factor of nearly two, reducing both the
control authority and measurement amplitude. Furthermore, the unstable eigenvalues of the
plant, \; = 1.0021 and Ay = A3 = 1.066 (corresponding to 10.7 and 33.0 rad/s continuous

time), have shifted up in frequency.
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6.2 Robustly Stabilizing Controller

A controller is synthesized to maximize the closed-loop stability margin to coprime factor
perturbations of the shaped plant, P,. Details of the controller synthesis technique are
described in Section 4.2. The shaping filter is a scaling of the open loop plant, Py, = 15P,
so that the three nonzero singular values of the shaped plant, shown in Figure 6.3, cross
over between 3 and 10Hz. Only two traces are shown in the figure since o9(P;) = o3(Fs)
below 1.2Hz and o1(P;) = 09(Ps) above 1.2Hz. With the selected weight, yum ~ 1.9 and
a controller is synthesized for the suboptimal problem v = 1.1 X v, according to (4.15).
The controller order is 82, though a balanced truncation of dimension 3 approximates the
controller with little error. The plant shaping weight is absorbed into the feedback controller
and negative feedback convention is employed. The output loop gain singular values with the
reduced-order controller are included in Figure 6.3, along with the maximum singular values
of the output sensitivity and complementary sensitivity functions. With the reduced-order
controller, the closed-loop system is robust to coprime factor perturbations bounded by 0.45.
Furthermore, the norm of both the input and output complementary sensitivity functions is
1.6, demonstrating that the closed-loop system is robust to large unstructured multiplicative

uncertainty at both the plant input and output.
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Figure 6.3: Left: Singular values of the plant, P, shaped plant, P, and output loop gain,
L,. Right: Maximum singular values of the predicted output sensitivity and output comple-
mentary sensitivity functions.
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CHAPTER 7

Five-Degree-of-Freedom Disk

This chapter presents an analytical model for the 41 mm radius disk using the new electrode
configuration and develops two unique stabilizing controllers. The electrode-disk geometry
for this configuration results in weak fringe field forces, thus lateral motion of the disk must
be regulated. The lateral electrodes (i = 3 electrodes in Figure 5.1) are reconnected to

provide measurements of in-plane motion of the disk.

7.1 Analytical Model

Developing a model for the larger disk with the updated electrodes follows the framework
used for the three previous electrode-disk configurations so the details of the disk and trans-
former dynamics are only quickly reviewed. A free body diagram of the disk is pictured
in Figure 7.1. The same forces and moments are present as previous configurations: the
omittance of the fringe field spring force is consistent with the weak electrical fringing effect
on the larger disk. The yaw degree of freedom is neglected from the model and the disk’s

translational degrees of freedom are governed by

mi = —c, T+ @ Z Fu,;

7]
. . i=1,2,3
my = —CyYy — QZFHM (71)
ivj j=1,2,34

mz = —c,zZ —mag + E Fnij.
?:7.j
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Figure 7.1: Free body diagram of the larger disk with the updated electrodes. Electrical
fringe field forces are negligible for small deviations of the disk from its nominal position,
thus, equivalent spring forces representative of fringing are omitted.

Meanwhile, the equations of motion for the pitch and roll degrees of freedom are

T = —col +2(J, — Jo) o0+ > (5 — y) Fu,, s
i t=1,2,
' ! (7.2)
S =—cop+ (Jo— 1) 0>+ (x — %)) F,- j=1,2,34
i3
The transformer dynamics for the control and primary sense electrodes are identical to
those in Chapter 6. The lateral electrodes, however, were absent there, and the transformers

for these electrodes are modeled on the non-idealized transformer of Figure 2.9. All currents

and voltages present, except for the center tap current input, are collected in the 18-state
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vector wyg,; and the lateral electrode transformers are governed by

MthJ(Q)wthj = Atf3wtf3j + (‘1)j_cht3ict3

j=172

/US3J' = thgwtfgj'

(7.3)

The center tap current, ic, = Gety c0s(wst), has an amplitude of 2.5 mA. The dynamics of all

ten electrode transformers are collectively governed by the eight-input/six-output system

Mg (@) = Aggwis + Betict + Beve + Byoy
vs = Cipwys,

whose inputs, 7., ve, and vy, and output, v, are

ictl Ucl
Gt = |iet, | Ve = | i |, b= kccos(wst +p)un, v
7/-Ct3 UC4

where the sense voltages, vs,;, have been relabeled according to
T T
[Usy sy Usy Usy Uss Usg]™ = [Usyy Vsyy Usyy Vsyy Usgy Usss]
The state vector in (7.4) is given by

T
Wit = [wtfll oo Wity Wity - - - Wity Wifs, wtfgz]

and the aggregate state-space matrices are

(7.4)

(N

Usg

Mtf(q) = dlag (Mtf117 Mtf127 Mtf137 Mtf147 Mtf217 Mtfzz; Mtf237 Mtf247 Mtf317 Mtf32)

Atf = diag (Atfla Atfla Atfla Atfla Atf27 Atf27 Atf2; Atf27 Atf3> Atfg)
th = dlag (thQ, th27 th27 th27 th37 thg)

T
By=[00 00 B, -B,, B, -B, 00| .
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(B, 0 0 | (B, 0 0 0]
—By, 0 0 0 B, 0 0
By, 0 0 0 0 B, 0
—By, 0 0 0 0 0 B,
B 0 By, O B 0 0 0 0
0 —Byg, O 0 0 0 0
0 By, O 0 0 0 0
0 —Byg, O 0 0 0 0
0 0 B, 0 0 0 0
0 0 —Buy (0 0 0 0]

The analog filtering dynamics follow those of Chapter 6. The additional lateral mea-
surements, v, and v, are demodulated with the phase-shifted sense carrier (whose phase
is selected to maximize the measurement signals relative to lateral motion of the disk) and

the signal conditioning gain of 6.3 matches the gain reported in Section 2.2.4.

A linear four-input/six-output time-invariant discrete-time model is approximated from
the time-periodic nonlinear equations of motion using the procedure reported in Section 2.2.5.
The DSP-generated control inputs and bias voltage necessary to suspend the disk at its nomi-
nal setpoint are each 1.53 V and the model order is 102. The four-input/six-output frequency
response of the model, whose input is u = [u1 us us ug]” and outputis g = [g1 g2 g3 914 g5 ge)”
is computed and shown by the solid lines in Figure 7.2 from the perspective of input u;.
The sampled signal, g, contains DC actuator-to-pick-off feedthrough, thus it does not ap-
pear on the logarithmic frequency response plots, i.e., the feedthrough-compensated signal,
C=1[¢ G G GGGl is equivalent to g for w # 0. The DC feedthrough is compensated by a
constant gain feedforward filter that operates in parallel to the system. This feedforward fil-
ter is considered internal to the plant, P, whose input and output are u and (, respectively.
The symmetry of the system makes identifying the frequency responses of the remaining

input/output channels trivial. The frequency response of plant using the electrode config-

uration from Part I is included in Figure 7.2 for comparison. Similar trends are observed,
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Figure 7.2: Frequency response of the analytical model from the perspective of u;. The
feedthrough-compensated model presented in Section 2.2.6 for the larger disk with the pre-
vious electrode configuration is shown by the dashed traces for comparison.

however, the gain is markedly lower with the updated electrodes. This is expected due to the
reduced control authority and signal amplitude that results from decreased electrode areas,
as well as the increased carrier frequency of the sense signals. The unstable eigenvalues of the
plant, given in discrete-time as A\; = 1.0015 and Ay = A3 = 1.037 (corresponding to 7.27 and
18.7 rad/s continuous time), have increased in frequency from those of the initial electrode
configuration. The three nonzero singular values of the plant are graphed in Figure 7.3.

Only two traces are evident because o1(P) = o5(P).

7.2 Initial Controller Design

The first controller synthesis technique investigated follows that of the previous electrode-
disk configurations, where the controller is designed to maximize the closed-loop stability

margin to coprime factor perturbations of the shaped plant (see Section 4.2 for details). The
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post-compensation filter,

(15 0 0 0 0 0]
015 0 0 00
0 0 15 0 0 0
W, = , (7.5)
0 0 0 150 0
00 0 0 10
0 0 0 0 0 1]

is designed so that the three nonzero singular values of the shaped plant, P, = W5 P, shown
in Figure 7.3, cross over between 2 and 10Hz. Only two traces are visible in the figure
because o9(P;) = 03(Ps) at low frequencies and o(Ps) = o5(Ps) near and above the reso-
nance. For the shaped plant, v, &~ 2.0 and a controller is synthesized for the suboptimal
problem v = 1.1 X Yy, according to (4.15). The controller order is 102, though a balanced
truncation reduces the controller dimension to 7 with little frequency response error. The
reduced-order controller contains two unstable poles at 1.45rad/s making implementation
difficult in practice. Nevertheless, the closed-loop system is robust to coprime factor pertur-
bations bounded by 0.45. The maximum singular values of the input and output sensitivity
and complementary sensitivity functions using the 7-state controller are included in Fig-

ure 7.3. The norms of the input and output complementary sensitivity functions are 1.6 and
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Figure 7.3: Left: Singular values of the plant, P, shaped plant, P, and output loop gain,
L,. Right: Maximum singular values of the predicted input and output sensitivity and
complementary sensitivity functions.
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Figure 7.4: Cascade control schematic for suspension of the larger disk.

1.7, respectively, demonstrating that the closed-loop system is robust to large unstructured

multiplicative uncertainty at both the plant input and output.

7.3 Stable Controller Design

A stable feedback controller is designed to stabilize the closed-loop system as an alternative
to the unstable controller presented in Section 7.2. Stability margins to coprime factor
perturbations and multiplicative uncertainty at the plant output are vastly reduced from
the prior section, however, controller implementation, especially upon start-up, becomes
significantly easier. A cascade feedback architecture is employed, as shown in Figure 7.4.
The inner loop is designed to regulate the vertical position, roll, and pitch degrees of freedom
using the primary sense electrode measurements, meanwhile the outer loop uses the lateral
electrode measurements to specify the tilt references. The M;, M,, and M3 matrices are

given by

I
M, = [14 0} e RS, M, = [0 12} ERC, My=| | R (7.6)

I
where I, and I are the 2 X 2 and 4 x 4 identity matrices, respectively, and the “0” blocks are
appropriately dimensioned so that M; picks off the first four elements of ¢ and M picks off

(5 and (5. The M3 matrix converts the lateral measurements into angular references using

the fact that the tilt and lateral degrees of freedom are coupled.

The inner loop controller is a constant gain: K; = 50. Closing the inner loop stabilizes

the vertical degree of freedom, however, two (tilt) instabilities remain at 0.22rad/s. The
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outer loop controller, K,, is a diagonal phase lead filter,

1.41
K,=-25""""p,
s+ 28.1
Closing the loop around K, stabilizes the closed-loop system —all eigenvalues of the closed-
loop system have real part strictly less than —1.75. The inner and outer controllers, as well

as the My, M,, and M3 matrices can be absorbed into a single controller, K, according to
K = K; (M3K,M; + M) . (7.7)

The simplified feedback architecture of the closed-loop system using K, shown in Figure 7.5,
is used to evaluate closed-loop stability margins. The norms of the input and output comple-
mentary sensitivity functions are shown in Figure 7.6, and demonstrate that the closed-loop
system is not robust to unstructured uncertainty at the plant output. Furthermore, poor

robustness to coprime factor perturbations are exhibited with the stable controller.

Considering the sources of uncertainty present in the system —electrode misalignment,
plate warpage, transduction gains, viscous damping, photoresist thickness, center tap current
estimation, etc. —unstructured uncertainty is overly conservative for the disk system. Sources
of error that produce perturbations to the electrode-disk gaps primarily manifest in the four
measurements {(y, (s, (3,(4}. Similarly, sources of uncertainty in the lateral measurements,
(5 and (g, are not expected to couple to {(i, (2,3, (4}. Thus, the structured singular value
is used to analyze the robustness of the closed-loop system to structured multiplicative

uncertainty at the plant output of the form

Ag 0
A= . (7.8)
0 A,

U
K ~ P

Y
I

Figure 7.5: Simplified feedback schematic of the cascade controller. The controller, K, is
given in (7.7) and is a function of the inner and outer loop controllers.
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Figure 7.6: Left: Maximum singular values of the input and output complementary sensi-
tivity functions. Right: Structured singular value of the output complementary sensitivity
function.

The structured singular value, ua(7T,), is defined as the reciprocal of the norm of smallest
A that causes the matrix I — T,A to become singular (see [SP05], for example). For the
disk system using the stable controller, the norm of the smallest destabilizing multiplicative
output perturbation, or ua(7,)™?, for the structured uncertainty in (7.8) is shown to be 0.48
in Figure 7.6, indicating that the closed-loop system is robustly stable to such uncertainty.
Thus, the poor robustness margins to unstructured uncertainty at the plant output can
be attributed to off-diagonal coupling that is improbable given knowledge of the modeling
assumptions made and physical sources of error present in the system. Furthermore, it can
be argued that perturbations to the measurements primarily couple in the adjacent channels
that share a common center tap supply transformer so the structured uncertainty in (7.8)

may still be conservative.
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CHAPTER 8

Concluding Remarks

Two systems to electrostatically suspend conductive disks are presented. The dual variants
employ similar levitation schemes, however, they differ in electrode arrangement —the first
system uses common electrodes for both actuation and sensing, while the second system seg-
regates the control and measurement electronics. A modeling framework is developed and
applied to both systems and can easily be expanded to additional electrode-disk geometries.
The notation (“ij” subscript) used for the electrode-disk gaps, capacitances, and electrostatic
forces is designed with numerical computing in mind so that i X j-dimensioned matrices can
be initialized and element-by-element calculations performed. A family of robust multivari-
able controllers, largely based on normalized coprime factorizations of the analytical models
generated, are synthesized using loop-shaping techniques. Stability margins to input and
output multiplicative uncertainty and perturbations of the plant’s normalized coprime fac-
tors are evaluated. Two disk sizes are investigated and an empirical model of the suspended
smaller disk, which requires active stabilization of the vertical, pitch, and roll degrees of
freedom, is captured for the first electrode configuration from closed-loop measurements.
The analytical model compares favorably to the experimental results and a novel paramet-
ric identification technique fits a 22-state model with little frequency response error to the
open-loop unstable plant. The identified model characterizes three unstable modes, whose
input/output directions are used to transform the measurements into new signals propor-
tional to the disk’s vertical, pitch, and roll degrees of freedom. These directions provide
insights into transduction asymmetries. A representation of the transformed plant is used to
synthesize an updated controller with improved disturbance rejection and regulation. Sensor

noise is quantified to confirm that the disk’s vertical position and tilt angles are measured
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with high accuracy, making the system a suitable prototype for manipulating micro-scale
devices in a non-contact manner. Redundant use of the electrodes for actuation and sensing
presents significant feedthrough coupling from the control inputs to the electronic pick-offs.
This coupling is mitigated by a digital feedforward filter, nonetheless, residual feedthrough
is evident in the experimental data. The second electrode arrangement is designed to elim-
inate this feedthrough, however, this comes at the cost of diminishing the motional gain of
the plant: splitting the electrodes decreases sensitivity to disk motion and reduces control
authority. The updated electrode configuration has been fabricated and assembled, though
testing has not commenced. Thus, only analytical models and preliminary controller designs
are presented for the two disks with this system. Stabilization of the two disks with the new

electrodes is the immediate focus of the next phase of research.

In addition to testing the new system, the work herein presents several research opportu-
nities that should be examined prior to miniaturization to the MEMS-scale for the suspension
of micro-resonators. An improved estimate of the fringe field electrostatic forces in the an-
alytical model is one topic of future inquiry. The lateral degrees of freedom are passively
stabilized by these forces. Although well-damped at atmospheric pressure, these modes will
feature much more prominently in the plant frequency response when the system in operated
in vacuo, thus, accurate estimates of their modal frequencies are necessary for designing the
initial controller. Effective lateral spring rates can be obtained from numerical techniques
that include the disk and electrode geometries. Another direction of future research is to
identify the measurement noise sources in the suspension electronics. A more fundamental
understanding of the noise sources will be useful in predicting measurement uncertainty in
new electrostatic suspension designs. Furthermore, while the differential capacitance trans-
duction yields low-noise measurements, calibration of the electrode pairs must still be carried
out to map the disk position to the pick-off voltages. Calibration will also yield updated scale
factors since the noise spectra reported herein use scale factors estimated from the analytical
model. Finally, electrode redesigns should auto-align the upper and lower electrode plates

to reduce misalignment uncertainty:.
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APPENDIX A

Electrode-Disk Overlap (Geometry

A simplified diagram of the electrode-disk overlap areas for a given annular electrode index,
7, is shown in Figure A.1, where the gold shaded regions represent the overlap areas. It is
assumed that the areas are dependent only on the electrode-disk geometry and the lateral
position of the disk. Any angular rotations of the disk are assumed to have negligible effects
on the overlap areas due to the angular constraints imposed by the shim spacers, therefore,

this appendix views the system from a planar perspective.

A new coordinate-frame, the C-frame, is defined by a —45° rotation about the Ns-axis.
This coordinate transformation is performed to simplify the computations by placing each
electrode entirely within a single quadrant. The rotation matrix from the N-frame to the

C-frame is given by

cos(—45°)  sin(—45°)
Ren = : (A1)
—sin(—45°) cos(—45°)

where the colinear N3- and Cs-directions are omitted due to the planar nature of the problem.

Inner (Primary) Electrodes

For the case of the inner (non-lateral) electrodes, the overlap areas are dependent only on
the electrode geometry because the disk completely overlaps these electrodes. Since each of
the electrode areas are equal for a given annular index, 7, the electrode in quadrant 1 of the
C-frame is selected for the computations. The electrode area is calculated by first computing
the area of the sector described by the entire shaded region in quadrant 1 (the combined

gold and gray regions). The area of the gray sector is then computed and subtracted off.
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Figure A.1: Left: Schematic of the disk-electrode overlap surfaces, shown in gold. Right:
Diagram of a sector used in the area computations.

Note that the shapes of these two surfaces (gray and gold plus gray) are identical —they are
quarter circles with thin rectangular gaps removed along the sides. A general surface of this

shape is defined as surface S. In the C-frame, the points along the arc of surface S are given
by
Ta+ys =75, (A2)

where 7, is the arc radius. The area of S is computed according to

7'2—12
raa / / dya dr,

/\/a_<\/m-l)dxa

l;

7‘2 l2

l;

Ly

\/ —x2dx, —

l; dz,. (A.3)

Integration by substitution is used to solve the integral on the left. Let x, = r,sin(u) such
that dx, = r, cos(u) du and note that u is the dummy variable used for u-substitution —it is
separate from the control input vector used throughout the body of this dissertation. The

use of u in this manner is constrained to this appendix. The integration bounds in the
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u-domain are left general because a conversion back to x, is performed.

u2
/ \/ —22dz, = / Ta cos(u)\/rg — r2sin®(u) du

1

S

7,2 u2
= Ea/ (14 cos(2u)) du
u1
2 1 u2
— %a (u + §sin(2u)) B
r2 “
= Ea (u + sin(u) cos(u))
ul
r2—12
2 2 ¢
- Y N Ta x2
_Ta s N A4
5 (sm (T‘a) + " r§> ) (A.4)
Returning back to the integral in (A.3),
Ta= rgfl?
Aslrot) = 1 (sinr (Z2) 4 22 1) (A.5)
Tayli) = = | sin” | — — /1 == =iz, .
s 2 Ta Ta T2 N

The electrode area is computed by subtracting the area of the gray sector from the entire
shaded sector,

Ag, = AS(Ti,o, li) - AS(Tz‘,i, li), (A.6)

and the symmetry of the system guarantees that
Ag’il = AgiQ = A€i3 = Agb4 (A?)

The computed values for the electrode-disk areas can be found in Table A.2 for the initial

electrode configuration and Table A.3 for the updated electrode arrangement.

The electrode centroids are evaluated by computing the first moments of area and dividing
by the electrode area. Only computations in quadrant 1 of the C-frame are performed since

the remaining centroids can be easily determined from the symmetry of the system. The
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first moment of area in the C;-direction of sector & in quadrant 1 is given by

7,.2_502
2(Tay 1) / / Ya dyad,

5,.

7

T2 12

(7"2 - x - l2) dx,
Ta=/r2—12

Ta=l;

(A.8)

Similarly, the first moment of area in the Cy-direction of § in quadrant 1 is computed

according to

:/ ' Zxa\/rg—mgdxa—/ liz, dz,. (A.9)
l;

Integration by substitution is used to solve the integral on the left. Let u = r2 — x2 such
that du = —2x,dr,. Again, the integration bounds in the u-domain are left general since
the integral is converted back to the x,-domain.

l;

ug 1
Tar/12 — 22 dz, :/ —§u1/2 du

ul

1 2
— 1,32
3
u1
1 a—li
R s (A.10)
l;
Substituting the expression in (A.10) into (A.9),
1 1 Ta=+/12—12
Qy(ra; i) = 3 (7”2 - )3/2 5511‘2 (A.11)
Ta=l;

The first moment of area in each direction for an electrode is given by the difference between

the first moments of area in that direction of the two sectors in Figure A.1 (gold plus gray

99



and gray), and the centroid in the C-frame, (Z;1 ¢, ¥i1.c), is calculated according to

Qy(ﬁ,o, li) - Qy(Tz‘,i, li)

Ti1e =
’ s
" A12
?]1 _ Qx (Ti,oa lz) - Qz(’l”i,i, ll) ( )
o Agil

The rotation matrix Ryc = REy is used to convert the centroids in the C-frame to the
N-frame, i.e.,
21 _ RNC il,c _ 7 : <A13)
Uil Yil,c 0

and the symmetry of the system results in the electrode centroids

(Zij, Yij) = (0.7 ] =7 (A.14)
| (0,—T3) j=4

Calculated values for the centroids are also provided in Tables A.2 and A.3 for the first and

second generation electrode configurations, respectively.

Outer (Lateral) Electrodes

The computations for the electrode-disk overlap areas for the outer (lateral) electrodes are
similar to those of the inner electrodes, with the exception that the areas are now also a
function of the disk geometry and its lateral position. It is assumed that the disk position
is constrained to relatively small translations laterally such that the outer electrode-disk
overlap areas always take on a shape whose perimeter consists of two arcs and two straight
lines, like that shown in Figure A.1. Large translations that result in the overlap area shape
breaking down, i.e., a perimeter defined by two arcs and a single straight line, are not allowed.
A new surface, S’j, is defined that is similar in shape to § in Figure A.1, however, the arc
center is not fixed at the origin. The surface Sj is inscribed within the disk whereby the

circumference of the disk constitutes the arc of Sj, Because the disk can move laterally, the
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Table A.1: Disk Sector Integration bounds

J T4, T,

1 lz Te + \/7'?1 - (lz - yc)2
2 Te — T(Zi - (lz - yc)2 _li

3 | e — /15 — (=l — yo)? —I;

4 lz Te + \/7“?1 - (_lz - yc)2

surface area of S'j is dependent on the quadrant of interest in the C-frame and is annotated

with the “5”7 subscript accordingly.

The position of the points along the circumference of the disk, (x4, yq), are given by
(xa — 2)* + (ya — y)* = 13, (A.15)

where (z,y) represents the disk center of mass in the N-frame and rq4 is the disk radius. The

disk center can be converted to the C-frame,

Te T

—Ren | |, (A.16)
Ye y

and the position of the points along the circumference can be written as

va = ye £ /13— (2 — x)2 (A.17)

The area of S’j is computed beginning with the sectors in quadrants 1 and 2 (j = 1,2), where
yq takes on positive values in the C-frame. The upper and lower integration bounds on x4
are dependent on j and are provided in Table A.1. These bounds are left general in the
calculations that follow so that the equations developed are valid for both 7 =1 and j = 2.
To compute the overlap area for the 7 = 1 lateral electrode, for example, use the lower and

upper bounds z4, = [; and xq, = xc + /73 — (I; — yc)?, respectively, from the table.

Zd _-Tc)2
dyd dl‘d

Tay [ Yt/TI—(
Agj(rdalivxmyc) = / /
l‘dl li

Tq,
= Ye + ’1"2 — (l’d — $c)2 — lz:| diCd
INERE

Id2 Q';dQ
= / (ye — ;) dza +/ \/rﬁ — (g — xc)%dxyg (A.18)
zq Td,

1
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Focusing strictly on the second integral, let © = xq — x. such that du = dzq:

T4 U
—(vq — xc)?drg = - : ’
/ : \/7”(21 (xq — xc)? da / \/72 —u?du (A.19)
Td, uy

Now let u = rqsin(v) so that du = rqcos(v)dv. Note that v is also a dummy variable used

to integrate by substitution and is strictly contained to this appendix. It has no correlation
to the velocities, voltages, or input/output vectors mentioned throughout this dissertation.
The integration bounds on v are left general since a conversion back to the u-domain, and

later, xq-domain, is performed.

/ \/T —quu—/ rq cos(v Td—rﬁsiDQ(v)dv

2
:5/ (1+ cos(20)) dv
2 1 v2
— %d (v + isin(%)) .
r2 2
= gd (v + sin(v) cos(v))
v1
2. (u u w2\|”
=~ |sin | — |+ — /1= (A.20)
2 T4 rq r3
u1

Substituting © = x4 — x. back into the equation, the area of the sector created by the disk

is written as

2 2
o i . 1 [ Ta— X Tq — Tc (g — xc)
ASj = (Yo — li)wa + 3 (sm < o ) + o \/1 — —7”(21 )

where the arguments of the area function have been dropped for concision. Moving on to

$d2

. (A21)

CCdl

j = 3,4, of which y4 takes on negative values in the C-coordinate frame, the area of the

sector established by the disk arc is given by

s —/ / dyddxd
r zd zc)?
= (Ye + 1) + /73 — (xg — x)? } dxq
[ s -

1
: - — — 2
= _(yc + lz)xd + T—d (Sin_l (xd .CEC) 4 Lq — Lc \/1 B M)
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In summary,

r2 .1 _ —_ (wg—zc)? Tdy
(yc o lz)xd + 7d <sm_ <:chrdzc> 4 :vdrdwc 1 — d7~2 c ) j = 172
d T,
Ag, = 2 e [ (A.23)
—(Ye + li)wa + 2 <Sln* (Idr_dx°) 4 Bd=fe 1 — el > j=3,4

4 T3 za,

The inner sector that is to be subtracted from Agj when solving for the electrode-disk
overlap area is defined by the lateral electrode geometry, which is fixed with an arc center at
the origin and area given by (A.5). The area of this sector is thus independent of electrode

number so the lateral electrode-disk overlap areas are given by

Agi] - Ag (Td7 ll? L, yC) AS(Ti,h lz) <A24)

Note that when the disk is centered at the origin, Ag (rq,1;,0,0) = As(ra, ;).

The lateral electrode-disk overlap centroids are now calculated. The first moment of area
of §j in the C;-direction, ij (ra,li, Te, ye), is computed, beginning with quadrants 1 and 2
of the C-frame:

Yoty /T3— (xd xc)?
Qu; = / / Ya dya dzq

— §/ [yc + 2yc\/ — (2q — )2+ 73 — (2q — ) — lf] dzg
Tq

1

x4

xy werd (PR Ari—axl-x
6 2 2

+yc/ \/rd xq — x)?dxg, (A.25)

where the four arguments of ij have been dropped for brevity. The remaining integral
on the right-hand side of (A.25) is solved using integration by substitution. Substituting

U = xq — T SO that du = dxg,

Zq u2
/ 2 \/7"?1 — (24 — ) drg = / \/7q — u? du. (A.26)
Tdq ul
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Now let u = rqsin(v) so that du = rq cos(v) dv:

/ \/73 —uldu = / rq Cos.(v)\/rf1 — r2sin®(v) dv

u1

7"2 V2
= Ed (14 cos(2v)) dv
1 2
= rzd (v + §sm(20)> )
2 ”
= Ed (v + sin(v) cos(v)) (A.27)

Substituting v = sin™* (%) into the equation and returning to (A.25), the first moment
of area of Sj, 7 =1,2, in the Ci-direction is

3 2 2 2 .2 7 T4,
& + Ty (yc + Tq T lz)xd

@z, == 9 2

£Bd1

x4
+ ycrgi (Sin_l (xd - mc) i Tq — Tc \/1 . (xd _2xc)2)
2 T4 T4 r3

Continuing on to the first moment of area in the Cy-direction for j = 1, 2,

Y+ 7" CEd xc
/ / Tq dyq dxq
(12
= / |:<yc — i) zq + xd\/ﬁ — (xq — xc)Q} dxqg
Tq
1 $d2
/ Zq \/rd (xq — 2)? daq. (A.29)

To solve the remaining integral, let u = xq — 2 so that du = dxg4.

Tdoy u2
/ xd\/rﬁ—(xd—xc)ded:/ (u+ zc)y /72 — u?du
Td, ul
:/ u\/rﬁ—quu%—xc/ \/73 —u?du (A.30)
ul ul

Focusing on the first integral on the right-hand-side of (A.30), let v = r? — u? so that

) (A.28)

dp

2

(yc -
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dv = —2u du.

ug V2 1
/uwrﬁ—quuz/ —§v1/2dv

u1 v1
V2

1 3/2

w

V1
(3 —u)"|

(A.31)

Wl

Turning to the second integral on the right-hand-side of (A.30), let u = rqsin(v) so that

du = rqcos(v) dv.

u2 V2
/ \/ 73— u?du = / Tq COS(U)\/T?1 — d2sin®(v) dv

,,,2 )
= 3d (1 + cos(2v)) dv

v1

2 .
o3 sin(2v)
=3 (v—l— 9 )
3
2

v2

U1
v2

(v 4 sin(v) cos(v))

U1

2 2

2. (u U u

pr— — — —_— 1 _— —
2 <sm <rd> + d rﬁ)

Multiplying the solutions in (A.31) and (A.32) by the appropriate coefficients from (A.30)

(A.32)

and summing the result,

u2

zq 2 ,2\3/2
/ 2xd\/r§—(l’d_xc)2dxd:_%
Zd, u
v (A.33)

2 2

LT L U U U
+ =4 (sml(—)+— 1——2>

2 rq rq r3

Substituting u = x4 — 2 into the solution and returning to (A.29), the first moment of area

ul

of S‘j, 7 =1,2, in the Cy-direction is given as

. Yo — 1) 22 (12 — (2q — 3)2)*? e
Q . d d
vi =

2 3

Td

' Tq (A34)
N Ty (Sin_l (a:d — xc) L T T \/1 (w4 _23;C)2>
2 Td Td T3
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For the third and fourth quadrants of the C-frame, the first moment of area of Sj in the

C;-direction is given by

Qu; I/ / Ya dya dzq
r2—(zq— xc)2

= —5/ [ 2 +y? —2yc\/7"d (a — )2+ 75 — (xd—xc)2] dxq
Zd,

x_g_xcxﬁ_ (Y2+ri—a2-0)x
6 2 2

The remaining integral was solved above, so for j = 3,4:

2 2,2 .2 g2\, |%a
rery (Yo +rg —ag — )xa|

2 2

3
~ _‘Td_
Ql‘j_6

I‘dl

+ ycrﬁ (sin_l (xd - xc) 4 Tq — Tc \/1 _ (xd _Q'Tc)2>
2 Tq T4 r3

The first moment of area of Sj, j = 3,4, in the Cy-direction is

- Tdgy —li
Qy, = / / xq dyq dzrg
’ Tdq Y=/ Tfl_(wd_l'c)z
$d2
= / [—(yc +1;)xq + xd\/rﬁ — (zq — xc)ﬂ dxq
$d1
l 2 Tdy

(yc + / SL’d\/Td (xqg — xc)?dxq

CEdQ

Ctdl

—i—yc/ \/T’d (xq — xc)? dzq.

(A.35)

(A.36)

(A.37)

Only the coefficient in the first term changes between the j = 1, 2 case and the j = 3,4 case,

SO

Tdy
(ye+1l)ad (13— (za — 20)®)™”

2 3

Qyj = -

.’,Edl

2 — _ )2
+ Lcl'g <sin1 <Id JZC) + Td — Lc \/1 . (xd Qxc) )
2 Td rq T3

CCd2

Idl
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In summary,

( 2,2 Tq
x| mexd (ye+ri—ze—17)xq yerd 2 -
~ ( ) 6 + 2 + 2 + 2 a(x ) o J = 172
Qo (rayliy T, ye) = < 1
x5 y iy ey Ye 3 o2 (y24r2—z2 1 2 Td,
d c®q Yetrg—re—l7)Ta Yerg .
T T 7 + 5t a(za) J=34
\ Tdy
3/ Zdgy
(ye—li)xg (r?i*(xd*xcy) r? B
2 o 3 + = a(zq) J=12
~ B -
Qyj (Td7 li; .T,'C’ yc) - ( +l ) (r2 (Zd . )2)3/2 9 xd;
Y3 )Ty d— e <’y _
2 3 + 2 a(xd> J = 3747
\ Zd

where

_ _ )2
a(zq) = sin™! <xd .rC) + i \/1 — —(Id gxc) )
Tq Ta T4

(A.39)

(A.40)

(A.41)

The centroids of the electrode-disk overlap areas in the C-frame are computed according to

( ~
Qyq (ra,lixe,yc)—Qy(riili) .
A j=1
Ei1
ng (Tdyli,zzyc)+Qy(Ti,iyli) ] — 2
To o = ~ Ei2
e ng (Td:liJC:yc)JrQy(ri,iyli) S 3
Ag;g J
C?y4 (rd7li7$C7yc)_Qy(7’i,iyli) .
Ag. =4
\ 4
( ~
Quy (raslisteye) =Qa(riili) - _ 1
Agyy J
Quy (Td,li@z?ic)—Qw(Ti,ivli) ] —9
.. — ~ il
ylj7c ng ("'d»li:fEC»yc)JFQZ(Ti,i:li) g 3
Agyy J
Qz4(Td»li713C»yc)+Qz(ri,i7li) j — 4
\ Agyy

Conversion to the N-frame is accomplished using the Ryc transformation matrix,

Tij Tij

Yij Tije

(A.42)

(A.43)

(A.44)

When the nominal position of the disk is selected such that the disk’s center of mass lies at

the origin of the N-frame, these centroids can be written in the form

_ (Oa Fi) Jj=2

(A.45)



Table A.2: Geometric Parameters for Electrode Configuration I

Symbol Description Value
T inner radius of primary electrodes 1.5mm
T1o outer radius of primary electrodes 37 mm
o inner radius of lateral electrodes 38 mm
72,0 outer radius of lateral electrodes 44 mm

[y half gap between primary electrodes 0.5 mm
lo half gap between lateral electrodes 3.5mm
Ag,, primary electrode area 10.3 cm?
Ag,, lateral electrode-disk overlap area 1.65 cm?
1 radial distance to primary electrode centroids 22.5 mm
T radial distance to lateral electrode-disk overlap centroids | 36.4 mm

Table A.3: Geometric Parameters for Electrode Configuration 11

Symbol Description Value
T inner radius of control electrodes 1.5mm
T1o outer radius of control electrodes 26 mm
T2 inner radius of primary sense electrodes 27 mm
T2.0 outer radius of primary sense electrodes 37 mm
T3 inner radius of lateral electrodes 38 mm
3.0 outer radius of lateral electrodes 44 mm

Iy half gap between control electrodes 0.5mm
Iy half gap between primary sense electrodes 1.0 mm
l3 half gap between lateral electrodes 3.5mm
Ag,, control electrode area 5.05 cm?
Ag,, primary sense electrode area 4.83 cm?
Ag, lateral electrode-disk overlap area 1.65 cm?
1 radial distance to control electrode centroids 15.9mm
T radial distance to primary sense electrode centroids 29.3 mm
T3 radial distance to lateral electrode-disk overlap centroids | 36.4 mm

Computed values of the lateral electrode areas and centroids for the initial and updated

electrode configurations are provided in Tables A.2 and A.3, respectively.
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APPENDIX B
Fringing Field Capacitance

The parallel-plate capacitance estimates in (2.43) neglect the effect of electrical field fringing
near the edges of the disk and electrodes, thus underestimating the true electrode-disk ca-
pacitances. The effect of the fringing capacitance is difficult to quantify due to the irregular
shape of the electrodes. An expression for estimating the fringing capacitance for circular
plates was proposed in [SBS86], however, due to the relatively large perimeter-to-surface-
area ratio of the electrodes, especially as annular index increases, a rectangular plate model
is assumed for analyzing the fringe field effects. The total capacitance, including fringing, of

parallel rectangular plates given by

oo (i (e (ZN)) (142 (ew(2)).

where w and [ are the plate width and length, respectively, and d is the plate separation, has
been shown to match simulations using finite element methods with high fidelity for a wide
range of plate gaps [Pal37, HZP07]. Applying the expression in (B.1) to the electrode-disk

subsystem, the fringing capacitances between the disk and the top electrodes can be written

Ch,, ~- Ml (1 il (1 o (%_w)))
20 — Zij TW;j - 20 — Zij (BQ)
x(1+u<1+ln( s )))—Cti..
7Tlij 20 — Rij /
Similarly, the fringing capacitances between the bottom electrodes and the disk are
o 28 (1 4 (1 (2100
20 T Zij TW;; 20 + Zij
o 7 NN (B.3)

wl1e 2t (1o (2 ) e
7Tlij Z()"‘Zij A
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Table B.1: Nominal Fringing Capacitances

Electrode Configuration I Electrode Configuration II
Capacitance, Fringing Capacitance, Fringing
Electrode Fringing Ignored Capacitance | Electrode Fringing Ignored Capacitance
& 77.1pF 1.54pF & 37.6 pF 1.03pF
& 12.3pF 1.02pF &y 36.0 pF 1.25pF
Esj 12.3pF 1.02pF

Since the electrode-disk capacitors are not rectangular, however, geometric approximations
are used for the lengths and widths. For the innermost electrode set, i.e., i = 1, the electrodes
are approximated as squares. For the lateral electrodes, the widths will be taken as the
difference between the disk radius and the inner radius of the lateral electrodes, with a
correction factor that takes into account the lateral position of the disk. In the case of the
second electrode configuration, the width of the middle annulus of electrodes is taken as the
difference between the outer electrode radius and the inner electrode radius. These widths
are summarized as
Ag,; i1=1
rd_TZ,i—i_cj =2

for the initial electrode configuration and

Az i=1

i
Wij = § Too — Toj i=2 (B.5)

rq—T3itc 1=3

for the segregated electrode configuration where the correction factor, c;, is

(- (B.7)

The results with the disk suspended at its nominal position are summarized in Table B.1

and compared to the capacitances computed in (2.43). Note that the top and bottom
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Table B.2: Fringing Neglection Error

Electrode Configuration I Electrode Configuration II
Electrode Capacitance Underestimate | Electrode Capacitance Underestimate
& 2.00% &1 2.74%
Esj 8.32% &sj 3.46%
Esj 8.32%

electrode-disk (fringing) capacitances are identical (hence the “t” and “b” subscripts on the
electrodes have been omitted in the table) and the specific electrode, j, for a given annular
ring is inconsequential with the disk in this position. The percent error of each electrode-
disk capacitance due to neglected fringing effects are computed relative to the approximated
values from (2.43) and are provided in Table B.2. The relative error increases with the
ratio between perimeter and area, however, even for the lateral electrodes where this ratio
is largest, fringe field effects do not appreciably change the total electrode-disk capacitances

and can be ignored.
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APPENDIX C
Viscous Damping

The fluid (air) permeating the micro-scale gaps between the disk and electrodes provides
noticeable damping to disk motion in the translational, roll, and pitch degrees of freedom.
Advanced modeling techniques for such damping terms are beyond the scope of this disser-
tation, however, simple mathematical approximations have been previously developed that
are applied to the disk system. The squeeze film damping of a fluid is governed by viscous
and inertial effects, however, for the small gaps associated with MEMS devices, inertial ef-
fects are negligible and the squeeze film behavior is approximated by the Reynolds equation.
In [BY07], the Reynolds equation is applied to parallel plates moving vertically relative to
one another, i.e., the gap between the plates expands or retracts, and a linearization is per-
formed about the nominal plate gap. Isothermal conditions and slow squeeze action, i.e., the
gas is considered incompressible, are assumed and the Reynolds equation for squeeze film

damping is given in polar coordinates by

10 0 124 .

= = C.1

r Or (Tﬁr (r)) h3 (C.1)
where p is the damping pressure, u is the dynamic viscosity of the fluid, h is the height of
the nominal plate gap, and h is the velocity of the movable plate. The damping force can be

computed by integrating the damping pressure over the plate area, and the vertical damping

coefficient, ¢, is given by
3murt
C = (573
2h3

(C.2)

where 7 is the plate radius. With the disk suspended, two air gaps are established that both

provide damping and must be accounted for. The vertical damping coefficients for the top
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and bottom air gaps, c,, and c,,, respectively, are given by

3murg
CZt - Zsh 3
3mury
€ = T 3
2+ 7)

and the net vertical damping coefficient is the sum of the top and bottom vertical damping
coeflicients,

Cy = Cy + Cay .- (C4)

The torsional damping coefficients are estimated from approximated damping moments
of rectangular torsion mirrors. A linearization of the Reynolds equation was performed
in [PKP98] by assuming small angular displacements and a harmonic response of the mirror.

The damping moment associated with angular rotation « is approximated as

4 e
M, =— 5 P 4, (C.5)

w ()7 +a) 7

where w and [ are the plate width and length, respectively. This solution is extended to

circular plates using area as follows. The disk can be thought of as an ellipse, with major
and minor axes that are equivalent in length. Applying (C.5) to a plate where the length

and width are identical,
48l
ons

Since the area of such a plate (a square) is given by [?, the area cubed appears in the

M, = — (C.6)

numerator. Thus, [ is approximated by the area of the disk raised to the power of three,

48ur§

M, ~ — a3 (C.7)

Applying this approximation to the disk-electrode subsystem and taking into account the
squeeze films above and below the disk, the top and bottom torsional damping coefficients

are given as

487§
09t - 3 ( Zsh 3
o (7 — z) (C.8)
484ur§ '
Cgb =

5 (%h + 2)3.
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The net torsional damping coefficient is the sum of the top and bottom torsional damping
coeflicients:

Cy = Cy, + Cqy,- (09)

Due to the symmetry of the system, the torsional damping coefficients about both the Ni-
and Ny-axes are identical, i.e.,

Cp = Cp. (C.10)

Because of the small-scale air gap between the disk and each plate relative to the disk
diameter, viscous damping in the lateral directions is approximated by Couette flow, which
describes planar shear-driven fluid motion between two infinite plates, one of which moves
at constant velocity while the other remains stationary [Wil07]. Ignoring pressure gradients
(out-of-plane motion of the disk is neglected) and modeling fluid flow as fully developed, the
Navier-Stokes equations applied to the Couette flow problem simplify to

d*v

d_772 =0, (C.11)
where 7 is the vertical spatial coordinate normal to the plates and v(n) represents the velocity
field of the fluid. Assuming for now that the bottom plate is stationary and represents the
bottom glass plate and the top plate represents the moving disk, the boundary conditions
are given by v(0) = 0 and v(h) = V, where h is the gap between the plates and V' is the
velocity of the disk. Integrating (C.11) twice and applying the boundary conditions yields

the velocity field

o) = 7n (€.12)

According to Newton’s law of viscosity, the shear force acting on the moving plate is given
by
dv  pA

Fs ear — A— = _V7 C.13
h H dn h ( )

where A is the plate area. The damping coefficient is the term preceeding the plate velocity,

Cshear — % (014)
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For the disk system, shear forces resist in-plane motion due to the fluid both above and below

the disk, so the top and bottom damping coefficients for disk motion in the Ni-direction are

given by
2
o = ngﬂdz
> (C.15)
e — M

b Zs ?
=tz
respectively. The net damping in this direction is the sum of the two damping terms and a
single damping coefficient,
Co = Coy + Caps (C.16)
is quantified. Performing the computations in the Ns-direction yield an identical viscous

damping coefficient:

Cy = Cy. (C.17)
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APPENDIX D

Gradients of the Generalized Forces and Torques

The gradients used in developing the time-invariant discrete-time model from linear varia-
tional equations are computed in this appendix. The calculations are presented in the order
they are implemented in the script that generates the model and any long-form final results
are omitted since the gradients of the generalized forces and torques with respect to q, ¢,
and wye can be written in terms of the computations from prior steps. Partial derivatives

are simply presented and intermediate computations are left to the reader.

Beginning with the system geometry, the electrode-disk overlap areas and centroids for
the inner (non-lateral) electrodes are independent of the disk position and velocity, thus
these gradients are all equal to zero. The lateral electrode-disk overlap areas and centroids,
however, are dependent on the lateral position of the disk. The expressions for these values
are fairly complex and computing the gradient with respect to ¢ is tedious, nevertheless, the
midpoint method is used to numerically approximate the partial derivatives of the overlap

areas and centroids with respect to x and y according to

aA&'j (ZE, y) 1; A&'j (l‘ + 51) y) - A&'j (ZE - 51) y)
—_— X 1IN
ox 0,—0t 269: (D 1)
aA&j (x7 y) . A&'j (3:7 Y+ 51/) - A&j (x7 Y- 53/) .
— - """~ lim
dy 8y—0+ 20,
0% ~ lim Zij(x + 02, y) — Tij(x — 64, 9)
ox 6o—0F 20, (D.2)
(9@]- ~ lim j,»j(x,y—i—%) — i‘ij(l’,y — (Sy> ’
dy 5,0+ 26,
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Wis o iy Y@+ 00 y) — Gis(@ — 00y y)

ox 0z —01 2(51 (D 3)
Oij I Yij(w,y + 6y) — ij(w,y — §,) '
— X l1lIn )

8y dy—0t 2(5y

where , = J, = 1nm is implemented. Since the areas and centroids are assumed to be

independent of angular rotations and vertical translations,

0As, _04s, _9As,

0z 00 Op
8@'@‘ (93_% 8i‘ij
_ — — D.4
0z 00 Op 0 (D-4)

0Yij _ 0Yij _ 0Yij
0z 00 Op

=0.

The vertical deflections of the disk that define the capacitive gaps, z;;, are dependent

only on ¢ and the corresponding partial derivatives are given by

oz ox ox

8z,~j ai’i]‘ 8@1]
= — 0 —1
dy "oy " (5‘y

9z _ 1 (D.5)
0z
Ozij _
ae - ij y

0zij

Oy

The capacitances are a function of the electrode areas and capacitive gaps, so the partial
derivatives of the capacitances with respect to ¢ can be expressed succinctly as a function of

the partial derivatives computed above,

gy, 20 — Zij Oqy (20 — Zij)2 gy, (D.6)
oqr 20+ 25 Oqr (20 + 2i5)° O
Note that the notation qx, k = 1,2,3,4,5, where ¢ = [q1 ¢2 ¢3 1 ¢5)7 =[xy 2 0 ¢]T, is used

to formulate general expressions rather than write out the partial derivatives with respect

to x, y, etc., independently.
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The viscous damping coefficients are modeled with dependency only on the disk’s vertical
position such that

ey _ Oca _ O _ O _
or  dy 00  O¢
dc, 0Oc, dc,  0Oc,
or oy 00 _&p_o (D7)
Ocy _ Oco _ Ocy _ Oy _
or Oy 00  Op

and

ey r? 1 _ 1
N L

dc.  9mpr] 1 1
() o

% B 1444r§ 1 B 1
% "5 \(3-a (349

Due to the symmetry of the system,

Ocy _ Oc
Aqr O
9, _ 9c )
g Oqr

The electrostatic forces are functions of the disk position as well as the electrode voltages.
The partial derivatives of the top and bottom electrostatic forces with respect to g are given

by

— Zij)Q 8% (ZQ — Zij)3 an

8Fbij g aAgij €Agij 8zij 2
— Vy,.
g 2(20 4 2;)° 00 (204 25)° Oqx | ¥

(D.10)

respectively. Since the electrostatic forces from the top and bottom electrodes are exerted
at a coincident point for any given {& ,&,,;} pair, defining

aFnij _ 8Ftij B 8Fbij (D 11)
Oqy Oqr, Oqr '

118



simplifies the expressions in the computations that follow. The partial derivatives of the

electrostatic forces with respect to the top and bottom electrode voltages, respectively, are

QFtij GA&-J-
== Ut‘
avtia‘ (20 — Zij>2 Y
OF, A (D.12)

ij 15

= Uti-'
I, (20 + zij)2 ’
To write the gradient of each electrostatic force with respect to wy, define the vectors €ty

and ey, ; to pick off the states in wy corresponding to the top and bottom electrode voltages,

ie.,
Utij = 63:_]_ Wit (D 13)
Ubyy = €p,, Whi,
so that
oF,.. OF.. OFy, .
i b T by egij. (D.14)

Owg Ovy,, bij vy,

The partial derivatives of the generalized forces and torques, normalized by the disk mass

and transverse-axis moment of inertia, respectively, with respect to ¢ are

0i  k, OF,,

Ox m m4— Ox

& Oy
dy m <~ 9y

,J

0i _ i 0P,

Dz om0z m - 0z (D.15)
0f _ @ 5O,

) — 00
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- = = F. iy

dp  m = ( ”ﬂpaw)
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mdz  m 0z (D.17)
1 (9Fnij
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o 1 _ OF,, Ot
5o =g (e e m (1-52))

7‘7.]
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0p 1 o 2.) OF,,
00~ I 4 T T
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90 = I(Js—Jt)G +IZ ((x—xm) 35 )

2
Note that k, = k, = 0 for the larger, 41 mm radius disk. The gradient of the normalized

forces and torques with respect to ¢ is thus

[0 0i 0 9@ 03|
or Ody 0z 00 Oy
o5 0y 9y 9y 9y
or Oy 0z 00 Oy
_ e ez ez ez oz D.2

vq‘f ox Oy 0z 00 9dp| ( ’ 0)
o6 80 08 H6 9
or Oy 0z 00 Oy
op op 0p e 0%
| 0z Oy 0z 00 Oy

Similarly, the partial derivatives of the normalized generalized forces and torques with respect

to wyi are
Owy M - OWyg
oy B 0 8Fnij
Owy — m v OWye

0 1 OF,

awtf - E i awtf (D21>

06 1 _ OF,,
)

8wtf Jt i awtf
95 1 @ 3 OF,,

= - T — T ’
8wtf Jt ! 8wtf
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and the corresponding gradient of f is

The gradient of the normalized forces and torques with respect to ¢ is given by

Vif

o o o o 3

Ve f =
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o O
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0 0

0 0
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