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Abstract

An electrostatic actuatadriven by conventional voltageontrol and charge contralequires high
actuation voltage and suffers from the paoliphenomenon thdimits its operation rangemuchless

than itsentire gap To provideeffective solutions tothese problemswe present complete analytical

and numerical models ofarious electrostatic actuatareupled with resonant drive circuits treat

ableto drive electrostatic actuatomt much lowernput voltage than that of conventionattuation
methods and to extend their operation range beyond their conventionil paihts in the presence

of high parasitic capacitanckloreover, in order to validate tranalytical and numerical models of
various electrostatic actuators coupled with the resonant drive circuits, we perform the experiment on
the microplate and the micromirror coupled with the resonant drive circuit. For instaimaga high
voltage amplifer, we manage to rotate the micromirraiith sidewall electrodedy 6 °at 180 V.
However,using the resonant drive circuit, we are able to rotate the same micromirror by 6 ° at much
lower input voltage, 8.5 VIn addition, he presented work also faciliés the stability analysis of
electrostatic actuators coupled with tfesonant drivecircuits and provides howihe effect of the
parasitic capacitancean be minimized. For example, the resonant drive circuit placed within a
positive feedback loop @ vaiable gain amplifieiis able to extend the operation range much further
even in the presence of very high parasitic capacitance. The resonant drive circuit with the proposed
feedback controllers is also able to minimize the detrimental effects of tteitiparapacitancand to
displace a parallghlate actuator over its entire gap without the saddide bifurcationFinally, we

present a new displacement measuremmathodof electrostatic actuators coupled with the resonant
drive circuitsby sensing ta phase delay of an actuation voltage wé$pecto an input voltage. This

new measurement method allows us to easily implement feedback control into existent systems
employingan electrostatic actuatarithout any modification or alteration the eleatostatic actuator

itself. Hence, thigesearch worlpresents the feasibility aflectrostatic actuatorsoupled with the
resonant drive circuitn variousindustrial and medicahpplications, in which the advantages of
miniaturization, low supply voltagand low power consumption are greatly appreciated.
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Figure 3.11 Normalized displacement of the pargillate actuator inerms of the phase delay of the
actuation voltage with reference to the input voltage in the case of the initial quality factor
Qs=50, and the ratio o, to C, r=25,r=50,r=100,r=200, and =400...............ccceerrrrrrrrurnus 36

Figure 3.12 Schematic of the phase detector to measure the phase delay of the actuation voltage with
resSPect tO tNENPUL SIGNAL..........ooiiie e e 37

Figure 3.13 Normalized displacement of tleglletplate actuator in terms of the phase delay of the
input current with reference to the input voltage in case of the initial quality f@st&0, and
the ratio ofC, to Co, r=25,r=50,r=100,r=200, and =400............cc.eccerrrrrrrrrmmiir e 39

Figure 3.14 Block diagram of the numerical model of the paspléde actuator coupled with the
resonant drive circuit that is created in Matlab/Simulink; its left side representing the resonant
drive circuit and the right side depicting the pargllieite actuator.................cccccceeeevveee.... 40

Figure 3.15 Block diagram of the numerical model of the simplified pajabéd actuator coupled
with the resonant drive circuit represeniBdEQ. 3.16.........ccccceeeeeeiiiiiimemniciiiiieeeeeeeeenn 40

Figure 3.16 Step response of the paradlale actuator driven by the resonant drive circuit excited by
the input voltageu=0.7 V, which corresponds to the normalized input volthg@.0342; the
actuation voltage is obtained from the numerical model in Figure 3.14; and the envelope of the
actuation voltage is acquired from the numerical model in Figure 3.15......................... 42

Figure 3.17 Hysteresis of the paraiidaite actuator driven by the resonant drive circuit in case of the
initial quality factor,Q;=50 and the ratio o€, to C,, r=100; the fixed points represented by the
blue thick solid line are obtained by the upward voltage sweep; and the fixed points denoted by
the red solid line are acquired by the downward voltage sweep.................cceeceeinriinnnnns 42

Figure 3.18 (a) Schematic of the experimentugetwith the paralleplates contrdéd by the
micropositioner and (b) the picture showing the parpliales with the micropositioner......43

Figure 3.19 Displacement measurement of the pajabébs through (a) the voltage gain and (b) the
phase delay of the actuation voltage with respect to the input voltage: the red solid line
represents the analgél result, and the red solid boxes denote the measuremer@ w5 pF;
the blue dashed line represents the analytical result, and the blue solid circles denote the
measurement Witll, =1015 PF.......c.oooiiiiiii e 44

Figure 3.20 Displacement measurement of the payalgds through the current gain (a) and phase
delay of the cuent with respect to the input voltage (b); the red solid line representing the

estimation and the red solid boxes denoting the measuremenCy#800 pF; the blue dashed
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line representing the estimation and the blue solid circles representing the measusitin
CpmL000PF ... ettt et ee et 44
Figure 3.21 Screenshots of the ossilope that capture the input voltage (Ch 1, Yellow), the
actuation voltage (Ch 2, Green), the current (Ch 4, Light Blue) through the resonant drive circuit
in the main window, the Lissajous pattern of Ch 1 and Ch 2 in°théridow and the Lissajous
patern of Ch 1 and Ch 4 in th&*@indow with Q=32.35 and =58 at (a) zero displacement, (b)
300 em displacement, (c) 600 &m.di.s.pl.agbement , a
Figure 3.22 Screenshots of the oscilloscope that capture the input voltage (Ch 1, Yellow), the
actuation voltage (Ch 2, Green), the current (ChightiBlue) through the resonant drive circuit
in the main window, the Lissajous pattern of Ch 1 and Ch 2 in°thérdow and the Lissajous
pattern of Ch 1 and Ch 4 in th& @vindow with Qi=32.94 and=32 at (a) zero displacement, (b)
300 em displacement, (c) 600 em.di.s.pl.ag6ement , a
Figure 4.1 Electrostatic actuator, representedChy coupled with the unbalanced resonant drive
circuit that is driven by a unitgain amplifier U1, also known as a buffer.......................... 49
Figure 4.2 the parallgilate actuator coupled with the balanced resonant drive ciréuindby two
voltage sources 180 ° out of phase to each Qther...........cccvviiicceeceee, 49
Figure 4.3 Frequency responses of the unbalanced (the red dotted lines) and the balanced resonant
drive circuits (the blue solid lines) implemented with the same electronic components..50
Figure 4.4 Saddle nodes of the pargtliglte actuator driven by charge control circuit, the unbalanced

and balanced resonahiive circuits with the same components: in terms of the ratiq td G

Figure 4.5 Balanced resonant drive circuit excited by twarps in the BTL configuration: U1 is
configured as a nemverting amplifier with the voltage gain of 10.1, and U2 is arranged to be
an inverting buffer to provide 180 °.phasdft with respect to the output of Ul.................. 53

Figure 4.6 Balanak resonant drive circuit driven by antiidge and MOSFET drivers: Ul is a
MOSFET driver with the noinverting output; U2 is a MOSFET driver that has an inverting

Figure 4.7 Balanced resonant drive circuit driven by two logic gates arranged in the BTL
configuration: both logic gates have the ppsil OUPUL.............cccceiiiiiiiiiiimeniieeeeee e 55
Figure 4.8 Impedance of the resonant drive circuih wespect to the input frequency: the input

frequency is normalized with respect to the resonant freqUEeNCY............eevvvvvvieeeeeeeeeennn. 56
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Figure 4.9 (a) Unbalanced resonant drive circuit placed within a positive feedback loop edimp op
that is configured as a nemverting amplifier with the minimum gain of (14/Rs) and (b) an
unbalancd resonant drive circuit represented by Z in.(@)-.........ccovvvviiiiiieeeiiiiiiieeieeeeeeeen, 7

Figure 410 Voltage gain of the neinverting amplifier in the previous figure in terms of the
normalized impedance of Z with the condition @GER;=R,. .....vvvvviviiiiiiiiiii e 58

Figure 4.11 Ommps, Ul and U2, configured as a swoverting amplifier with both negative
feedback and positive feedback loops implemented: (a) the negative feedstckger than
the positive feedback; (b) the positive feedback is stronger than the negative feedback; (c) Ul
and U2 are powered by 5V and V; and (d) an 1 ), sinusoidal input signal without a DC bias
=L KO I 20 SO 59

Figure 4.12 the SPICE simulation result of the circuits in the previous figure: the red sgliditin
represents 1 ) sinusoidal input signal at 10 Hz; the green solid line, V3, denotes the output of
U1 in the previous figure; and the blue solid line, Vc, represents the output of U2 in the same

Figure 4.13 Simplified schematic of the unbalanced resonant drive circuit placed within a positive
feedback loop of an oamp, the output voltage of which is equal tQuV.....cccoeeeeveeiiiininnnce 60

Figure 4.14 Fixed points of the paralf@hte actuator driven by the resonant drive circuit arranged in
the positive feedback loop of the nmverting amplifier with the following parameters:
R=2000q , =R 1 0 0¢=50,,and@=Rs= 1 0 Q.....Qervveerreerrierimmresieeeiee e seee 64

Figure 4.15 Bied points of the parallgilate actuator driven by the resonant drive circuit arranged in
the positive feedback loop of the nmverting amplifier with the following parameters:
Rs=2000q , =R 1 0 0¢=50,,and@=Rs= 1 0 0 O..c...0imurieirrirrierireeerire e 64

Figure 4.16 Saddle nodes of the parglelte actuator coupled with the unbalancesmeast drive
circuit driven by the noinverting amplifier implemented with both negative and positive
TEERADACK I0OPS.... ettt e e eeer e e e e e e nnnee ) 65

Figure 5.1 Isometric view of the cantilever beam, which is clamped on the right end, with its bottom
L= [T o o Lo L= T 67

Figure 5.2 Displacement of the cantilever beam actuated by the resonant drive circuit (the red solid
squares) and conventional voltage conftioé blue solid circles) with the following parameters:

the initial quality factoQ;=100, the parasitic capacitanCg=100C,.............ccceeriirriiiiiicnnnne. 70
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Chapter 1

Introduction

1.1 Overview

The development of Micr&lectraMechanical Systems (MEMS) technology in the past decades has
resulted ininnovation tothe automotive, communication and medical industries where size and mass
reduction have improved performance sansors andnicroactuators such as accelerometers for
inertial measurement, ma#ew sensors, and bichips for microfluidics, RF switches and
automotive pressure sensof§. [Popular MEMS devices for optical applications are optical switch
arrays for communicatior]; optical coherence tomography for medical applicati@)s]; confocal

laser scanning microscopfCLSM) for obtaining high resolution image4,$]; and the digital
micromirror device forDigital Light Process(DLP) projection from Texas Instrumens][ For
example,a selectiorof MEMS electrostatic actuators presented ifrigurel.1.

@

Figure 1.1 Examples of electrostatic actuators: (a) a top view afieroplate supportedby a
microbeam, (b) a falseolor image of the same microplate acquired Ipycdilometer, (c) stackec
torsional actuators pegrocessed with the displacement, and (d) a cantilever beam with a b
electrode and its bonding pads

Electrostatic actuation is preferred for MEMS actuators because of its many advantages including fast
response time anehse of integration and fabrication. The requirement of high actuation voltage is its
major disadvantagd-or instance an electrostatically actuated micromirror can dramatically reduce
the size and mass of a conventional endoscope. Hovibediigh actuéion voltage ofa micromirror

and its control circuitvithin an endoscope poses safety concerns because it is inserted into human
cavities for therapeutic and diagnostic purpostence, mich research has beeanductedo drive
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electrostatic actuatomat low actuation voltage without high voltage amplifier and a high voltage
supply.

Another challenge formost electrostatic actuators is the paollphenomenon or the sdid-node
bifurcation thatimits their operation rangerhus muchresearch has beendieated to extendingn
operation range of an electrostatic actuator beyond thénppdint bythe use of charge contror[g],

voltage control with a feedback capacitor in series with an electrostatic act@et0r, [and
implemenation of aclosedloop control [11-13]. For instanceK.O. Owusuand F.L. Lewis [12]
presenthat their tracking controller through feedback linearization can drive an electrostatic actuator
over the entire gap in simulatipand D. Piyabongkarret al. [13] use the inverse ndnkarity
technique to displace a comb drive by 80 % of its original Hapever, it is difficult to implement a
feedback control due to noise and uncertainty in a displacement measurement.

Hence, we devise a new electrostatic actuation method of ugieglémce transformation circuitry to
drive an electrostatic actuator beyond its qiulpoint at low supply voltagerurther analysis and
numerical simulation on resonant drive circuiigesented inthe next chaptersonfirm that the
resonant drive circuitsan reduce the supply voltage as well as daiveslectrostatic actuatbeyond
its pull-in point evenn the presence dfigh parasitic capacitance.

1.2 Motivation and Objectives

With the advent of MEMS technologies, many differenitroactuatordhave beerdeveloped with
various actuation mechanisms includelgctromagneti§l4-17], electrostatic 18,19, electrothermal
[20.21], and piezoelectric actuatio22-24]. Although electrostatic actuation is one of the most
popular actuation methods, it requiregthiactuation voltage providday a high voltage amplifier,
which must be in turn, powered by a high voltagpower supply,it suffers from the pulin
phenomenon (saddiede bifurcation), andt does not provide the displacement measurement
capability.

1.2.1 Motivation

To providereasonablesolutions to these problems, wake use of impedance transformation. For
example, rost electrostatic actuators have high input impedance over the range of frequencies from
DC to 10 MHz and are considered as a variable émpathe capacitance of which varies from a
order offF to an order of pF, depending on their geometric configuration. However, their operation
requires high actuation voltage that cannot be provided by modern low voltage CMOS devices
operating atl.2V to 5 V. Hence, most electrostatic actuators have been driven by a high voltage
amplifier that must be powered by a high voltage power supply. Although modern amplifiers and
logic devices are not able to drive electrostatic actuators in a direct manmyearéheapable of
driving electrostatic actuators through impedance transformation circuitry by exploiting the feature of
their low output impedance: electrostatic actuators require high actuation voltage (10 V to 300 V), but
sink very low current (arderof pA to an order of nA); modern amplifiers and logic devices provide
low output voltage (0.8 V to 5 V), but are able to source and sink high current (4 mA to 200 mA),
which areused to amplify low voltage into high actuation voltage through impedancfdnanation
networks



A signal transformer presented inFigure 1.2-(a), has been used for wideband impedance
transformation, providing high actuation voltage from low input voltager @ wide range of
frequenciesDriving an eletrostatic actuator with a signal transformer is studied by H. Cahah

[29) . L, T, and ’ net works i mplemented with dis
inductors have been used for narrowband impedance transformation in many RF apglickutike

a signal transformer, these networks wornly at a specific frequency or ovawvery narrow range of
frequencies. Hence, they are called narrowband impedance transformation networks. J. M.
Kyynarainenet al.[26] present their researecbgardingdriving an electrostatic actuator through an L
impedance transformation network that generates high actuation voltage from low AC input voltage
through passive amplification at the resonance of the LC cidrpictedin Figure 1.2-(b). B.
Cagdaseet al.[27] also use an LC tank circuit to drive an electrostatic actuator with low AC voltage
signal at its electrical resonant¢ence, a constant voltage gain is achiewbdna signal transformer

is used for impedance transformati@gardless ofhe frequencies of an input signdowever, their
research does not provide an analytical modéheélectrostatic actuator coupled with their LC drive
circuits and is limited in the presence lofv parasitic capacitance. Hence, we présar showcase

the analytical and numerical model of the pargilate actuator driven by the resonant drive circuit to
facilitate its study of nonlinear dynamics and to further understand how the quality factor of a
resonant drive circuit compensatestfoe parasitic capacitance of an electrostatic actuator.

Y Y
Low Voltage High Voltage _| @Low Voltage High Voltage ——
High Current Low Current ~[ High Current Low Current

(a) (b)

Figure 1.2 Simplified schematics of (a) a step transformer that provides impedan
transformation over a wide range of frequencies up to 1 MHz and (b) an LC resonant
delivering impedance transformation at its resonance

Another disadvantage of the electrostatic actuator is that difficult to sense its statesich as
displacement and velocity due to its small size and limitationgsofabrication methods. Much
research has been dedicated to the displacement measurement of electrostatic actuators. For example,
Robert C.Andersonet al.[28] has been using the capacitance measurement with additional sensing
electrodes to measure thisglacement of the electrostatic actuator. Van Speagah[29] also use

the capacitance measurement to detedalisplacement of a comb drive. Hadt al [30] use
diffraction-based optical detection to measure the displacement of an accelerometaugilithis
measurement method is immune to the parasitic capacitance and provides high sensitivity to the
di spl acement, its fabrication is more coeapl i cat
al. [31] employ optical microscopy and digital imagerrelation techniques to measure thglsne
displacement of a microbeam. Towfighiainal.[32, 33 use a vibrometer to measure the-ofsplane
displacement of a microbeam for their nonlinear controller. However, an optical microscope or a
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vibrometerhas an apparent disadvantage; its implementation into a small form factor is not possible
in a micro scale. Hence, we present a simpler displacement measurement method by sensing the
phase change of the actuation voltage or the current through a resdvartirduit with respect to

the input voltage without any modificatiam altercatioron anelectrostatic actuator itself.

For decades, eesonant circuitonsistingof an inductor and a capacitor has been widely used in
many industrial and biomedical digations: temperature measureme®d][ chemical sensing3p],
pressure monitoring3@, 36, 37], water content monitoring in construction materi&8| [ permittivity
sensing in human tissue84 39|, humidity sensing 34, 40], pH measurement4fl], and srain
sensing in structure€l?]. In these applications, small change in the physical properties of interest
causes deviation in the resonance frequeacyimpedance change withithe resonant circuit.
Through the measurement thiesedeviatiors in the resnance or impedangcéhe physical properties

of interest have been monitored.

Since weuse the resonant circuits to drive an electrostatic actuator, we can easily implement an
additional measurement circuit to detect a change in a voltage gain or alelagseith respect to an

input voltage, which represents a change in a capacitance of an electrostatic actuator. In other words,
as an electrostatic actuator displaces toward its bottom edetrits capacitance increases, which
redues its resonant fregucy. In turn, this increase in a capacitance regulisss voltag gain and

more phase delay in an actuatiaitage anda current that flow through the resonanlrive circuit.
Through the measament of this change in the amplitude or the phase ofdalti@ge and the current

with respect to the input voltage, we are ableneasurea displacement of an electrostatic actuator
without any sensing electrode8] or any optical diffraction measuremer20]. An envelope
detectoris implementedo measurea change in a voltage gain of the resonant drive circaitd, a

phase detectds usedto measurea phasechangeof an actuation voltage or @urrent througtthe
resonant drive circustwith reference t@aninput ACvoltage

In summary, e electrostatiactuation through impedance transformation netwbes considerable
advantages over conventional voltagatrol and chargeontrolas thus

Alt does not require a high voltage power supply or a high voltage amplifier to drive an electrostatic
actuator.

Alt consumes less power than conventional actuation methods do because of low quiescent current
and low supply voltage.

Alt does not need a heat sink or any other thermal control schemes due to its low power dissipation.

Alt can be implemented in a smh&brm factor, whichprovides considerable benefits portable
applicationdbecause athe samereasons.

Alt is inherently safeand robusbecause there is no high voltage or high energy storage component
within its control circuit

Alt is capable of etending the operation range beyond the -pulpoint in the presence dfigh
parasitic capacitance.

Alt provides efficient method® measure the displacement of an electrostatic actuator through the
phase delay cdnactuation voltage with reference to @mput voltage.
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Alt is able toimprove the longerm reliability of electrostatic actuatby minimizing charge
injection or hotcarrier injection to a dielectric lay&s prevent the dielectric charging.

1.2.2 Objectives

To better understarttie nonlinear dpamics of electrostatic actuators coupldthvhe resonant drive
circuits, we derive their analytical moded and developheir numerical and finite element model
presented irthe next chapters. Each chapter in this thesis is dedicated to eactivebjescribed in
the following:

ADevelopmenbf an analytical model of electrostatic actuatmyapled with resonant drive circuits

Using the multiple scale meth®f#3], we derive aranalytical model of electrostatic actuators driven
by resonant drive circugtin order to understand how a resonant drive circuit extends the operation
range of electrostatic actuators through its inherent negative feedback and to investig#te
parasitic capacitancef electrostatic actuators and the quality factor of tlemmant drive circuit
affect dynamics of electrostatic actuators.

ADevelopment of a numerical model of electrostatic actuatmrpled with resonant drive circuits

We also develogheir numerical modedin order to validate the analytical mosgeF the ekctrostatic
actuator driven by the resonant drive circuit and to investigate the transient behavior of the
electrostatic actuatan a slow time scalbecause our interest resides omoalinearbehavior of the
electrostatic actuator.

ADevelopment of aifiite element modelFEM) of electrostatic actuators coupled with resonant drive
circuits

In addition to the numerical modabdf electrostatic actuators driven by the resonant drive circuit, we
develop FEMs of the electrostatic actuators, such as a eantbbeam, a fixedixed microbeam, a
microplate supported by a pair of microbeams, and a micromirror suspended by two serpentine
torsion bars, to validate each analytical model of various electrostatic actuators mentioned.

AStudy on electrostatic actuasocoupled \ith resonant drive circuits that acentrolled by various
modulationtechniques

Various modulation schemesed in RF applications are capable of controlling the output voltage of
the resonandrive circuit. Each modulation scheme appearsaeehdistinctiveimpacts on how an
electrostatic actuator resmto changes ints input voltage and input frequencwe derive the
analytical models of the paralplate actuator coupled with the resonant drive cirauhich is
controlled by amplitudenodulation (AM) and frequency modulation (FM).

ADesignand implementationf theresonant drive circuits

We also design and explore different types of the resonant drive circuits in order to optimize their
characteristics and implementation dependingheir control methods and configuratiohsgeneral,

there are many ways to implemehe resonant drive circwst all of which requirean AC voltage
source Weneed to controkitherthe amplitudeor the frequerty of the AC voltage source in order to
control thedisplacement of an electrostatic actuator

5



Astudy on thalisplacement measuremenéthodthrough the phase delay

We investigatdhow to measure the displacement of an electrostatic actuator when it is driven by the
resonant drive circuitsAs naed previouslywe can measure either a change in a voltage gain or a
phase delay of an actuation voltage with respect to an input AC voltage signal in order to determine
the displacement. We design and presemt displacement measurement circuithile dscussing
advantages and disadvantages of each measurement circuit.

ADevelopment of anlinearfeedbackcontrolmethodswith theresonant drive circust

Using the displacement measurement circuits, we can easily implement a feedback control on an
electrosatic actuator without modifying an electrostatic actuator itself. Hamealesign and present
nonlinear feedback ctmol methods, which can extend tbperation range of an electrostadictuator

that iscoupled with the resonant drive circuits and imprthe stability of an electrostatic actuator
under disturbance.

1.3 Thesis Outline

This thesis is organizedtmeight chapters and each chapter is also divided $otmections each
focusimg on a specific topic in detadccording tdts contents and rel@nceto topics For readability
eachchapter is prepared to be setfntained as much as possible.

In Chapter 2we provide the background knowledge and previous research o/atioeisactuation

method for microactuators fabricated by MEMS technologiesdectrostatic, electromagnetic,
piezoelectric, and electrothermal actuatidoreover, more details on conventional electrostatic
actuation methods are presented and discussed: each actuation method is reviewed in terms of its
advantages and disadvantagésough an analytical and numerical model of a parplige
electrostatic actuator.

In Chapter3 we introduce the resonant drive circtftat is capable of driving most electrostatic
actuators at low supply voltage and extending the operation randectrostatic actuators in the
presence of high parasitic capacitance. The analytical and numerical models of the-glatallel
actuator coupled with the resonant drive circuit are derived and presented to evaluate the performance
of the resonant drive @uit in comparison to that of conventional electrostatic actuafievo
actuation methods implemented with the resonant drive ciecgitalso presented in this chapter:
amplitude control and frequency control. Furthermore, the displacement measuremegi tie

phase delay of the actuation voltage signal with reference to the input voltage signal is introduced.

In Chapter4, we presenthe different types of the resonant drive cirsuivhich provide impedance
transformationand provide explanation dmow the resonant drive circgitan beimplementedand
optimized in terms othe voltage gain and the robustness to the sauttle bifurcation.

In Chapter5, we create and present the finite element models of various electrostatic actuators
coupled with tle resonant drive circuitsa cantilever beam, a fixdiked microbeam, and a
microplate supported by a pair of microbeade demonstrat¢éo validatethe feasibility of the
resonant drive circuitsn various electrostatic actuators.



In Chapter6, we presenthe analytical model and the finite element model of the micromirror
supported by a pair of serpentine springs, when the micromirror is driveithiey a voltage control

or the resonant drive circuit in order to compare its static responses at vamisvoltages.
Moreover, using the analytical model of the micromirror coupled with the resonant drive circuits, we
derive the operation range of the micromirror in terms of the quality factor of the resonant drive
circuits and the parasitic capacitanceha micromirror.

In Chapter7, we introducethe resonant drive circuit with closémbp control that utilizes the
displacement measurement techniques presented in Clapfes previously mentioned, linear
control schemes amot of much use in stabilizopan electrostatic actuator at its pumllpoint, and the
displacement measurement is not possible to be implemented without modification of an electrostatic
actuator itself. Hence, we present nonlinear control schemes capable of driving an electrostatic
actuator at low input voltages am@pable ofextending the operation range beyond its-pulboint

while making use of the displacement measurement method introduced in Chapter 3.

Finally, in Chapter8, we summarizethe contributions, providing conclusierand future works
related tcelectrostatic actuator driven liye resonant drive circuait



Chapter 2

Literature Review

Microactuatordabricated by MEMSechnologyhave been proven to be critical components in many
industrial and lmmedical applications such daser scanning displayoptical switch matrix, and
biomedical imaging systems. In thediapter various actuation mechanisms for mactuators are
presenteddescribed and compared in terms of actuation voltage, power consumption, and fabrication
method.

This chapter is organized as follows. In Section 2.1, various actuation methods, which are used to
drive microactuators fabricated by MEMS technologies, are reviewed and discussed in terms of their
advantages and disadvantagies.Section2.2, more detds on electrostatic actuation methods are
reviewed and presented along with their analytical and numerical mbd8lsction2.3, electrostatic
actuation methodthrough impedance transformatiare also reviewed and presented.

2.1 Various Actuation Methods for Microa ctuators

Microactuators have been fabricated by various fabrication processes, such as Polyskftulti
MEMS Processes (PolyMUMPSs), Silic@n-Insulator MUMPs (SOIMUMPs), Metal MUMPs, and
custom processes. Different fabrication processes allowo usuild microactuators that can be
actuated in different manners. For example, electromagnetic actuation requires ferromagnetic
materials, usually Ni, to be deposited on microactuators, and this process is not compatible with
standard CMOS processes. ldena custom process is usually employed to build electromagnetic
actuators. Even though many unigue actuation methods are developednteationalactuation
methods are electromagnetic, piezoelectric, electrothermal, and electrostatic actuation.

2.1.1 Electr omagnetic Actuation

Currently, electromagnetic actuation providesrendisplacement than other actuation methods do.
For instance, Takayuki Isekét al. [14] implement electromagnetic actuation to displace a
micromirror, achieving a large angular scan angl 8° at 0.75mA, while a micromirrorshows a

linear response to the applied curreHbwever,its implementationd limited by its disadvantages,
such ashigh power consumption, a complicated fabrication process regarding how to deposit
ferromagnetic mi@rials on a microactuator, and a large form facdpheeCugatet al [15] present
electranagnetic microactuators usipgrmanent magnetddvancein material fabrication to provide

thick film deposition of magnetic ateriak on the surface of miceztuatorsreduce voltage and
currentrequirementsHowever thermaldissipationimposed by currenEMOS technology limits the
fabrication of the magnetic film aihe substrate from reaching the desired charactesistic

Extensive research has begaumrsued inrecent yearso overcome these problems by incorporating
other actuation methods. Fekample the array of microshutters in James Webb Space Telescope
(JWST)[44] opens by being pushed away, when an electromagnet runs across over the entife array
microshutters Then,an individual side electrodatches each microshuttethrough the pulin and

kees microshuttersopen. Each side electrode can be turned off individually to release a



corresponding microshutter. Once a microshutter is released by itelsitteode, an individual
microshutter cannot be opened again without the electromagnet sweeping @reirtagray.

2.1.2 Piezoelectric Actuation

Piezoelectric actuation utilizes the piezoelectric effeiezgelectric material generates electric fields

or potential difference across the material ilehit underg@s mechanical deformationor
piezoelectric material deforms in response to applied electric fields. In other wimzselectic
actuation takes advantage of dwrespondingnechanicateformatia to applied electrifield [23].

It has relatively lower operation voltage with low power consumption, better linearity, and fast
switching time 0.1 to 1.0ns For exampleYoung Ho Secet al [24] have demonstrated 3.98m
lateral displacement at 16.V

2.1.3 Electrothermal Actuation

The main advantage aflectrahermal actuatiofis the simplicity of thdabrication methodHowever,
in general, thermal actuation tends to have higher power consuraptiosiow response timeark

Singhet al [20] demonstrat about 10° of angular displacementith approximately 10ns thermal
response time whetheir micromirror is excited at V. The outof-plane thermal microactuat{21]

takes advantages of differencetlie thermal expansionoefficients of Si and Au when ikperiences
ohmic heatingThe configuration of thehin arm and wide armone end of which igixed at the

substratehas nonlinear property due to temperature dependency

2.1.4 Electro static Actuation

Electrostatic actuatiomakes use otlectrostatic force ingbed bythe potential difference between a
microactuator and its electrad@s its applied voltage increasasgher electrostatic force results in
moredisplacementFor most casesioth DC bias and AC signal are usedlisplacea micractuator

at the sme time. Although the dynamics of a micextuator can be linearized within small
displa@ment an electrostatienicroactuatoris inherently nonlinear, making more difficult for
feedback control to be implement&dile achieving aarge displacementAlthough electrostatic
actuation requires higher actuation voltage than that of other actuation meghectsostatic
actuation does not require complicafatirication methodspiezoelectric materials or ferromagnetic
materials deposited on a miaaiuator In addition, most electrostatic actuators reqwiegy small
current depending otthe size andyeometryof microactuatorsin spite ofthislimited operation range
due to thepull-in effect nonlinear behavioin response to applied voltagand high actuation
voltage, electrostatic actuation is one of the most popular actuation methods becausdasf its
response time (less than Ork), low power consumption, antle easiness of integrati@md tesng
with electrical controlcircuitry. The advantageand disadvantages of each actuation method are
summarized in the following table.



Table 2.1: Summary of Actuation Mechanifmn Microactuators

) ADifficult in fabricationof magnetic
. ALow actuation voltage o
Electromagnetic ) i materialwith current CMOS technology
ARelatively large displaament o _
AcChallenge in minimizing size of device

_ _ AHigher switching speed ASmall displacement range
Piezoelectric ] ) .
ALow power consumption AHigh actuation voltage
AHigh power consumption
AEasy fabrication _
Electrothemal ASlow response time

ALow actuation voltage _
AThermal fatigue due to thermal cycle

ALow power consumption

AFast response time

) AEasy to integrate arichplement AHigh actuation voltage

Electrostatic . . . :
with CMOS technology ALimited operation range due to the pil

ACompaible with most fabrication

methods

2.2 Conventional Electrostatic Actuation Methods

Among many actuation methods presented in the previous sed#icimostatic actuation is one of the

most popular actuation methods for microactuators fabricated by MEMS technaleg@eits high
actuation voltage and limited operation rardye to the pulin phenomenonThe reason is #t
electrostatic actuatorsan be easilyuilt by manyfabricationmethods, which areompatible with

most CMOS technologies that are employed in order to manufacture modern analog and digital
devices. Hence, electrostatic actuators can be packaged with control circuitry or measurement
circuitry without much difficulty allowing smaller and simpler products in varioumslustrial
applications.

2.2.1 Voltage Control

Among a variety of electrostatic actuation methaddtage controis the moscommonmethod for

an electrostatic actuator due to its simplicity and sseibied dyamics. For example, a paralahate
actuator driven by voltage control is presentefigure2.1. As the potential difference between the

top moving electrodand its bottom electrodacreasethe electrostatic force also risgsulling down

the top electrode toward its bottom electrode until the mechanical restoring force exerted by the
spring is equal to the electrostatic force in magnitude but opposite in diredtlen governing
equation of the parallgilate actuator driveiy voltage control is presented in Eq. 2Jing the
parallelplate actuator driven by voltage control, we study its dynamics and disadvantages originated
from voltage control in this section.
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Figure 2.1 Parallelplate electrostatic actuator driven by voltage control represented by an
voltage source

2.1)

OL+ L+ B= —t=aTT_)

wherem represents the mass of the pargielte actuator;b denotes the damping coefficierk;
represents the spring constat;denotes the displacemettirepresents the permittivity of aiA
represents the surface armgfathe top electrodeg, denotes the initial gap between ttog moving
electrode and the fixed bottom electrode at r@stjenotes the potential ftBrence between two
electrodes

Using the normalized displacemeqtwhich is equal t&X/g0, werewrite Eq. 21 in terms ok.

(2.2)

(2.3)

In order to detemine the pulin point and the pulin voltageof the paralleplate actuatgrwe define
the net forcd=,, that is the sum of the mechanical restoring fdtggand the electrostatic fordes
as thus:

Trme« T 0@t Ty

b= (2.4)

Since the velocity and acceleration of the pargilate actuator are zero at the fixed points, we
determinethe fixed pointx* of the parallelplate actuator by setting,e to be zero. To evaluate the
stability ofthe fixed pointx*, we need to determine the derivative-qf, with respect tx at the fixed
pointx as thus:

B <oom o vviiny

L | l.“ > 0,50k o ¥0- ve-fiuy

zZ 0

| Sl "X L SIS
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Hence the derivative of- with respect tx is equal to Eq. 2.5:

me T (2.5)

=
e §+I_( o)

Setting Eq2.4 and Eq. 2.5 to zero, we determine the-pufoint x,; and the pulin voltageV, in
Eq. 2.6, which are identical to the results presented by J.I. Seeger and B.E. Boser [7]:

.- . (2.6)

-——,'"'-— #_=

With respet to the pulin voltage derived in Eqg. 2.6, we normalize the input voltage and transform
the governing equation Eq. 2.3 into the ftimensional equation as thus:
o+ Ko e+ 0, © = k= T
O O - T\
ol €9 2.7)

(OF5] =

( 9

where 3 represents the damping ratio,, denotesthe mechanical natural frequency of the parallel
plate actuatqorandV, represents the normalized input voltage.

Using the normalized governing equation E{., 2ve determine the fixed points of the paratiksite

actuator driven by vadtge control and their stabilityy solving Eq. 2.8 and Eq. 2.9, which is the first
derivative ofF. in terms of the normalized displacementThe fixed points of the parallplate

actuator driven by conventional voltage control are presentdegure 2.2, where the solid line
represents the stable fixed points and the dotted line denotes the unstable fixed points. As shown in
Eq. 2.6, the parallgilate actuator undergoesthesacile de bi f urcati on at M of

Fome T =|Dl+ Tmv

_ N (OJ5] =
= o, e+ O 2.8)
o0 ety

T = 0 T (2.9)
= o, T
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Figure2.2 Fixed points of the parallgilate actuator driven by voltage control: the solid blue |
representshie stable fixed points; the dotted blue line denotes the unstable fixed points; a
saddenode bi furcation occurs at M of the or

We alsocreate the numerical model of the parafiieite actuator driven by voltage contdascribed

by Eg. 2.1 inMatlab/Simulink. The physical properties of the paralfghte actuator used in its
numerical model are presented as thus:

Table 2.2Physical prameters of thparallelplate actuator

Parameter Symbol Value
Spring constant k 1 [mN/m]
Mass m 2e-10 [ka]
Area A 10000 [pn]
Initial gap (o 50 [um]
Natural frequency of Actuator fo 356 [Hz]
Damping coefficient b 0.8H4[uN-s/m]
Damping ratio 3 1
Resistance R 40 [ q]
Permittivity of air U 8.854-12 [F/m]
Initial capacitance Co 1.77 [fF]
Parasitic capacitance G 1.77 [pF]
Pull-in point Xpi 16.7[um]
Pull-in voltage Voi 20.45 [V]
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Figure 2.3 Numerical model of the parallplate aatator driven by voltage control described |
the governing equation of Eq. 2.1.

The displacement of the parallgdhte actuator is presented kigure 2.4, as the actuation voltage
increasesAs presented ifrigure 2.4, the numerical results are in good agreement with the analytical
results, and the disadvantagdsvoltage controlare clear: a limited operation range caused by the
pull-in phenomenon and a high actuation voltage required to drive the pplailéehctuator.

~ L i
=El 50 ‘
~ 40+ i

N H
§ 20 i
g
8 20- e
=
2 10+ .
(=] 0 | I . T T 1 | | 1

0 2 4 8 8 10 12 14 16 18 20

Actuation voltage (V)

Figure2.4 Displacement of the parallplate actuator driven by voltage control: the pualoltage
is20.45V;andthepl n poi nt is 16.7 &m, which is e

2.2.2 Charge Control

Insteadof controlling the voltageapplied to amicroactuator, one can control the charge stored in a
microactuator byisinga current source. The simplified schematic of the pafpléde actuator driven

by charge control is presentedkigure 2.5. Since the electric fielts conservative, the electrostatic
force applied on the top moving electrode of the pargllate actuatoiis equal to the partial
derivative of the potential energpresented in Eq. 2.1Gtored in the electric fields inside the
paralletplate actuatoand its parasitic capacitaniteterms of the displacemeas shown in Eq. 2.11

I S S I _ I

R e e ol

J_|L
P

Pt [ <

where U represent the potential energy stored in both the papddld actuator and its parasitic
capacitanceC,; C denotes the sum of the capacitance of the pafdbét actuatorC, and its
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parasitic capacitandg, ; go represents the initial gap; aXddenotes the displacement of the parallel

plate actuator.
I\A{A
R k % % b
® i |

.
Co== Cn o
v

Figure 2.5 Paralletplate actuator driven by charge control; a charge source is represented
ideal current source.
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Using the normalized displacemerand the ratio of C, to Co, Eq. 2.11 is further simplified as thus:

_ [§
W= (v ) (2.12)

Hence, he governing equation tiie parallelplate actuator driven by charge control is as thus:
_ IF
o+ Ko e+ 0, @ —£=I(+> )
>+ ) |k
ST Ty ey

(2.13)

wherex represents the normalized displacement of the papiet actuator;3denotes the damping
ratio; ¥, represerg the mechanical natural frequency of the parallel plate actu@taienotes the
total charge stored in the paralfghte actuator and itsapasitic capacitanc@p; r represents thetio
of the parasitic capacitan€, to the initial capacitance of the paralfghte actuatoC, at rest and
Qn denotes the normalized input charge

As presented in Eq. 2.13, the parafiédte actuatowith C, smaller than one half &, behaves as a
linear systembecause the nonlinear effect of the electrostatic force is minimized. Hence, the-parallel
plate actuator does not experience the-jpuphenomenon when it is actuated by charge coriiia.
normalizd displacement of the paralj@ate actuator driven by charge control in terms of various
parasitic capacitances is presentedrigure 2.6. However, in reality, the parasitic capacitarigeis

much higher than the capacitanCeg of an electrostatic actuator itself, depending on the geometry,
and configuration of an electrostatic microactuator. This high parasitic capacitance acts as a voltage
source providing enough charge to cause theipJlf]. In order todeterminewhere tke pulkin
occurs under various parasitic capacitancesgwaduate Eq. 2.13 while varying the ratio@f to C,.

The pulkin points of the parallgblate actuator are presentedFigure 2.7, when the charge control
method is impmented to drive the paralplate actuator with various parasitic capacitanées.
presented inFigure 2.7, the charge control method is able to extend the operation range of the
paralletplate actuator up to 40% of the initighp when the parasitic capacitance is 5 times bigger
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than the initial capacitandg, of the parallelplate actuator, but fails to stabilize the pargtleite
actuator when the parasitic capacitance is much higher than the initial capaCigance

g .
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Figure 2.6 Fixed points of the parallgllate actuator driven by charge control with varic
parasitic capacitances: represents the ratio of the parasitic capacitaBgeand the initial
capacitance of the paralplate actuatoC, at rest.

................................

0 5 10 15 20 25 30 35 40 45 S0
Ratio of Cp to Co (1)

Figure 2.7 Saddlenode bifurcation points of the paralalate actuator driven by voltage contr
and charge control: the red dotted line represents theénpptints of the parédl-plate actuator
driven by voltage control; and the blue solid line denotes theirpubints of the parallgblate
actuator driven by charge control with various parasitic capacitances.

Moreover,we create the numerical model of the pargllete actuator driven by charge control in
Matlab/Simulink, which isdescribed by Eq. 2.13. The physical properties of the papdhdled
actuator ued in its numerical model are same as those in the previous numerical model. The
numerical model created in Matlab/Simulink is presentelligure 2.8, and the displacement of the
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parallelplate actuator driven by charge cont®lshown inFigure 2.9, as more charges are injected
into the paralleblate actuator and its parasitic capacitancepsented irFigure 2.9, the parallel
plate actuator driven by charge control alsdarmgoes thehargepull-in [7].

uf1)*2*u(2)

electrostaic force

Cp=1.77pF
P P coefficient

stiffiness 1/m velocity | displacement | displacement

scope
. damping
ki Add

1
90 )

Figure 2.8 Numerical model of the parallgblate electrostatic actuator driven by charge cont
which is created in Matlab/Simulink.

20¢
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Figure 2.9 Displacement of the paraliplate actuator driven by charge control asrge is
accumulated in both the paralfg@hte actuator and its parasitic capacitance.

The current source presentedrigure2.5 can be implemented in many different ways. For example,
a transimpedance amplifier with a svhigdl capacitoinput[7, 45, a photovoltaic source and an opto
coupler[46] have been used to drive an electrostatic actuator as a charge source.

2.2.3 Voltage Control with a Feedback Capacitor

Although charge control can stabilize an electrostatic actuatbrnety small parasitic capacitance, it

is more difficult to design and build a charge source that can inject very small predetermined current
over a wide range of voltages. HenEeK. Chan and R.W. Dutton [9] and D.H.S. Maithripetaal.

[10] developthe voltage control method with a feedback capacitor in series to extend the operation
rangeof an electrostatic actuator. The schematic of the pagdéd actuator driven by voltage
control with a feedback capacitor in seriepresented ifrigure 2.10. This voltage control method

can extend the operation range of an electrostatic actuator in the presence of small parasitic
capacitance, while using much higher actuation voltage than that of conventional voltage control.
However,it turns out that this voltage control method also suffers from therpinl the presence of

high parasitic capacitance.
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Figure 2.10 Schematic of the parallglate actuator driven by voltage control with a feedb:
capacitorC; connectedn series with a parallgllate actuator and its parasitic capacitance.

In order to derive the governing equation of the pargliEle actuator driven by voltage controtthvi
a feedback capacitor in series, firat determine the voltage applied on the parallate actuator as
thus:

YRt ) _ _ j |
40-'__+_______°—(ﬁ; o 0_(r;+ﬁﬂ+ mo (2.14)
Ya YR+ F) ]

AL
+

T- I

whereV represents the voltage applied the paralleplate actuator, which is determined by the
capacitive voltage divider presentedRigure 2.10; u denotes the input voltageZ; representshe
impedance of the feedback capacitor; Zadienotes the impedance of the pargblelte actuator and
its parasitic capacitance.

Substituting Eq. 2.14 into Eq. 2.3, we derive the governing equation of Eq. 2.15:

° ° ®= k= 0 i | 2.15
+ KFDD +(DD |:|I ( .) (F_+ F[j)+ FI ( )

To simplify the governing equation, we describe the voltage change in terms of the normalized
displacement of the paralplate actuator and define the ratio of varioapacitances as thus:

—{:_:—: F :L- :F—I
e Rttt (2.16)

Substituting Eq. 2.16 into Eq. 2.15, we derive the governing equation in terms of the normalized
displacement and the input vaj&as thus:

o+ Ko e+ 0, @ = E= 0 _Ir;l
ol ¢ o A, . A
F hd F
e o . (2.17)
B DGO + >
= > 0
- of > (@)t
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Using the pullin voltage of the parallel plate actuator defined in Eq. 2.6, we further simply Eq. 2.17
into Eq. 2.18:

o5 » 0.
o+ Ko e+ 0, = — (2.18)
»+ > ( o) +

Using the normalized governing equation of Eq. 2.18, we determine the fixed points of the-parallel
plate actuator driven by voltage control with a feedback capacitor in series and theitystabili
presented ifrigure2.11, by solving Eq. 2.19.

Jome = =|DI+ Tmv
oy » 9O.
= (DD o+ —
>+ > ( o)+ (2.19)
» 0.
= (DD ®+ —

> > ( o) +

As mentioned in the previous sectighe voltage control with a feedback capacitor in series can
extend the operation range of an electrostatic actuator in the absence of high parasitic capacitance.
However, tle operation range of the paralfghte actuator is limited by the parasitic capacitance of

the parallelplate actuator as presented-igure2.11.
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Figure2.11 Pull-in points of the parallgblate actuator driven by voltage control with various si.
of feedback capacitors in sesiover a wide range of the parasitic capacitance.

2.3 Electrostatic Actuation through Impedance Transforma tion

Unlike all actuationmethods described in the previous sectionis, ékectrostatic actuation method
through impedance transformation requiresigh frequencyAC input signal even for a static
operation and a modulated AC input signal for a dynangierationto take full advantageof
impedance change in an electrostatic actuator over a range of rdifierguencies Moreover, a
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resonant circuihas been widely used in various industrial applications as a sensing elsmatht:
change in the physicgroperties of interest causes deviation in the resonance frequency of the
resonant circuit or impedance changérough the measurement tifese variations, the physical
properties of interest have been monitored

2.3.1 Signal Transformer

A signal transformeror a transformer in general has been widely used in various industrial
applications due to its unique properties, such as vottagerrent conversion and galvanic isolation
between twoadjacent circuits. Ithas been used for wideband impedance transfaymati RF
applications as wellproviding highAC outputvoltage from lowAC input voltage over a wide range

of frequencies (up to 1 MHDr vice versa

H. Camonet al [25] study how to drivean electrostatic actuator with a signal transformesignal
transformer is excited by low voltageC signal, generating a highokkage AC signal, which is
rectified into a high voltage DC signal byful -bridgerectifier. Then, a high voltageectified signal
is used to drive an electrostatic actuator. Becaugdtage gain of asignal transformer depends
winding ratio of the primary and secondary side of a transformemltage gain does not vary,
regardless of the frequency of a low voltage AC signal. Hence, a signal transformergaitediito
drive an eletostatic actuator at its mechanical resonance.

2.3.2 Resonant Circuit

L, T, and ° net works i mplemented with discrete c
have been used for narrowband impedance transformation in many RF applications. Uniiled a sig
transformer, these networks only work at a specific frequency or over very narrow range of
frequencies. Hence, they are callednarrowband impedance transformation networks.

At the resonant frequency of thesigcuits, a voltage gailis highestin a series resonant circuit,
whereas a current gain ggeatestin a parallel resonant circuiBecause we intend to amplify low

input voltage into high actuation voltage, the series resonant circuits are exclusively wlisd

thesis The frequency respeas of the series resonant circuits are present&iyure 2.12. As an
electrostatic actuator displaces toward its bottom electrode, its capacitance increases and the resonant
frequency of the resonant drive circuits decreasésrin Because the frequency of low voltage AC
signal is fixed at the initial resonant frequency of the resonant drive circuits, its voltage gain drops,
reducing the actuation voltage through this inherent negative feedbaenthis inherent agative
feedback is large enough, the resonant drive circuits are able to displace an electrostatic actuator over
its entire gap without the sadet@de bifurcation. In other words, if an electrostatic actuator has small
parasitic capacitance compared to the quédityor of the resonant drive circuits, the resonant drive
circuits are capable of driving an electrostatic actuator beyond thangdint.J. M. Kyynarédineret

al. [26] present their research of driving an electrostatic actuator through an L impedance
transformation network that generates high actuation voltage from low AC input voltage through
passive amplification at the resonance of the LC circuit. B. Cagdasér[27] also use an LC tank

circuit to drive an electrostatic actuator with low voltag@ signal at its electrical resonandéey
However, their research does not provide any analytical model of an electrostatic alriuatoby
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their LC circuis and any insight on relationship between its parasitic capacitance and operation range.
Hence,in this paper, we present the analytical and numerical model of the pptalkelactuator
driven by the resonant drive circuit to facilitate its study of nonlinear dynamics and to further
el ect r osis iateriwioed with titai gpéragiono s

under st and how t he

range and the quality factor of the resonant drive circuit.
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Figure 2.12 Frequency responses of two resonant drive circuits: an unbalanced resonar
circuit depicted by the dotted line and a balanced resomiaet clrcuit presented in the red sol

line.

2.4 Summary

A high actuation voltage has been one of the challenges for the electrostatically actuated micromirror
or torsional actuato Moreover the operation range tife micromirroris limited to 44 % of the
maximumangular displacemerdue tothe saddlenode bifurcation, and thangulardisplacement
measurement ofhe micromirroris difficult to implement due to its minute size andnstraints
imposed byits fabrication methods. To overcome these problemspmesent the resonant drive
circuit that operates at a much lower supply voltage, provide the complete analytical models of the
micromirror coupled with the resonant drive circ@hd we present the new method of the angular
displacement measurement of the micromirror. The presented analytical models confirm that the
resonant drive circuit enables us to actuate the micromardow supplyvoltage and that its
operation range cabe extended in the presence of low parasitic capacitance. Furthermiike, u
conventional high voltage actuation circuits, the resonant drive circegrdi pose any industrial
hazard related to high voltage because a high voltage power supply isqowed for operation.
Hence, it is inheently robust and can be safely implementadmany industrial and medical
applications where high voltagenot albwed. Finally, the new method of the angular displacement
measurement of the micromirror allows déeck control to be easily implemented without any

modification on the micromirror itself.

100

Frequency (kHz)
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Chapter 3

Parallel -Plate Actuator Driven by Resonant Drive Circuit

In this chapter, we derivan analytical model othe paralletplate actuator coupled with resonant
drive circuits in order to analyze its nonlinear behavior and provideomplete theoretical
understanding of its nonlinear dynamics. We create its numerical model to validate its analytical
results as well. Using this analytical model and numerical model,mygh&size more qualitative
properties of thecoupled physics of the paralgelate actuator driven by thesonant drive circuit

than its quantitative details. In other words, we are more interested in a global behavior of the
paralletplate actuator driveby the resonant drive circuits than its localized solutions, which have
been presented by other researchers through the small signal analysis [2Blo&gver, he
analytical model of the parallplate actuator driven by the resonant drive circuitginsight intoan
intricate process ofiow high parasitic capacitance of the paraldhte actuator interacts with the
guality factor of the resonant drive circuit and affects the inherent negative feedback of the resonant
drive circuit, resulting inessrobustness tthe saddlenode bifurcation.

This chapter is organized as follows. In Section &rlanalytical model ahe paralletplate actuator
coupled withthe resonant drive circuit controlled by the amplitude modulation scheme is derived
through he multiple scale methods [43], which allow us to convert a linearvangng system of
the resonant drive circuit into a linear tinmvariant system, which is coupled into a nonlinear system
of the paralleplate actuator. Then, the governing equatibthe resonant drive circui transformed
into an algebraic equation through a frequency response in terms of the initial quality fadter of
resonant drive circuit and the parasitic capacitanddeparallelplate actuator.In Section 3.2,tle
fixed points ofthe parallelplate actuator driven byhe resonant drive circuit are evaluated, and their
stability is also analyzed and presented.Section 3.3, an analytical model of the pargilate
actuator driven by the resonant drive circuit, whishcontrolled by the frequency modulation, is
derived and the stability of its fixed points are evaluate®éction 34. In Section 3.5, amew
displacement measurement methediscussed in general when the pargilate actuator is driven

by the resondardrive circuit. In Sectior3.6, anumerical model ofheparalletplate actuator driven by
theresonant drive circuit is built to validate agalyticalmodel presented in Secti@l and Section
3.2. Moreoverthe numerical model othe phase detectomiroduced in Sectio3.5 is created to
measurahe displacemertf the parallelplate actuator as welln Section3.7, the experiment results
obtained from the parallel platese presented andompared with the analytical and numerical
results

3.1 Analytica | Model of Parallel -Plate Actuator Coupled with Resonant Drive

Circuit Controlled by Amplitude Modulation

In this section, we derive and present the analytical model of the pptatielelectrostatic actuator to
analyze its nonlinear dynamics when itastuated by the resonant drive circuit controlled by the
amplitude modulation scheme as presenteBligure 3.1. Moreover, the parasitic capacitance of the
parallelplate actuator is included in this analytical model so thatfiecteon the stability of the
parallelplate actuator is thoroughly studied and analyzed.
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Figure 3.1 Schematic of the parallplate electrostatic actuator coupled with the resonant ¢
circuit driven by an AC voltage source without a DC bias

Since an electrostatic actuator can be modeled as a variable capacitor, theatalsttuator and
the resonant drive circuit areugaed through the displacement or the capacitance of the paaliel
actuator represented Iy, and its parasitic capacitan€®. Their governing equations are shown
thus:

DL+ =+ -—t=( T_) (3.1)
da+qa+ — A= O (3.2)
A= (f=t )T (3.3)

wherem represents the mass of tparallelplate actuator;b denotes the damping coefficierk;
represents the spring constaKt;denotes the displacemer@;, represents the capacitance of the
paralletplate actuator; Urepresents the permittivity of aif represents the surface arggdenotes

the initial gap between thiep moving electrode and the fixed bottom electrode at ¥estenotes the
potential difference between two electrodesgenotes the indtiance of the inductor represents

total charge stored in both tiparalletplate actuatorC,, and its parasitic capacit@, at any given

time; R represents losses of an inductor and parasitic resistance in the resonant drive circuit, such as
ESR (Equivatnt Series Resistance)representshe peak voltage of an input AC voltage source.

In reality, the inductancé. and the resistanc® in Eq. 3.2 vary over the frequency and are
intertwined: an inductor with higher inductance tends to have more parasistance; a ferrite core

or iron core of an inductor causes a variety of magnetic losses, such as hysteresis loss and eddy
current loss, respectively. An inductor with an air core does not suffer from these losses, but, its size
is much bigger than théze of a ferrite core inductor that has the same inductance. Moreover, when
the current through an inductor increases more than the rated saturation current of an inductor, its
inductance drops rapidly and renders Eq. 3.2 invalid. Hence, the cautioneradtiiessed. In this
resonant drive circuit, the frequency of the input AC voltage remains constant, and the current
through an inductor is kept below the saturation current of an inductor over entire analysis and
simulation to avoid these nonlinearitié¢ence, as long as these conditions are met, an inductor can
be considered as a linear timariant component, and Eq. 3.2 is valid.

After the normalization of the displacement using the following relationship] e, Eq. 3.1 is
converted into Eq. 3.4:
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Furthermore, Eqg. 3.2 representing the resonant drive circuit is linear with -adigiag parameter
Cnm, Which varies slowly with respeta the input AC voltage. In other wordsyery large number of
cycles ofthe input signaklap® by the time therés any significant change ithe displacement dhe
capacitance of the paralplate actuatorSimply speaking, we can assume tBatis a constant on a
fast time scale. Hence, we treat the resonant drive circuiligsaa timeinvariant(LTI) system with
respect to a fast time scale. However, we re@atcs a variable on a slow time scale, becadlise
depends on the displacement, whish in turn, a function of a slow time scale without loss of
accuracy.Thus, the resonant drive circuit depicted by B@. is treated as &TI system and its
frequency response is derived from tiaplace transformatioof Eq. 3.2, resulting in Eg3.5 andEq.
3.6. Through the frequency response presented irBBgwe derivethe voltage gaimf the resonant
drive circuit which depends on the capacitance of the parpliste actuatorBecausehe resonant
drive circuitamplifies the input AC voltage aisi electrical resonangcéhe actuation voltage applied
on the parallelplate actuatoris expressedin generaljn terms of voltage gaithat depends on the
displacement or the capacitance of plagallelplateactuatorCy,.

'n'v
v = = =
T TV dpv+d v (it )V H{(pt ) W

(3.5)

(3.6)

(=t O + 09(Fat 1)
whereU andV represent the input voltage and the actuatimtage across the paraHelate actuator

in the frequency domain, respectiveyrepresents total capacitance of the parallele actuator, the

sum of C,, and C,. In order to derive the voltage gain, we evaluate the frequency response of the
resonant dve circuit, whereCy, ¥, r, andQy are the initial capacitance of the parafidte actuator,

the frequency of the input signal that is fixed at the initial resonant frequency of the resonant drive
circuit, the ratio of the parasitic capacitari@geto the initial capacitancef the paralleplate actuator

Co, and the initial quality factor of the resonant drive circuit, respectively.

4
- T T
0 = »=T= |- (3.7)
= EL

Suppose that the frequency of the input ACamdt source is equal to the initial resonant frequency of

the resonant drive circuit, remains constant and is much higher than the mechanical resonant
frequency of the parallgilate actuator, we evaluate and derive the voltage gain of the resonant drive
circuit in terms of the initial quality factd;, the parasitic capacitan€®, and the capacitance of the
parallelplate actuato€,, through the frequency respormg®sentedn Eq. 3.8:
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Discounting the fringe field of the paralplate actuator, its capacitan€g, has a simple algebraic
expression in terms of its normalized displacemestiownin Eq. 3.9:

I =Ic o o

= (3.9)

Using Eqg. 3.9, we further simplify Eq. 3.8 into Eq. 3.10 representing the frequency response of the
parallelplate actuator coupled with the resonant drive circuit in terntiseoflisplacement rather than
the capacitance of the paralf@hte actuator:

_ rmr >
I F L.) +

)

(3.10)

The voltage gain of the resonant drive circuit is derived from the frequency response of Eq. 3.10 at
the initial resonant frequency of the resonant drive circuit and is presented in Eq. 3.11, which follows
the enelope of the AC actuation voltage. The phase delay caused by the displacement of the parallel
plate actuator is also derived from Eq. 3.10 and is presented in Eq. 3.12, which providés-anene
mapping between the phase delay and the displacement partéelplate actuator, and is used to
measure the displacement of the pargdlate actuator in Section 3.5.

m> (o

= (3.11)
Ifl' +(» o + )
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Because the parallplate actuator is too sluggish to follow a high frequency AC actuation voltage
amgified by the resonant drive circuit, it only responds to the RMS (Root Mean Squared) value of
the actuation voltage. Using the voltage gain in Eq. 3.11, we derive the RMS value of the AC
actuation voltage presented in BdL3:

g»+ (o

T v= == 0 (3.13)
e +(» o + )

Substituting the actuation voltayein Eq. 3.4 withV, in Eq. 3.13, we simplify the™order system
of the paralleplate actuator coupled with the resonant drive circuit into ther@ler system with the
algebraic constraint presented in Eq. 3.14:

g » ©

o+ - 3.14
O 'H" @' I_ ||_I. +(> ° + ) ( )

Normalizing Eq. 3.14 with the conventional pinlvoltage of theparallelplate actuator in Eq. 3.15
[7], we further simplify Eq. 3.14 into Eq. 3.16, which represents a normalizeddimamsional
governing equation of the paraliglate actuator driven by the resonant drive circuit controlled by the
amplitude modulatio:

0= rumio= —B_o (315)

g »+ ¢
|||=I.+(> o + )

o+ Kope+ o, & =—0q (3.16)

wherel denotes the normalized input voltagih respect to the conventional pidl voltage of the
parallelplate actuatorz represents the mechanical damping ratio of the pagpifet actuatory .,
stands for the mechanical natural frequency of the papified actuator.

3.2 Stability Analysis of Parallel -Plate Actuator Driven by Resonant Drive

Circuit Controlled by Amplitude Modulation

Because the velocity and acceleration of the pafplédk actuator are zemt its fixed points, we
further simplify Eq. 3.16 into Eq. 3.17 to determine itsdiymints and their stability as thus:

g »+ ¢
Oy e= —0y — (3.17)
et (» o + )
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Solving Eq. 3.17 in terms of the normalized displacemeantd the normalized input voltadge we
determine the fixed points of the paralhte actuator coupled with the resonant drive circuit and
their stability as thus:

Towe T A0m Ay
L
r. >+ O
= + —
POt e i (v e+ ) (3.18)
m>

o0q o+

_||'=Io+> o +

where the mechanical restoring fofl€g. is equal tathe spring force in Eq. 3.17 and the electrostatic
force Fesis equal to the right side of Eq. 3.17. Qirtbe velocity and acceleration of the pargtlielte
actuator are zero at the fixed points, we can find the fixed pointd the parallelplate actuator by
setting F.; to be zero. To evaluate the stability of the fixed poiht we need to evaluate the
derivative off e With respect to at the fixed poink* as thus:

B <00 o vveing

e [ =X

B > 0.0 o v0n vy

e [ =X

[ SrEINE " o NS
The fixed points of the parallgblate actuatorare presentedn Figure 3.2, when it is driven by
conventional voltage control and the resonant drive circuit with the initial quality f@etfr50 and

three different cases of the para@sittapacitanceC,. The parallelplate actuator driven by
conventional voltage control undergoes the saddt#e bifurcation (the pulh phenomenon) ay of

its original gap, as presented kigure 3.2. However, the fixed points of the paralfghte actuator
driven by the resonant drive circuit depend on the quality factor of the resonant drive circuit and the
parasitic capacitece of the parallgblate actuator. If the parasitic capacitance is small enough
(C,=50C, in Figure 3.2), compared to the quality factor of the resonant drive circuit, the papkdtel
actuator does not experience the satdide bifurcation, and we are able to displtoe parallelplate
actuatorover its entire gap. In other words, all dfie fixed points of the parallgdlate actuator are
stable. In the case @,=100C, in Figure 3.2, the paralleplate actuator has three fixed points: two
stable fixed points separated by one unstable fixed point that causes hysteresisiepg@adence in

the response of the parallgdhte actuator. As the parasitic capacitance increases, the bifurcation
diagram of he parallelplate actuator becomes similar to that of conventional voltage control: one
stable fixed point in the lower branch and one unstable fixed point in the upper branch. However,
are still capable of driving the paralglate actuator at muchwer voltage tharthe conventional
pull-in voltageV,;: the pultin voltage of the parallglate actuator coupled with the resonant drive
circuit is roughly equal toV,; / Qr in the presence of high parasitic capacitari@e> 500C,). The
location of the addlenode bifurcation of the parallplate actuator in terms of the parasitic
capacitance and the initial quality factor are present&igure3.3 as well
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Figure 3.2 Fixed points of the parallgdlate actuator driven by conventional voltage control i
the resonant drive circuit with the initial quality factQ=50 and different parasitic capacitanc
(a) Cp=50C,, (b) C,=100C,, (c) C,=500C,. The solid lines represent stable fixed points and
dotted lines depict unstable fixed points of the paraliaie actuator.

It is well known that the opeloop charg control [7] can displace an electrostatic actuator over its
entire gap in the absence of the parasitic capacitance. In reality, every electrostatic actuator comes
with the parasitic capacitance no matter how small it is. Hence, thelamercharge contd also
undergoes the saddide bifurcation even in the presence of small parasitic capacitance, as
presented ifrigure3.3 showing the location of the ptilh points in terms of the parasitic capacitance.
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Figure 3.3 Location of the saddiaode bifuration of theparallelplate actuator driven by th
resonant drive circuit with the initial quality factor: @=50, (b) Q; =70, (c) Qs =90, (d) open
loop charge control represented by black edathline.
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The parallelplate actuator coupled with the resonant drive circuit is less sensitive to the parasitic
capacitance due to its inherent negative feedback. In other words, even in the presence of the high
parasitic capacitance, the resonant driveuiiris able to displace the paralfdhte actuator over its

entire gap, if its quality factor is high enough. When the quality factor of the resonant drive circuit is
not high enough, the paraHlplate actuator coupled with the resonant drive circuitsdandergo the
saddlenode bifurcation twice that opens up the region of the unstable fixed points depiEtgdrin

3.4.

Region of Stable Fixed Points

0 50 100 150 200 250 300
ratio of Cp to Co (r)

Figure 3.4 Regions of the stable fixed points and the unstable fixed points of the pplatiée!
actuator driven by the resonant drive circuit with the quality fa@uoof 50: the red solid line
represents the location of the saddtmle bifurcation.

3.3 Analytical Model of Parallel -Plate Actuator Driven by Resonant Drive

Circuit C ontrolled by Frequency Modulation

In Section 3.1, we derive the analytical model of the pasplik actuator coupled with the resonant
drive circuit, which is controlled by varying the amplitude of the low voltage AC input signal, while
the frequency othe input voltage is fixed at the initial resonant frequency of the resonant drive
circuit. In this section, we derive the analytical model of the same paghkitel actuator coupled with

the resonant drive circuit, when it is controlled by the frequenadulation. In other words, we vary

the frequency of the input signal to displace the parplitke actuator while the amplitude of the
input voltage to the resonant drive circuit remains constant. Hence, the same governing equations
presented in Sectin3.1 (from Eq. 3.1 to Eq. 3.7) are used to represent the panialiel actuator
coupled with the resonant drive circuit. However, the frequency response of the resonant drive circuit
presented in Eq. 3.19 differs from those in Section 3.1, becausedueriicy of the input signal is a
control variable in this case:
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Using Eq. 3.19, we derive the RMS value of the actuation voltage of the pplatielactuator as
thus:

0
T vy= <= (3.20)
ST T + o

Substituting Eq. 3.20 to Eq. 3.4, we determine the electrostatic force exerted on the patatkel
actuator in terms of the frequency and the peak amplitude of the input voltage as thus:

= Ty p= 0

Tmv~ |:|I ( o) B DI ( .) =||:(D + =||=(D (321)

Using the total capacitance represented by Eg. 3.22 and the normalized input frequency in terms of
the initial resonant frequency of the resonant drive circuit, which is presented in Eq. 3.2&hee f
simplify the electrostatic force presented in Eqg. 3.21 into Eqg. 3.24:
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Using the normalized input voltage in terms of the conventionalipuwibltage [7] in Eq. 3.15, &
further simplify Eq. 3.24 into Eq. 3.25:
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Hence, the normalized, natimensional governing equati of the paralleplate actuator coupled
with the resonant drive circuit controlled by the frequency modulation is represented by Eq. 3.26:
g ©

o+ Kope+ oy e=—0g (3.26)
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wherearepresents the damping ratio of the pargllate actuatory ,, denotes the mechanical natural
frequency of the parallgilate actuatort represents the normalized input voltagegdo denotes the
normalized input frequency in terms of the initial resonant frequeggcy

3.4 Stability Analysis of Parallel -Plate Actuator Driven by Resonant Drive

Circuit Controlled by Frequency Modulation

Using the same method described in Sectionv@e2derive the net force in Eq. 3.27 to determine the
fixed points of the parallgblate actuator coupled with the resonant drive circuit, which is controlled
by the frequency modulation:

Towe T 0w v
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o (3.27)
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Solving Eq. 3.27, we determine the fixed points of the pasplék actuator and their stability, when

it is driven by the resonant drive circuit that is controlled by frequency modulation, as presented in
Figure3.5, where the solid lines represent the stable fixed points of the panlallelactuator and the

dotted lines denote the unstable fixed points, while the frequency of the input signal to the resonant
drive circuit varies. As presented irigure 3.5, the paralleplate actuator exhibits completely
different behavior, compared to its behavior as controlled by amplitude modulatiéguire 3.2.

When the parasitic capacitance of the pargllate actuator is small enough< 83) with the given

quality factor of 50, we are able to displace the parpliie actuator over its entire gap as we sweep

the frequency of the input signal downward. However, with the same condition, the gaatdiel
actuator undergoes the saddle bifurcation as we sweep the frequency of the input signal upward.
The reason is that the instantaneous resonant frequency of the resonant drive circuit decreases as the
parallelplate actuator displaces toward its battelectrode. When the frequency of the input signal
locks into the reduced resonant frequency, the instantaneous voltage gain of the resonant drive circuit
soars, leading to the pdt. In the case of high parasitic capacitance and high input voltagie, th
parallelplate actuator undergoes the sadubele bifurcation, regardless of the direction of the
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frequency sweegdn order to understand how each parameter affects the fixed points of the parallel
plate actuator, we evaluate the fixed points while vayyine parameter with other parameters fixed,
as presented ifrigure 3.6, Figure 3.7, and Figure 3.8, where the fixed points within the shaded
regions are unstable, and otherwtisey are stable.
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Figure 3.5 Fixed points of the parallgilate actuator driven by the resonant drive circuit tha
controlled by the frequency modulation with the paramete€=50 andl =0.033: the solid lines
representhe stable fixed points; and the dotted lines denote the unstable fixed points.
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Figure 3.6 Fixed points of the parallgllate actuator coupled with the resonant drive circ
controlled by the frequencyadulation at various input voltages wifh = 50 and =100.
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In Figure 3.6, we present how the fixed points of the pargtlelte actuator vary as the normalized
input voltage increases. At the low input voltagele0.015, 0.02 and 0.025, the parafiste
actuator does not displace much over the entire range of the input frequency. However, as the
normalized input voltage increases, the saddige bifurcation occurs, splitting the entire parameter
space into twaegions: the stable and unstable regions.

In Figure 3.7, we present the fixed points of the parafiedte actuator as the quality factor of the
resonant drive circuit varies. With the normalized input voltagel ©8.03 and the grasitic
capacitance of,=200C,, there are always the sadalede bifurcations, regardless of the direction of

the frequency sweep. However, the region of unstable fixed points diminishes as the quality factor
increases.

As the parasitic capacitance ofetlparallelplate actuator increases and other parameters remain
constant, the fixed points of the paraldfite actuator are presented kigure 3.8. With the
normalized input voltage df=0.03 and the quality factor @;=50, the paralleplate actuator does

not undergo the saddfede bifurcation at the low parasitic capacitanceCgt50C, during the
downward frequency sweep. Moreover, the pargllale actuator has three fixed pointsthe left

region of the parameter space and one stable fixed point in the right region of the parameter space;
two stable fixed points separated by one unstable fixed point exist in the left region of the parameter
space and one stable fixed point océnrthe right region, as long &,<120C,.
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Figure3.7 Fixed points of the parallgdlate actuator coupled with the resonant drive circuit the
controlled by the frequency modulation \arious quality factors with the fixed input voltag
| =0.03 and =200.
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Figure3.8 Fixed points of the parallgdlate actuator coupled with the resonant drive circuit the
controlled by the frequency mofkation in the presence of various parasitic capacitances witl
fixed input voltagd =0.03 and the quality fact@:=50.

3.5 Displacement Measurement of Parallel -Plate Actuator Coupled with

Resonant Drive Circuit

One of the disadvantages of an electrostatic actuator is teafifficult to measure its displacement,

due to its small size and limitation of its fabrication methods. In this section, we present a new
method of the displacement measurement by sensing the phase change of the actuation voltage or the
current throughhe resonant drive circuit with reference to the AC input voltage using a phase
detector. The input signal, frequency of which is equal to the initial electrical resonance of the
resonant drive circuit, can be considered as an unmodulated carrier sigaalel&strostatic actuator
displaces toward its bottom electrode, its capacitance increases, and the electrical resonant frequency
of the resonant drive circuit decreases. This deviation in the resonant frequency causes less voltage
gain and more phase dglin the actuation voltage. In other words, it can be viewed that an
electrostatic actuator modulates the input signal with its displacement, resulting in the actuation
voltage modulated by its displacement. By demodulating the actuation voltage irteh@s/oltage

gain or the phase delay, we are able to measure the change in its capacitance to determine the
displacement of the paraliplate actuator coupled with the resonant drive circuit. The voltage gain

can be measured by an envelope detectorsithplified schematic of which is presentedFigure

3.9, and the phase delay of the actuation voltage can be detected by mixing the input signal with the
actuation voltage, which is done by a phase detector presenkiguire 3.12. Since the actuation

voltage can be quite high, we need an attenuator to reduce its amplitude before the actuation voltage
is demodulated by an envelope detector or a phase detector. However, an attenuator causes reduction
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in the quality factor of the resonant drive circuit by adding more parasitic capacitance or more
resistance in parallel with an electrostatic actuator. Hence, it is better to demodulate the current signal
rather than the actuation voltage, for the currentoeaeasily measured by a currsensing amplifier

or a current transformer without much loss in the resonant drive circuit. The current through the
resonant drive circuit is also modulated by the displacement of an electrostatic actuator in the same
way that the actuation voltage islowever, the amount of the current through the resonant drive
circuit is in an order of €&€A or mA, depending o
the current signal needs to be amplified before the demodulation.

In the presence of higbarasitic capacitance, the dynamic range of an envelope detector and a phase
detector must increase in order to measure small change in the voltage gain or the phase delay at the
same resolution, because, even though the resolution of the measuremerd cemstiant, the range

of the capacitance we have to measure is bigger with higher parasitic capacitance. It turns out that the
phase delay is more sensitive to the displacement than the voltage gain is. Furthermore, the phase
delay provides onto-one maping to the displacement without any ambiguity while the voltage gain
does not even in the presence of low parasitic capacitance.

3.5.1 Displacement Measurement through Phase Delay of Actuation Voltage with
Respect to Input Voltage

As shown in Eqg. 3.11, the valye gain of the resonant drive circuit depends on the displacement of
the parallelplate actuator; the initial quality fact@; and the ratio of the parasitic capacitafeto

the initial capacitanc€, of the parallelplate actuator r are rather condtdreing determined through

the parameter identification. Thus, we might be able to determine the displacement through the
voltage gain that is measured by an envelope detector preseiftiggiia3.9. However, the voltage

gain ha very low sensitivity to the displacement in the presence of high parasitic capacitance and
does not provide orm-one mapping to the displacement even with low parasitic capacitance as
shown inFigure3.10.

rectifier LPF ADC
actuation |\ ’l ~, —
voltage I/ i ~~ -

attenuator

Figure 3.9 Envelope detector to measufee peak amplitude of the actuation vag&with an
analogdigital converter (ADC)

However, the phase delay of the actuation voltage represented by Eq. 3.12 has better sensitivity to the
displacement in the presence of high parasitic capacitance and providesooeemapping to the
displacement over a wide range of the pai@sipacitance as depictedkigure 3.11. Solving Eq.

3.12 in terms of the normalized displacemeqntwe obtain the algebraic expression of the
displacement in terms of the phase delay of the actuation voltage as present&3i46:Eq.
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Hence, we are able to determine the displacement of the patatielactuator by measuring the
phase difference between two sinusoidal signals of the same frequeny ptieise detector, which
is, in essence, a frequency mixer, whose simplified schematic is presehigdraB.12.
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Figure3.11 Normalized dsplacement of th@arallelplateactuator in terms of thphase delay of
the actuation voltage with reference to the input voliagihe case bthe initial quality factor
Qs=50, and the ratio o, to C, r=25,r=50,r=100,r=200, and =400.
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Figure 3.12 Schematic of the phase detector to measure the phase delay of the actuation
with respect to the input signal.

3.5.2 Displacement Measurement through Phase Change between In  put Current and

Input Voltage

Because the actuation voltage of the electrostatic actuator is usually too high to be measured by
contemporary low voltage circuit, it must be attenuated by an attenuator, which might be a simple
voltage divider. However, a ltage divider placed in parallel with an electrostatic actuator can induce
additional loss, reducing the quality factor of the resonant drive circuit. To circumvent this problem,
we measure the phase delay between the input voltage and the input curigncam be measured

by a currensensing amplifier, or a current transformer, which introdueresadditional constant

phase offset due to its inductive nature. To find out the relationship between the input current and the
input voltage, we derive the cdinctance of theesonant drive circuit in Eq. 3.28he conductance of

the resonant drive circuit at the initial electrical resonangs evaluated as shown in Eq. 3.30.
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Since the capacitance of the parafidte actuatohas a simple algebraic expression in terms of the
displacement shown in Eq. 3.9, the conductance of the resonant drive circuit at its initial resonance is
further simplified into Eq. 3.31 as shown thus:

(3.31)

. Al (3.32)

L,
TR (3.33)

Solving Eqg. 3.33n terms of the normalized displacement, we obtain the algebraic expression of the
normalized displacement of the parajidhte actuator as thus:

> <+ ( (3.34)

S 1
As explained previously, the initigjuality factorQ; of the resonant drive circuit and the ratio of the
parasitic capacitandg, to the initial capacitanc€, of the paralleplate actuator can be determined
through the parameter identification. Then, we are able to determine the dispitoéthe parallel
plate actuator by measuring the phase delay between the input current and the input voltage, as
presented ifrigure3.13.
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Figure3.13 Normalized dsplacement of th@arallelplate actuatorin terms of thephase delay of
the input current with reference to the input voltage in case of the initiatygfaadtor Q;=50, and
the ratio ofC, to Co, r=25,r=50,r=100,r=200, and =400.

3.6 Numerical Model of Parallel -plate Actuator Coupled with Reso  nant Drive
Circuit

In order to validate the analytical model of the pargilate actuator driven by the resonant drive
circuit and determine its response in the time domain, we create its numerical model in
Matlab/Simulink. First, we build the numeriaalodels of the parallgllate actuator and the resonant

drive circuit that are not coupled to each other to verify the integrity of each numerical model.
Second, we couple them together through the state variables: the displacement and the actuation
voltage of the parallelplate actuator. Then, we perform the numerical integration at various input
voltage to determine the step responses of the papédiel actuator coupled with the resonant drive
circuit, whose numerical model is presentedrigure 3.14. Its governing equations are presented in

Eqg. 3.1, Eg. 3.2, and Eq. 3.3. Its physical parameters used in the numerical simulation are presented in
Table 3.1. Its step response at the input voltage=6f7 V or the corresponding moalized input

voltage ofl =0.0342 is presented ifigure3.16.

Even though its step response is well matched with the analytical result presentedFiguoetB.2

and Figure 3.3, this numerical model is computationally expensive, because it requires very small
time step in order to simulate the resonant drive circuit properly. Hence, we create the simplified
numerical model presentedfigure3.15, whose dynamics is described by Eq. 3.16. Its step response
is presented ifigure3.16 as well.
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Figure 3.14 Block diagram of the numerical model of the pargllielte actuatocoupledwith the
resonant drive circuit thas created in Matlab/Simulink; its left side representing the reso
drive circuit and the right side depicting the paratiielite actuator.
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Figure3.15Block diagram of the numerical model of the siifigdl paralletplate actuator couplet
with the resonant drive circuit represented by Eq. 3.16.

The phase detector introduced in Section 3.5 is used to determine tlaeafispht of the parallel

plate actuator coupled with the resonant drive circuit, and the displacement measured by the phase
detector is compared to the displacement obtained by the numerical integration in order to validate the
proposed method. As preseniadrigure3.16, the measured displacement by the phase detector is in
exact agreement with the displacement obtained by the numerical integrafaurie3.16, the solid

gray lines represent the hiffiequency actuation voltage that is amplified by the resonant drive circuit
and is obtained by the numerical model presentédgare3.14. The solid blue line, representing the
envelope of the actuation voltage, is acquired ftloensimplified numerical mode irigure3.15. The
normalized displacement denoted by the red solid line is attained from both numerical models
through time integration. As presented, both displacements are in exact agreensamsit tiher.

Finally, the black dots represent the normalized displacements measured by the phase detector at the
100 kHz sampling rate and are in good agreement with the displacement obtained by the time
integration.
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The fixed points of the parall@late actuator coupled with the resonant drive circuit are also
evaluated at various input voltages in order to compare them to the analytical results depicted in
Figure 3.2, in which the black line represents the fixed points in tlse cdQ=50 andr=100. We

sweep the input voltage upward and downward in order to determine the fixed points while waiting
for the transient response to decay. Its humerical simulation results are preséfitentei.17 and

arein exact agreement with the analytical result&igure 3.2. As we increase the input voltage to

the resonant drive circuit, the saddiede bifurcation occurs at=0.0296and x=0.401, where the

fixed point loses its stability, and the paralidte actuator jumps onto the stable fixed point in the
upper branch represented by the blue solid line. If we reverse the voltage sweep, starting from the
upper branch as ¢hinitial condition, the parallglate actuator does not undergo the saddide
bifurcation at the previous bifurcation point. Its displacement decreases further down, until the
another saddleode bifurcation occurs, making the parafidte actuatorymping down onto the

lower branch of the stable fixed points represented in the solid red Figure3.17.

Table 3.1Physical mrameters used the numerical model of the paralgiate actuator coupled with
the resonant dre circuitcontrolled by amplitude modulation

o S vae
Spring constant k 1 [mN/m]

Mass m 2e-10 [ka]

Area A le-8 [m?]

Initial gap [0 50 [um]
Permittivity of air 0 8.85e12 [F/m]
Pull-in Voltage Vi 20.457 [V]
Damping coefficient b 8.944e-7[N-s/m]
Inductance L 10 [mH]

Parasitic resistance R 4730 [ q]
Initial capacitance Co 1.77 [fF]
Parasitic capacitance Co 177 [fF]

Ratio of G to G r 100

Initial quality factor of the resonant drive circuit Q 50

Natural frequency of the paralplate actuator it 355.9 [Hz]
Natural frequency of the paraliplate actuator *m 2236 [rad/sec]
Initial resonant frequency of the resonant drive circuit fq 3.764 [MHz]
Initial resonant frequency of the resonant drive circuit 23.65e6 [rad/sec
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Figure3.16 Step response of the paralfghte actuator driven by the resonant deoireuit excited
by the nput voltageu=0.7 V, which corresponds to the normalized input voliag@.0342; the
actuation voltage is obtained from the numerical moddétigure 3.14; and the envelope of th
actuation voltage is acquired from the numerical modEigare3.15.
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Figure3.17 Hysteresis of the parallglate actuator driven by the resonant drive circuit in cas
the initial quality factorQy=50 and the ratio o€, to C,, r=100; the fixed points represented |
the blue thick solid linera obtained by the upward voltage sweep; and the fixed points denot
the red solid line are acquired by the downward voltage sweep.
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3.7 Experiment on Parallel Plates

In order to validate the analytical model of the paradlate actuator coupled with the resonant drive
circuit and the feasibility of the proposed displacement measurengthoadn we build the parallel

plate actuator on a macro scale, which consists of two ssidgel copper clad boards with FR4
substrate. Their size is 50 mm in length, 50 mm in width, and 0.79 mm in thickness. One plate is
mounted and fixed on the platformhile another plate is mounted on a micropositioner, which is
used to adjust the gap, 1.2 mm, between two parallel plates, as preséigedas.18-(b).

We measure the capacitance of the parallel plates using the LCR m@iifr@&® BK Precision, to
determine the parasitic capacitance. We build the resonant drive circuit with the 3.3 mktéeerite
inductor, 22R335C from Murata Power Solutions, and the cusemging transformer, 53050C from

the same company, to convert tberrent through the resonant drive circuit to the voltage. The
additional discrete capacitors, 500 pF and 1000 pF, are used to vary the parasitic capacitance so that
we can determine how the parasitic capacitance affects the voltage gain and the phasfktidela
resonant drive circuit. The function generator 4086 from BK Precision is used as the AC input voltage
source to excite the resonant drive circuit.

Based on the initial capacitance of the paradlate actuator, its measured parasitic capacitearue

the inductance of the inductor in the resonant drive circuit, we estimate the initial electrical resonant
frequencyy . Then, using the function generator and the estimated resonant frequency, we excite the
resonant drive circuit with a low voltagse wave, 1, while sweeping the frequency of the input
signal in order to determine the precise electrical resonant frequency at which the phase delay of the
actuation voltage is 90 deg with reference to the input voltage and the voltage gain istmaximu

5 ! 4
|_ micro I M.PncLIm:dt-iL‘
icropositioner
positioner

Qo -t IW

Parallel Plates 'vl ade of
Copper Clad FR4 Boards

(a) (b)

Figure 3.18 (a) Schematic of the experiment -sgt with the paralleplates controlled by the
micropositioner and (b) the picture showing the parglieles with the micropositioner

After determining the initial electrical resonance, we quantify the initial quality f&gt@nd the

parasitic resistande of the resonant drive circuit. While varying the gap between two parallel plates,

we measure the jput voltage, the actuation voltage, and the current through the resonant drive circuit

to determine the voltage gain, the current gain, the phase delay of the actuation voltage, and the phase
delay of the current with respect to the input voltage.
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The vollge gain and the phase delay between the input voltage and the actuation voltage are
presented inFigure 3.19-(a) and (b), respectively. The measurements denoted by solid squares
(C,=515 pF) and solid circle€C{(=1015 pF) agree vlewith the analytical results represented by the

red solid lines and the blue dashed lineBigure3.19. The current gain and the phase delay between

the input voltage and the input current are presentdélgare 3.20-(a) and (b), respectively. The
measurements denoted by solid squaBs{15 pF) and solid circle€{ =1015 pF) are also in good
agreement with the analytical results represented by the solid line and the dasheligjae=i®20.

1 i T i i i i ; i T i 1 i i i i
0 5 10 15 20 25 30 35 -170 -160 —150 -140 -130 -120 -110 -100 -90
ratio of V(t) to u(t) phase delay (deg)

(@ (b)

Figure 3.19 Displacement measurement of the parallates through (a) the wabge gain and (b)
the phase delay of the actuation voltage with respect to the input voltage: the red soli
represents the analytical result, and the red solid boxes denote the measurentegptatishpF;
the blue dashed line represents the analytieallt, and the blue solid circles denote th
measurement witl®, =1015 pF.
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Figure 3.20 Displacement measurement of the pargilates through the current gain (a) an
phase delay of the cumewith respect to the input voltage (b); the red solid line representing
estimation and the red solid boxes denoting the measuremer@wiih5 pF; the blue dashed line
representing the estimation and the blue solid circles representing the measuvdthe

C,=1015pF.
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While measuring the gain and the phase delay, we capture the screen shots of the oscilloscope as
presented irFigure 3.21 and Figure 3.22, where the input voltage, the actuation voltage, and the
current are shown in the time domakigure3.21 andFigure3.22 also present the Lissajous patterns
representing the voltage gathe current gain, and the phase delay with reference to the input voltage

in the cases of the parasitic capacita@ge1015 pF andC, =515 pF, respectively.

In bothFigure3.21andFigure 3.22, the inputvoltage is represented by the yellow solid lines as Ch 1,

the actuation voltage is denoted by the solid green lines as Ch 2, and the input current is represented
by the solid light blue lines as Ch 4. The scale of Ch 1 is set to be 500 mV/div, whiclpcod®to

the input voltage of 1 ). The scale of Ch 2 is set to be 5 V/div, and the scale of Ch 3 is set to be
20mV/div.
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YOKDGAWA  2010/12/18 05:07:27
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>C 1M 1 Home thar
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0C 1M DX 1
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Figure 3.21 Screenshots of the oscilloscope that capture the input voltage (Ch 1, Yellow)
actuation voltage (Ch 2, Green), tharrent(Ch 4, Light Blue) though the resonant drive circuit
in the main window, the Lissajous pattern of Ch 1 and Ch 2 in®tlvéiridow and the Lissajous
pattern of Ch 1 and Ch 4 in th& &vindow with Q;=32.35 and=55 at (a) zero displacement, (b)
300 em di splacement, (c) 600 em displacem
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Because it is difficult to see how each signal is related to each other in terms of the amplitinde and
phase, we make use of the Lissajous curves and present them it{ &mel Z* window in each
screenshot. The"2window presents the Lissajous curve, in which the x axis is represented by the
input voltage Ch 1 and the y axis is denoted by the actuatiltage Ch 2. The"3window presents

the Lissajous curve, in which the x axis is represented by the same input voltagm&ithe y axis

is denoted by the input current Ch 4. In both windows, the eccentricity of the Lissajous ellipse
represents theatio of the amplitude of the actuation voltage or the input current to the amplitude of
the input signal. Moreover, the angle between its major axis and the x axis represents the phase
difference between two signals.
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Figure 3.22 Screenshots of the oscilloscope that capture the input vol@gd ( Yellow), the

actuation voltage (Ch 2, Green), the current (Ch 4, LBjb&) through the resonant drive circuit
in the main window, the Lissajous pattern of Ch 1 and Ch 2 in®tvéiridow and the Lissajous
pattern of Ch 1 and Ch 4 in th& &vindow with Q;=32.94 and=28 at (a) zero displacement, (b)
300 em displacement, (c) 600 em displacem
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3.8 Summary

In this chapter, we derive and present the analytical model of the patatkelactuator coupled with

the resonant drive circuit. Using this analytical model, we evaluate the nonlinear behavior of the
parallelplate actuator with various parasitic capauces and the quality factor of the resonant drive
circuit in Section 3.1 and Section 3.2. The analytical results show that the resonant drive circuit is not
only capable of driving the paraliplate actuator at the lower input voltage, but is alse &béxtend

the operation range of the paralghte actuator beyond the conventional fiulpoint in the presence

of high parasitic capacitance. Furthermore, the hysteresis in its fixed points, which is never been
reported, is theoretically predicted darconfirmed by its numerical model in Section 3.6. The
nonlinear dynamics of the paraHlelate actuator coupled with the resonant drive circuit is also
studied in Section 3.3 and Section 3.4, when the resonant drive circuit is excited by the input signal
modulated by the frequency modulation. In Section 3.5, we introduce the new displacement
measurement method for electrostatic actuators. By measuring the phase delay between the actuation
voltage and the input voltage, we are able to determine the dis@atef the parallgblate actuator,

and the experiment results described in Section 3.7 are in good agreement with the analytical results.
This new displacement measurement method is used to implement the feedback control of the
paralletplate actuator deribed in Chapter.
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Chapter 4

Implementation of Resonant Drive Circuit

The resonant drive circuit introduced in Chapter 3 can be implemented in various ways: to name a
few, an unbalanced resonant drive circuit and a balanced resonant drive circuit. In thés, ehapt
discuss how to implement the resonant drive circuit with discrete electrical components and present a
set of the resonant drive circuits in order to characterize their performance in terms of the voltage
gain, the quality factor, and the robustnesthe saddleode bifurcation.

This chapter is organized as follows. In Section 4.1, a simple but effective way to control an
unbalanced resonant drive circuit is to pair the unbalanced resonant drive circuit with a unity gain
amplifier, which acts as auffer to provide low output impedance. In Section, 4.2, a couple of the
balanced resonant drive circuits are presented.adalytical model othe parallelplate actuator
coupled withthe balancedesonant drive circuit is derived in order to compare thealanced and
balanced resonant drive circuit in terms of their voltage gain and quality factor. The same multiple
scale method [43] described in Chapter 3 is used to transfdimeax differential equation ahe
balancedresonant drive circuit into thalgebraic equatin through a frequency respon3ée fixed

points ofthe parallelplate actuatocoupled with the unbalanced and balangsbnant drive circust

are evaluateds wel| and their stability is also analyzed and preseimegection 4.2In Section4.3

we introduce a new way of enhancing the inherent negative feedback of the unbalanced resonant
drive circuit by putting the unbalanced resonant drive circuit into a positive feedback loop of a non
inverting amplifier, the voltage gain of whiclecteases as the displacement of the paiaibet
actuator increases. Because the increase of the displacement of the-platellattuator leads into

the increase of its capacitance, which, in turn, raises the impedance of the resonant drivéhisrcuit, t
increase in the impedance of the resonant drive circuit reduces the amount of the positive feedback,
resulting in a lower voltage gain. As a result, the parplile actuator is stabilized beyond its
conventional pulin point. To evaluate its fixeghoints and stability, we derive and present its
analytical model. Furthermore, we present the circuit simulation results of theveoting amplifier
implemented with both negative and positive feedback loops: the negative feedback loop defines the
minimum gain of the amplifier and its positive feedback loop provides an additional voltage gain that
decrease by the increase in the impedance of the resonant drive circuit, which is part of the positive
feedback loop.

4.1 Unbalanced Resonant Drive Circuit

In this section, we present how an unbalanced resonant drive circuit is implemented with discrete
electrical components. Its governing equation is the same as that presented in Chapter 3. A simple but
effective way to implement a dynamic voltage control, inclg@mplitude modulation and frequency
modulation is an oamp used to excite the resonant drive circuit presentefigare 4.1. An
electrostatic actuator is represented by the variable cap@gijtdhe parasitic capacitance of iah is

denoted byC, in Figure4.1. The resonant drive circuit is driven by anampp that is configured as a
unity-gain amplifier, also known as a voltage follower that provides low output impedance.
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Figure 4.1 Electrostatic actuator, represented@y, coupled with the unbalanced resonant dr
circuit that is driven by a unitgain amplifier U1, also known as a buffer.

Suppose that the electrostatic actuator representedC.pyis the paralleplate actuator, the
electrostatic actuator iRigure4.1 has the same governing equations depicted irBEgEq.3.2 and

Eq. 3.3. Needless to say, it akits the same responses presented in Figure 3.2 in terms of the
parasitic capacitance and the quality factor of the resonant drive circuit.

4.2 Balanced Resonant Drive Circuits

A simplified schematic of the balanced resonant drive circuit is presentédure 4.2, where two
voltage sources are used to drive the balanced resonant drive circuit, the governing equation of which
is shown in Eq. 4.1.

Figure 4.2 the parallelplate actuator coupled with the balanced resonant drive circuit drive
two voltage sources 180 ° outmliase to each other.

Obviously, the governing equation of the paratiielte atuator is the same as Eq. 3.1 in the previous
chapter. The only difference between the unbalanced and balanced resonant drive circuit resides in
the electrical circuits: two voltage sources, which are 180 ° out of phase to each other, are
implemented to dve the balanced resonant drive circuit.

da+ 4 a+ A= 0 (4.1)

F=t
wherelL represents the inductance of the induck®Kjenotes the parasitic resistance of the resonant
drive circuit and the parallgdlate actuator that is representsdC,,; the parasitic capacitance of the
electrostatic actuator is denoted By; q represents the charge stored in both the paialiéd
actuator and its parasitic capacitance; aadgnotes the peak amplitude of the input voltage.

Using the same multip scale method [43], we are able to determine the voltage gain that is the
function of the capacitandg,, of the paralleplate actuator, which is considered as a variable on a
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slow time scale. The voltage gain obtained through the Laplace transfores&iad in Eq. 4.2 as
thus:
v = =_+
ﬂv:lv: Tev+ dpve }(F ) (4.2)
VvV + 4+ VvV —=’—( = [__D)

whereU andV represent the input voltage and the actuation voltage across an electrostatic isctuato
the frequency domain, respectively; represents total capacitance of an electrostatic actuator, the
sum of C,, andC,. In order to derive the voltage gain, we evaluate the frequency response of the
resonant drive circuit, whei@,, ¥,, r, andQ are he initial capacitance of an electrostatic actuator,
the frequency of the input signal that is fixed at the initial resonant frequency of the resonant drive
circuit, the ratio of the parasitic capacitar@gto the initial capacitance of an electrostatituator

C,, and the initial quality factor of the resonant drive circuit, respectively.

In order to determine the difference in the voltage gain and the phase change of the unbalanced and
balanced resonant drive circuit implemented with the same distgetsoaic components, we derive
and present the frequency responses of both resonant drive cir¢ugare4.3.

Magnitude (dB)

100
Frequency (kHz)

Phase (deg)

120¢-

~ 180
10 100
Frequency (kiHz)
Figure4.3 Frequency responses of the unbalanced (the red dotted lines) and the balanced

drive circuits (the blue solid lines) implemented with the same electronic components.

In Figure4.3, the frequency response of the unbalancedneesodrive circuit is represented by the

red dotted lines, and the frequency response of the balanced resonant drive circuit is depicted by the

blue solid lines. The quality factor of the unbalanced resonant drive circuit is set to be 50 (34 dB), and

its resonant frequency is set to be 100 kHz. The quality factor of the balanced resonant drive circuit
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implemented with the same electronic components is 35.4 (31 dB), and its resonant frequency is
70.7kHz. However, the voltage gain of the balanced resonanvde ci r cui t is a2 ti.
that of the unbalanced resonant drive circuit, because the amplitude of the input voltage to the
balanced resonant drive circuit is twice higher than that of the unbalanced resonant drive circuit, and

the quality factoo f t he wunbal anced resonant drive circuit
resonant drive circuit. Hence, in the end, the voltage gain of the balanced resonant drive circuit is

70.7, which is equal to 37 dB, as presenteigure4.3.

In order to simplify the derivation of the governing equation of electrostatic actuators coupled with
the balanced resonant drive circuit, we define the initial resonant frequency, the ratio of the parasitic
capacitance to the initial cagtance of the electrostatic actuators, and the quality factor of the
balanced resonant drive circuit as thus:

d
_ _ =
0 = ———, p= —, = (4.3)
T F a F >t

Suppose that the frequency of the input voltage source is equal to the initial resonant frequency of the
resonant drive circuit, remains constant and ishrhigher than the mechanical resonant frequency of

the electrostatic actuator, we evaluate the voltage gain of the balanced resonant drive circuit in terms
of the initial quality factorQy, the parasitic capacitan€g,, and the capacitance of an electrosta
actuatorC,, through the frequency resporegthus:

it 0, _3(Rt F)
F >t I >+

F B +=|(|=-+Fm)

>+ dF »+
" r (4.4)
1 R
L L o+ e
L F F
_ rmr >+

H(F m) + (=t m)

Suppose that the electrostatic actuator is the same pgalielactuator presented in Chaptear3d
the fringe field of the parallgdlate actuator is negligible, its capacitaehas a following algebraic
expression in terms of its normalized displacernead thus:

E BEE FEDEE

(4.5)
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Using Eq. 4.5we further simplify Eq. 4.4 into Eq. 4.6 representing the voltage gain of the balanced
resonant drive circuit in terms of the normalized displacement of the pgalielactuator:

rmr >+

2
W r L5 +F% >

i Rad
= 1 (4.6)

e 2 » e+ 2
W — + .

g ( o

|||=.20+> o + 2

Since the parallgblate actuator is too sluggish to fml the high frequency actuation voltage
amplified by the balanced resonant drive circuit, it only responds to the RMS value of the actuation
voltage. Using the voltage gain in Eqg. 4.6, we derive the RMS value of the actuation voltage as thus:

n |||=| >+ ( °)0

4.7)

|Ifl°+(’ o + )

Substituting the actuation voltagein Eq. 3.4 withV s in Eqg. 4.7, we derive the governing equation
of the paralleplate actuator coupled with géhbalanced resonant drive circuit in terms of the
normalized displacement as thus:

(4.8)

Normalizing Eq. 4.8 with the conventional pinl voltage [9] of the paralleplate actuator in Eq. 4.9,
we further simplify Eq. 4.8 into the nafimensional governing equation in Eqg. 4.10:

O = 0 = Y
T % =

(4.9)

1 Tt
®+ Km_o+(|)D e = —0q

e+ o+ (4.10)

wherel denotes the normalized input voltage with respect to the conventiondh poltage of the
paralletplate actuators-represents the damping ratio of theghiel-plate actuatory ,, stands for the
mechanical natural frequency of the pargtligite actuator.

In order to determine the operation range of the pafaldeé actuator coupled with both resonant
drive circuits, we present the locations of the saddide bifurcation of the parallplate actuator in
terms of its parasitic capacitance kigure 4.4, where the black dotted line represents the saddle
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nodes of the parallgilate actuator driven by charge control, the red sole denote the saddle node
of the unbalanced resonant drive circuits, and the blue dashed line represents the saddle node of the
balanced resonant drive circuit implemented with the same components.
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Figure 4.4 Saddle nodes of the paraljghte actuator driven by charge control circuit, t
unbalanced and balanced resonant drive circuits with the same compdnéetsns of the ratio

of Gto G

As presented ifrigure4.3 and Figure 4.4, the balanced resonant drive circuit has less robustness to
the parasitic capacitance than the unbalanced resonant drive circuit, in return for the higher voltage
gain.

4.2.1 Op-Amps in the BTL Co nfiguration

The first balanced resonant drive circuit introduced in this chapter is implemented with-bmgpsp
arranged in the bridgied load configuration, as presentedrigure4.5, where U1 is configured as a
norrinverting amplifier, and U2 is configured as an inverting amplifier with the voltage gain of 1 to
provide 180 ° phase shift. This balanced resonant drive circuit can be controlled by either amplitude
modulation or frequency modulation without any modification.

Figure4.5 Balanced resonant drive circuit excited by tweawpps in the BTL configuration: U1 i:
configured as a nemverting amplifier with the voltage gain of 10.1, and U2 is arranged to b
inverting buffer to provide 180phase shift with respect to the output of U1.
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The dynamics of the parallplate actuator coupled with this balanced resonant drive circuit is
characterized by the same governing equation in Eq. 4.10.

4.2.2 H-Bridge with MOSFET Drivers

So far, we have been using an AC voltage satwcexcite the unbalanced resonant drive circuit and
two AC voltage sources to control the balanced resonant drive circuit. In practice, each voltage source
requires two complementary power supplies to provide a positive and a negative power rail, which
requires, for example, a charge pump or a negative voltage regulator to supply a negative power rail
from a positive power rail. This adds more electronic components into a control circuit. Hence, we
design the resonant drive circuit that regsimeither @ AC voltage source nor a negative power rail.

The balanced resonant drive circuit implemented with dommiétye and two complementary MOSFET
drivers presented ifrigure 4.6 can be controlled by either amplitude modulation or fesqy
modulation. When amplitude modulation is selected to control the balanced resonant drive circuit in
Figure 4.6, the applied voltage to the-btidge shall be adjusted by a voltage regulator. When
frequency modulation is chosém control the same circuit, only the frequency of the input signal to

the MOSFET drivers needs to be controlled.

Y — Parasitic Capacitance
40 pF

Q1 Q2
IRF9Z148 IRF9Z148
- =
— =il

MOSFET sv
Driver

[onuod

N Micromirror
100 fF

Figure 4.6 Balanced resonant drive circuit driven by arbiitige and MOSFET drivers: Ul is
MOSFET driver with the noinverting output U2 is a MOSFET driver that has an invertil
output.

Moreover, since the resonant drive circuit is excited by a square wave generated by the switching
mechanism, arexcitation signal can be represented as a sum of sinusoidal harmonics using the
Fourier series as follows:
B ...
vi (Bo
Cvitng €= = %;%z v, 8 (4.11)

‘5

The frequency components of the square wave that are higher than the initial resonant freguency
are heavily attenuated by the resonant drive circuit itself, which alsaadaslow pass filter, the
frequency response of which is shownFigure 4.3. Hence we can further simplify the excitation
signal by ignoring higher frequency components of the square wave than the initial resonant
frequency ofhe resonant drive circuit as follows:
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Opldw. <= 7 Vi (0 4 (4.12)
Hence, the final voltage gain obtained by the balanced resonant drive wiittuthe Hbridgeis
equal to the voltage gaasthus:

rmF >
M+ "7 L (4.13)

mFrF B * R

Using the evaluated voltage gain, we derive the RMS value of the actuation voltage amplified by the
balanced resonant drive circuit as follows:
U Tl

e v= 4 4.14
Z F(F m) +(p=tm) (4.14)

Substituting the actuation voltayein Eq. 3.4 withV s in Eq. 4.14 and normalizing,s in terms of
the conventional pulin voltage [9], we derive the netimensional governing equation of the
paralletplate actueor driven by the Fboridge as thus:

[ TR
Z”:lo+(> o + )

o+ Ko.e+ 0, ¢ = —0q (4.15)

Due to thenature of thesquarewave excitation signal, the-bridge has 62 % higher voltage gain
than that of the camps in the BTL configuration. However, the-msistance of the MOSFETs
introduces more parasitic resistance in the signal path, resulting in the lower quality factor.

4.2.3 Logic Gates in BTL Configuration

The balanced resonant drive circuit implemented with thbridge is well suited for high voltage
applications. However, its quality factor is reduced by theesistance of the MOSFETS, and its
switching frequency is also restricted by the parasitic capamtbetween the gate and source of the
MOSFETSs. Hence, we design the resonant drive circuit driven by two logic gates in thetieddge
load configuration as presentedrigure 3.2.

5V

L1

Control Control

U2

Figure 4.7 Balanced resonant drive circuit driven by two logic gates arranged in the
configuration: both logic gates have the ppsiii output.
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This balancedasonant drive circuit with two logic gates is, in theory, identical to the balanced
resonant drive circuit implemented with thebHdge in the previous section, because the output of

the logic gates is in the pusghill configuration, which is the same as half Hbridge. However, the
MOSFETSs inside the logic gates are better matched during the fabrication process. Hence, their on
resistance is lower than that of discrete MOSFETSs, and the small parasitic capacitance allows higher
switching frequency.

4.3 Resonant Drive Circuit with Enhanced Inherent Negative Feedback

As described in Chapter 3, the parasitic capacitance of an electrostatic actuator and the quality factor
of the resonant drive circuit determine the region of the stable fixed points of theosthdtr
actuator. In the presence of high parasitic capacitance, the resonant drive circuit fails to drive the
parallelplate actuator over its entire gap, although it is able to extend the operation range beyond the
conventional pulin point. To enhancéhe inherent negative feedback of the resonant drive circuit,

we exploit the gain enhancement technique of aarop implemented with a positive feedback loop
[51-53].

As the paralleplate actuator displaces toward its bottom electrode, its capacitatreases. This
increment in the capacitance not only reduces the quality factor of the resonant drive circuit, but
increases the impedance of the resonant drive circuit, because the resonant drive circuit has the lowest
impedance at its resonant frequeraey presented iRigure4.8.
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N

Normalized Input Fr

Impedance of Resonant Drive Circuit

Figure 4.8 Impedance of the resonant drive circuit with respect to the input frequency: the
frequency is normalized with respect to the resonant frequency.

By putting the resonant drive circuit inside a positive feedback loop of @mpp we are able to
reduce the voltage gain of an-amp, stabilizing the parallgllate aatiator beyond its conventional
pull-in point as the parallgllate actuator displaces toward its bottom electrode. According to the op
ampds gol den -ampliseswble[ & 4ohg, as its megasiye feedback is stronger than its
positive feedback. Wimeits positive feedback is stronger than the negative feedback;ammptarts
acting as an oscillator with a hysteresis. When the voltage of the positive input is bigger than that of
the negative input, an esamp saturates its output voltage to its pesipower rail and when the
voltage of the positive input is lower than that of the negative input, aamppdrives its output
voltage to the lowest voltage that is defined by its negative power rail. Since we want to operate an
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op-amp in its linear regin, we have to make sure that its positive feedback is always weaker than the
negative feedback of the -gmp.

Suppose that Rs equal to Rin Figure4.9-(a). We can meet this stability condition by settingt®

be less than Rwhich is the parasitic resistance at the resonant frequency of the unbalanced resonant
drive circuit presented iRigure4.9-(b). Since the impedance of th@balancedesonant drive circuit

is always bigger than, or equal toetlparasitic resistancB, over entire frequency rangethis
guarantees thalis variable gain amplifieoperates in a linear, stable region.

Z
V+
R C
Vin o—/VV1\, v L P
I Yout
R ;II :
V_ P
MN Con
Rs % Rs
(@ (b)

Figure4.9 (a) Unbalanced resonant drive circuit placed within a positive feedback loop of ¢
amp that is configured as a nmverting amplifier with the minimum gain of (14fR;) and (b) an
unbalanced resonant drive circuit represented by 2)in (a

In order to determine the gain of this variable gain amplifigplemented with bdt feedback loops

as presented iRigure4.9, we usetheop mp6s gol den rules [54] with th
feedback being stronger than the positive feedback and evaluate the voltage of the positive and
negative inpuof the opamp as thus:

T+ :q%lruo< T o
_ 1
TSI Tes

(4.16)
Since the ofamp drives its output to make both inputs have the same potential, we derive the voltage
gain of the nofinverting amplifier connectkwith both the positive and negative feedback loops by
solving Eq. 4.16 in terms of fand V, as thus:

T T RTINS @.17)

As presented in Eg. 4.17, the voltagéngaf the norinverting amplifier presented iRigure4.9-(a)
depends on the ratio of Z tg,Rvhich determines the amount of the positive and negative feedbacks.
If we assume that the ratio of Ztq R 1.1, and R Rsand R, are of the same value, the voltage gain

is 22. As shown in the left region Bfgure4.10, the voltage gain drops rapidly, when the impedance
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of Z increases with respect ta.Rn other words, small increase in the impedance ofdlt®in huge
loss in the voltage gain. We exploit this property of the-inwerting amplifier implemented with
both feedback loops in order to stabilize the paraliele actuator coupled with the resonant drive
circuit in the presence of high parasitepacitance.
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Figure 4.10 Voltage gain of the nemverting amplifier in the previous figure in terms of tl
normalized impedance of Z with the condition gER;=R,.

In order to verify that the mentioned stabilization scheme is feasible, we perform the numerical
simulation on the noimverting amplifiers implemented with both positive and ateg@ feedback

loops by using thanalog electronic circuit simulators called LTspice IV and QUCS (Quite Universal
Circuit Simulator) LTspice IV is a high performance circuit simulator based on SPICE (Simulation
Program with Integrated Circuit Emphasisgingdeveloped and distributed thynear Technology

and QUCS is a very powerful circuit simulator as well, but does not make use of SPICE and has more
distinctivefeatures, such as thep@rameter measurement and the harmonic balance analysis.

The opamps, Ul and U2, presentedHigure4.11, are configured as a némverting amplifier with

both negative and positive feedback loops in use. Because the negative feedback is stronger than the
positive feedback in U1, Ul is stable and has a stable, fixed gain die6output voltage of Ul

which isexcited by the ¥, sinusoidal input signal at 1z, is presented ifrigure4.12. However,

as presented iRigure 4.11-(b), the positive feedback df2 is stronger thaiits negative feedback.

Hence, the positive feedback drives the output of U2thesaturation defined ®jther a positive or
negative powesupply In other words, U2 acts as a bistable oscillator as the input voltage varies. Its
SPICE simulation resuis presenteds a blue linén Figure4.12. In practice, the ofamp, U2, is used

as a comparator with a hysteresis, the amount of which is defined by a pair of the resiatmisRR
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Figure 4.11 Op-amps, Ul and U2, configured as a #ioverting amplifier with both negative
feedback and positive feedback loops implemented: (a) the negative feedback is stronger
positive feedback; (b) the positive feedback is stronger thanethative feedback; (c) Ul and L
are powered by 5 V arid5 V; and (d) an 1 ), sinusoidal input signal without a DC bias at 10 F

Figure 4.12 the SPICE simulation result of the circuits in the previagsré: the red solid line.
Vin, represents 1 )/ sinusoidal input signal at 10 Hz; the green solid line, V3, denotes the o
of Ul in the previous figure; and the blue solid line, Vc, represents the output of U2 in the

figure.
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In order to determine the fixed points of the parglleke actuator and their stability, we derive the
governing equation of the paraHelate actuator coupled with the unbalanced resonant drive circuit,
which is placed within the pitsre feedback loop of the neinverting amplifier.

CP
R R L

Vin Vout

Crm

Figure4.13 Simplified schematic of the unbalanced resonant drive circuit placed within a po
feedback loop of an e@mp, the output voltage of which is equal tg.V

The governing equation of the unbalanced resonant drive cirdtigune4.13is derived as thus:

| |
JFI%Lr+ 1 + =|-F;Tri++1r+=1r- T=0 < (4.18)

whereC represents the sum @f, andCr,; Vi, denotes the input voltag¥,,, represents the output
voltage of the noiinverting amplifier; and/, denotes th actuation voltage across the capacitors.

SubstitutingV,, in Eq. 4.18 withVy in EQ. 4.17 and settinB; to be equal tdrs, we simplify Eq.
4.18 as thus:
e 1d+Y

.TH:
[:—-T+ =i+ =i—F—.:+1T+: ( _)TI'- (419)

Using the frequency response of Eq. 4.19, wevd the voltage gain of the resonant drive circuit
driven by the nofinverting amplifier inFigure4.9-(a) as thus:
_1d+8

id b e

(4.20)

4+ 4_F

Since the frequency of the input signal is fixed at the initial resonant frequency of the resonant drive
circuit, we determine the impedance of the positive feedback loop at the initial resonant frequency as
thus:

. ft O
- ={ + (D—|= - =| + F >t
- o -
F T (= )
(4.21)
it B F >t -

F > b F

A T IR e
f=™ O F f™ O

% ;]|= »+
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Because the capacitance of the pargllate actuator is represented by its initial capacitance and
normalized displacement as in Eq. 422, simplify Eq. 4.21 into Eq. 4.23:

B = b= -_F ||-: ; (4.22)
T o C o™ I '
d de
— [ —
)5—4-+F>+ > e+ _:|'+|=>+ > e+
B ={_=Jo ~ 4 =|_o (4.23)
ST e s e TR e s
_ i s
= A= Y ew

Using the impedance of Z at the initial resonant frequency in Eq. 4.23, we determine the variable
voltage gain of the nemverting amplifier in terms of the normalized displacement of the parallel
plate actuator and the minimugain of the amplifier as thus:

1+ 4_ +_|FI°_

> o +

] rj=| 1= > e : (4.24)
B
:‘7‘ ||f.o+ > o + B
My s &y
& o
] 4> e+ +4_ ||f.o+ > e +
:‘7=| > e + =i_||f.o+ > e +

Using the same method of the frequency response, we determine the voltage gain of the unbalanced
resonant drive circuit itself at its initial resonant frequency in terms of the normalizeccdrsplat,

the initial quality factor, the parasitic capacitance, and the minimum gain $ehygR, in Figure

4.9-(a) as thus:
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Combining Eq. 4.24 and Eq. 4.25, we derive the total voltage gain of the resonant drive circuit
excited by the noinverting amplifier implemented with both feedback loops as thus:

e+ +q_fge+ » e+

° + ={_|'flo+> ° +

5 g ( o

lge + +$~_ > e +

Finally, using the voltage gain in Eq. 4.26, we derive ribemalizedgoverning equation of the
paralletplate actuator coupled with the resonant drive circuit, which is plache ipositive feedback
loop of the norinverting amplifier, as follows:

(4.26)
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(4.27)

Flo+ +%i > ° +

Using Eqg. 4.27, we determine the fixed points of the pasplége actuator and their stability in the
presence of high parasitic capacitances, when the pgsktel actuator coupled with the resonant
drive circuit is actuated by the nimverting amplifier presented Higure4.9. The circuit parameters
used to set the voltagmin of the noninverting amplifier inFigure4.9 are presented in the following
table:

Table4.1 Circuit parameters used to set thmimumvoltage gain of the neimverting amplifier
Parameter Symbol Value

R, 100, 1000 ]
R, 100, 1000 ]

R, 2000 ]
Parasitic resistance of the resonant drive circuit Rp 2100 []
Initial quality factor of the resonant drive circuit (o} 50
Ratio of G to G, r 100, 200, 400
Minimum gain of the nofinverting amplifier 21,3

When tte parallelplate actuator coupled with the resonant drive circuit is excited by the non
inverting amplifier implemented with both feedback loops, its fixed points are preserféglie

4.14 and Figure 4.15, where the solid lines represent the stable fixed points with different parasitic
capacitances and the dotted lines denote the location of the saddle nodes. Since each solid line does
not intersect with the corresponding dotted line, the paialdeé actuator does not undergo the
saddlenode bifurcation and has more robustness to theipplhenomenon. The fixed points of the
parallelplate actuator inFigure 4.14 are obtained when the minimum gain of the -morerting
amplifier is set to be 21. The fixed points Figure 4.15 are obtained from the neénverting
amplifier, the minimum gain of which is set to be 3. Although there is big difference in the minimum
gain of the nofinverting amplifiers, lieir operation ranges are almost identical except for the input
voltage, which is adjusted by the minimum voltage gain. Moreover, by setting R4 appropriately, we
are able to stabilize the parallghte actuator over its entire gap in the presence of peghsitic
capacitance.
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Figure4.14 Fixed points of the parallgllate actuator driven by the resonant drive circuit arran

in the positive feedback loop of the mmverting amplifier with the following parameter:
R,s=2000q , =R 1 0 0=5Q,,and@R;=100 q .

0 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020
Normalized Input Voltage

Figure4.15 Fixed points of the parallglate actuator driven by the resonant drive circuit arran
in the positive feedback loop of the nimverting amplifie with the following parameters
R,=2000q , =R 1 0 0=50,,and@R,=1000 (.
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The saddle nodes of the paralidhte actuator are also evaluated in terms of its parasitic capacitance

to determine its operation range, when it is driven by theimating amplifier in Figure 4.9. In

Figure4.16, the red solid line represents the saddle nodes of the palalielactuator driven by the
unbalanced resonant drive circuit with the initial quality faQeof 50. The blue dashed line and the

black dotted line denote the saddle nodes of the papdditd actuator coupled with the unbalanced

resonant drive circuit driven by the nowerting amplifier with Q=50, R4;=200 0 q ., and
R;=R,=100q : the blue dashed | ine IiIRsF21@0Qt aandd t Wiet bl 1
dotted line is acquired witR,=2010q, .
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Figure4.16 Saddle nodes of the parallghte actuator coupled with the unbalanced resonant ¢
circuit driven by the noinverting amplifier implemented with both negative and posit
feedback loops.

As presented ifrigure4.16, the norinverting amplifierimplemented with both negative and positive
feedback loops ifrigure 4.9 is able to extend the operation range of the pa#aliiee actuator with
very high parasitic capacitance as long as the resonant frequency remains wibi@ndtvidth of the
amplifier in use.

4.4 Summary

We present different ways of implementing the resonant drive circuits with discrete electronics
components in this chapter: the unbalanced resonant drive circuit driven by thgaumigmplifier

and the balared resonant drive circuits driven by two-amps in the BTL configuration, the-H

bridge with complementary MOSFET drivers, and logic gates in the BTL configuration. The balanced
resonant drive circuit achieves higher voltage gain, but has lower quality than those of the
unbalanced resonant drive circuit. Furthermore, the balanced resonant drive circuits implemented
with the Hbridge and the logic gates in the BTL configuration do not require an AC voltage source
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and are well suited for the frequenmypdulation control. In Section 4.3, we present that the resonant
drive circuit placed in the positive feedback loop of the-imwerting amplifier has more robustness

to the saddlmode bifurcation even in the presence of very high parasitic capacitareoglioiting

the gain change caused by the impedance variation due to the displacement of thep|zdeallel
actuator. We also derive the analytical model of each resonant drive circuit to determine the fixed
points of the parallgblate actuator in termsf the quality factor of the resonant drive circuit and the
parasitic capacitance of the paraldhte actuator. Using these analytical models, we are able to
determine the fixed points of the paraiidate actuator, when it is driven by various resorhivie

circuit described in this chapter.
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Chapter 5

Microbeams Actuated by Resonant Drive Circuit

Among many electrostatic actuators, a microbeam is also one of the most popular electrostatic
actuators: a cantilever beam implemented as a mass sensor;:-fixéixkedhicrobeam as a RF switch

and a microplate supported by a pair of microbeams as a RF demodulator. In this chapter, we
demonstrate througthe finite element analys&nd the experiment that the resonant drive cirsuit
described in the previoushaptes are capable of driving these microbeams at éowsupply voltage

while extending the operation range of the microbeams in the presence of high parasitic capacitance.

This chapter is organized as follows. In Section 5.1, we create FEM of a cantilever bedeniand

its fixed points through numerical simulation while it is driven by voltage control. We use the same
FEM of the cantilever beam to analyze its fixed points while it is actuated by the resonant drive
circuit, which is implemented as an algebraicstmaint on its boundary conditiom Section5.2, we

also develop FEM of a fixefixed microbeam and analyze it to derive its fixed points while it is
driven by both conventional voltage control and the resonant drive circ@ection5.3 we present

FEM of a microplate supported by two microbeams and its numerical results, when it is driven by
conventional voltage control. The same process is repeatidt® microplate, when it is actuated by

the resonant drive circuit. Finallythe experiment resulten the microplate are presented and
compared withts numerical resultfor validation.

5.1 Cantilever Beam Coupled with Resonant Drive Circuit

In this section, we derive the governing equation of the cantilever beam presehigar@®d.1 and

create its finite element model to analyze and compare its static responses, when it is actuated by the
conventional voltage control and the resonant drive circuit in order to validate the feasibility of the
resonant drive circuit.

Figure 5.1 Isometric view of the cantilever beam, which is clamped on the right end, wit
bottom electrode.
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5.1.1 Analytical Model of Cantilever Beam

The governing equation of the cantilever beam driven by the conventional voltage control is derived
from the EulesBernoulli beam equation with its boundary conditions and initial conditions as thus
[55]:

) ) ) |
z 0 z O 2o = t =«
'TI:T+Z=++;<+-H-=<_ J+_:|i|- ze -. 5O+A (51)
;o4 <
, 4= - .+|" =
e 4= ¢ = (52)
° =, o e =

whereE represents the elastic modulligjenotes the area moment of inertia of the cantilever beam;
w is the function ofk andt, representing the displacement of the cantilever beam in the z axis along
the length of the cantilever beam; stands for the density of the cantilever bedm;denotes the
crosssectional area of the cantilever beam;denotes the viscous damping per unit length;
represents an axial load applied on the cantilever begmepresert the length of the cantilever
beam; andj denotes the distributed load on the cantilever beam, which is equal to the electrostatic
force per unit length applied on the cantilever beam as presented in Eq. 5.3:

A= —{:_-f;j':-»_ill_( (5.3)

whereUrepresents the permittivity of ain, denotes the width of the cantilever beamiepresents
the potential difference between the cantilever beam and its bottom electrodg;, denbtes the
initial gap at rest; and is the displacement of tlwantilever beam in the z axis along its length.

Combining Eg. 5.1 and Eqg. 5.3, we have the governing equation of the cantilever beam driven by
voltage control as thus:

z

J
z 0 z 0 20 = oo 2w ™
= e tz=y + -H-; < 4+ jl_i{- ze e e * _tiuj-H-( &4

We also derive the governing equation of the cantilever beam coupled with the resonant drive circuit
by using the same multiple scale methosdadibed in Chapter 3 as thus:
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where Qs represents the initial quality factor of the resonant drive cir€@jtdenotes the initial
capacitance of the cantilever beam at nesgpresents the ratio of the parasiticagifanceC, to C;
C. denotes the capacitance of the cantilever beam represented by the following equation:

_ 4 to 4

R

u, (5.6)

5.1.2 Finite Element Model of Cantilever Beam

We create the finite element model of the cantileveamb inFigure5.1 with the physical parameters
presented in Table 5.1 in order to verify the feasibility of the resonant drive circuit, which is
implemented as a nonlinear boundary condition on the bottom side of the cantikaver be

Table 5.1 Parameters of the cantilever beam used in FEA

Parameter Symbol Value
Material PolySi
Material density J 2320 [kg/m]
Elastic modulus of PolySi E 160 [GPa]
Poi ssonds r a 3 0.23
Length of the cantilever beam Lp 300 [um]
Width of the cantilever beam Wi 50 [um]
Thickness of the fixedixed
microbeam o 2 [um]
Initial gap (o 2 [um]
Pull-in voltage Vi 6.32[V]
Initial quality factor
of the resonant drive circuit Q —
Ratio of G to Gy r 50, 100

The displacement of the cantilever beam is presentddgime 5.2, when the cantilever beam is
driven by conventional voltagsntrol and the resonant drive circuit, the quality factor of which is set

to be 100. The parasitic capacitance of the cantilever beam is set to be 100 as well. Although there is
not much improvement of the operation range of the cantilever beam, thanesbive circuit
displaces the cantilever beam at much lower voltage than that of voltage control. The main reason
why the cantilever beam coupled with the resonant drive circuit does not have an extended operation
range is that most parts of the caniilebeam do not displace much as its tip displaces toward its
bottom electrode.
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The cantilever beam iRigure5.2 undergoes the sadéteo de bi f urcati on at 0. 781 ¢
it is driven by conventional voltage control . |t
while being driven by the resonant drive circuit with the following parameferd:00 aml r=100.
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Figure5.2 Displacement of the cantilever beam actuated by the resonant drive circuit (the re
squares) and conventional voltage control (the blue solid circles) with the following paran
the initial qualityfactorQ;=100, the parasitic capacitanCg=100C,.

The cantilever beam peptocessed with its displacement in the z axis is presentédyime 5.3,

when it is drive by the unbalanced resonant drive circuit with the following paran®@ters00 and

C,=50C,. The cantilever beam undergoes the saddeed e bi f urcati on at 1. 473 enm
of 0.233V. The displacement of the cantilever beam at various input voltage is preserigdrin

5.4.
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Figure5.3 Cantilever beam pogirocessed with its displacement in the z axis while being actt
by the resonant drive circuit with the following paegtars: the initial quality facto;=100, the
parasitic capacitand@,=50C,, and the peak input voltage of 0.233 V.
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Figure5.4 Displacement of the cantilever beam actuated by the resonant drive cireugdtsolid
squares) and conventional voltage control (the blue solid circles) with the following paran
the initial quality factoQy=100, the parasitic capacitanCg=50C,.

5.2 Fixed -Fixed Beam Driven by Resonant Drive Circuit

In this section, weresent finite element model of the fixeditked microbeam depicted Figure5.5,
and analyze its displacement when it is driven iy lmonventional voltage control and the resonant
drive circuit to validate the feasibility of the resonant drive circuit.

Figure5.5 Isometric viewof the fixedfixed microbeam that has both ends clamped at the anct

We derive the governing equation and boundary conditions of theffikestl microbeam using the
EulerBemoulli beam equation [55] as shown in Eq. 5.7 and Eq. 5.8.
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The following parameters in Table 5.2 are used to define the properties of théxedcicrobeam
and the resonant drive circuit.

Table 5.2 Parameters of the fixBdked microbeam used in FEA

Parameter Symbol Value
Material PolySi
Material density J 2320 [kg/m]
Elastic modulus of PolySi E 160 [GPa]
Poi ssondés r a 3 0.23
Lengt of the fixedfixed microbeam Ly 300 [um]
Width of the fixedfixed microbeam Wi 50 [um]
Thickness of the fixedixed
microbeam o 1 [um]
Axial tensile load N 10 [MPa]
Initial gap o 2.5 [um]
Pull-in voltage Vii 32 [V]
Initial quality factor
of theresonant drive circuit Qr 100
Ratio of G to Gy r 100

The fixedfixed microbeam pogprocessed with its displacement is presentddgdare5.6, when it is
driven by the unbalanced resonant drive circuit. The displacemene dixdu-fixed microbeam at
various input voltage is presentedrigure 3.2 for comparison, when it is drive by both conventional
voltage control and the resonant drive circuit.

The simulation results verify that the resonanvaircuit is not only able to extend the operation
range of the fixedixed microbeam beyond its conventional ginllpoint, but also requires much less
input voltage to displace the microbeam before the sadile bifurcation occurs. For instance,
whenthe fixedfixed microbeam driven by conventional voltage control undergoes the samitiée
bifurcation at 32 V, its displacement is24.um. However, the resonant drive circuit extends its
operation range up to 2.14i at the input voltage of 1.23 V.
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Figure5.6 Fixedfixed microbeam pogprocessed with the displacement in the z axis while bt
actuated by the resonant drive citcwith the following parameters: the initial quality fact
Q=100, the parasitic capacitanCg=100C,, and the peak input voltage 1.23 V.
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Figure5.7 Stable fixed points of the fixefixed microbeam at véous input voltages when drive
by conventional voltage control and the resonant drive circuit with the initial quality fastbd@
and the parasitic capacitanCg=100C,.
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5.3 Microplate Supported by Two Microbeams and Actuated by Resonant Drive
Circuit
In this section, we present the numerical results and the experiment results of the microplate guided

by two microbeams shen in Figure 5.8, when the microplate is drive by conventional voltage
control and the resonant drive circuit.

Figure 5.8 Isometric view of he microplate supported by a pair of microbeams attache
anchors.

The actual microplate supported by two microbeams is fabricated through PolyMUMPss and it
pictures acquired by an optical microscope and a profilometer are preseliguaréb.9.

Figure 5.9 (a) Top view of the microplate supported by two microbeams obtained throu
optical microscope and (b) a falselor imageof the same microplate acquired by a profilomete
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5.3.1 Finite Element Model of Microplate Guided by Two Microbeams

We create the finite element model of the mitae supported by two identical microbeams in
COMSOL, based on the physical properties of the actual device, which are shown in Table 5.3.

Table 5.3 Physicglropertiesof the microplate supported by two microbeams

Parameter Symbol Value
Material PolySi
Material density J 2320 [kg/m]
Elastic modulus of PolySi E 160 [GPa]
Width of the microplate W, 100 [um]
Length of the microplate Lp 100 [um]
Thickness of the microplate ho 1.5 [um]
Width of the microbeam Wp 10 [um]
Length of the microbeam Ly 100 [um]
Thickness othe microbeam hy 1.5 [um]
Initial gap o 1.14 [um]
Initial capacitance Co 77.7[fF]

The displacement profiles of the microplate are presentdéigare 5.10, when it is driven by
conventional voltage control. The microplatespprocessed with its displacement at the input voltage
of 6.84 V is shown ifrigure5.11.

I[)i.v.placemellﬂ in the z u§is [pm]

5 : : ‘ ;
-150 -100 -50 0 50 100 150
Coordinate in the x axis (pm)

Figure 5.10 Displacement profiles of the microplate supported by two microbeams at ve
actuation voltages: the ptift voltage of the microplate is& V.
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Vin(144)=6.84 Surface: Total displacement [lum] Deformation: Displacement Max: 0.409
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Figure 5.11 Microplate posiprocessed with its displacement at the actuation voltage ofV6.
beforethepui n occurs: the displacement of the

5.3.2 Experiment Results on Microplate Guided by Two Microbeams

In order to verify thedesign parameters of the microplate with a pair of the microbeams, we inspect
the microplate under an optical microscope and measure the displacement of the microplate by using
a vibrometer while a function genesadrives the microplate. We use an dssitope to capture the

input voltage, the displacement signal from the-PID displacement decoder of the OBY0
vibrometer from Polytec, and the velocity signal from the-@D velocity decoder of the same
vibrometer. The displacement and velocity of tmécroplate measured by the vibrometer are
presented ifrigure5.12 andFigure5.13.

In Figure5.12, we actuate the microplate with the § Sinusoidal signal with the DC bia§4 V at 1

Hz. Its measured displacement and velocity clearly show when the microplate undergoes the saddle
node bifurcation and pulls out after its contact on the bottom electrode. The measunedqitdige

of the microplate is 6.57 V, and its dispame nt i s 0. 3if. The woltagd at whitkethep u | |
microplate comes out of the contact is 1.867 Wriljure5.13, we drive the same microplate with the

8 Vyp triangular signal with the DC bias of 4 V at 1 Hz in order ttedgine its pulin voltage and

pull-in point. The measured displacement clearly represents its nonlinear response to the triangular
input signal. The measured velocity clearly indicates how fast the microplate undergoes the saddle

node bifurcation as wellThe measured ptith voltage of the microplate is 6.57 V in average, and its

di spl acement idn.0.39 em at the pull
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YOKOGAWA  2011/04/16 23:19:59
Running Post frig.

CHI_INPUT | (CHZ INPUT.
DC 20M DC 20M
div  ||200mV/div

Figure5.12 Measured displacement and velocity of the microplate excited by thgs8nvsoidal
signal with the DC biasof4Vatl1Hz,¥ 6 . 57 V at ,£1.87AV.em and
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Figure5.13 Measured displacement and velocity of the microplate excited by thgt8angular
signal with the DC biasof4Vat1Hz,;¥ 6 . 57 V at ,&£1.8AV.em and
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In Figure 5.14-(a), the displacement of the micro@aand the input voltage to the microplate are
presented against time. These experiment results are compared to the numerical results obtained from
its finite element model irigure5.14-(b), where the red solid squares repreiemtdisplacement of

the microplate from its FEM, and the blue solid circles denote the displacement of the microplate
obtained from its experiment. Since the dynamics of the contact behavior is not part of FEM of the
microplate, we are not able to analythe behavior of the microplate after it makes contact on its
bottom electrode. However, we are currently working on the complete analytical and numerical
models of the microplate, including its contact behavior. As presentdegimre 5.14-(b), the
numerical results show that the microplate undergoes the gaofiitebifurcation at 6.84 V and its

di spl acement i s-in.0Weddlieve that thid differdnee mjght be explained by the
fridge field of the microplate, because of theesof the microplate and the small gap between the
microplate and its bottom electrode.

2.0 T 0.4

o Voltase 02 St N P
~#-Displacement i

® Experiment

= FEM
Pull-out ‘

Voltage (V)
&
=
Displacement (jum)

Displacement (pm)
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=

2.0 1

1.0 4§

0.0

14 1.6 18 2 22 24 26 28 3 32 34 36 38 4 00 10 20 3.0 4.0 5.0 6.0 7.0 8.0
Time (sec) Input Voltage (V)

(a) (b)

Figure 5.14 Displacenent of the microplate from the experiment and its FEA in COMSOL.:
experiment result shows,¥ 6 . 57 V at 0.39 em-6aBd WFEAt d

We also measure the displacement of the microplate actuated by the resonant drive circuit, which is
excited by an amplitude modulator that in turn, driven by a control signal, also known as a
baseband signal in RF applications. Due to the limitation of the amplitude modulator we use, we are
not able to push the microplate into the rest state. As a result, there is a DC bias in tbendgsyilaf

the microplate, which cannot be measured by the2DOD displacement decoder. We present the
screenshot of the oscilloscope that measures the modulated input voltage to the resonant drive circuit,
the actuation voltage amplified by the resonantedcircuit, and the displacement signal coming out

of the DD200 displacement decoderkigure5.15.

As presented ifrigure5.15, the input signal is modulated by the amplitude modulator and its voltage
is 321 mV},. The actuation voltage amplified by the resonant drive circuit is}.2r&ulting in the
voltage gain of 37.4.
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Figure 5.15 Measured displacement of the midaip driven by the resonant drive circuit: tl
input voltage is 321 my, the actuation voltage amplified by the resonant drive circuit isp},2
and the maxi mum di splacement of the micrc

5.4 Summary

In this chapter, we present the numerical results of the cantilever beam and théxdded
microbeam, when they are driven by conventional voltage control and the resonant drive circuit. The
numerical results clearly show that the resonant drive circuit is able to extend their operation range at
much lower input voltage. Moreover, the experitnegsults on the microplate supported by two
identical microbeams verify that the resonant drive circuit requires much less voltage to actuate the
microplate described in Section 5.3.
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