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Abstract

Microgenerators are electro-mechanical devices whichdsarenergy from local envi-
ronmental from such sources as light, heat and vibratiortses@ devices are used to
extend the life-time of wireless sensor network nodes. atibn-based microgenerators

for biomedical applications are investigated in this thesi

In order to optimise the microgenerator system design, abawed electro-mechanical
system simulation model of the complete system is requitdedthis work, a simula-

tion toolkit (known as ICES) has been developed utilisindCE? The objective is to

accurately model end-to-end microgenerator systems.-§tadg simulations of electro-
magnetic and electrostatic microgenerator systems aseipied to verify the operation
of the toolkit models. Custom semiconductor devices, @sly designed for microgen-
erator use, have also been modelled so that system desigrpéindsation of complete

microgenerator can be accomplished.

An analytical framework has been developed to estimate #pamum system effective-
ness of an electrostatic microgenerator operating in eotstharge and constant-voltage
modes. The calculated system effectiveness values areglaith respect to micro-
generator sizes for different input excitations. Trendsffiectiveness are identified and
discussed in detail. It was found that when the electrasteghsducer is interfaced with
power processing circuit, the parasitic elements of treudiare reducing the energy gen-
eration ability of the transducer by sharing the chargertusieparation of the capacitor
plates. Also, found that in constant-voltage mode the edstdtic microgenerator has a
better effectiveness over a large operating range thartatrsharge devices. The ICES
toolkit was used to perform time-domain simulation of a g operating points and

the simulation results provide verification of the analgtiesults.
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Chapter 1

Introduction

Wireless power supplies have the same advantages foralecttevices as do wireless
communications: they allow portability, and even for nartpble applications they can
avoid costly wired installations, particularly where soes of wired power are not locally
available. For this reason, improved wireless power sepre increasingly sought after
as electronic systems proliferate. Batteries in theirowiforms have so far been the
primary solution; however, they frequently dominate theesand sometimes the cost, of
the devices in question, and introduce an unwanted main¢enaurden of replacement
or recharging. Alternative power sources that overcomselienitations are thus highly
desirable. The possible approaches to this challenge arsettwcal energy supplies with
higher capacity, to deliver power wirelessly from an actsirce introduced for this

purpose, or to extract power from ambient sources in some way

Extracting power from ambient sources is generally knoweresgy harvesting, or en-
ergy scavenging. This approach has recently attractedsa deal of interest within both
the academic community and industry, as a potential inestitdla source for low power
devices. Generally energy harvesting suffers from lowjalde and unpredictable lev-
els of available power. However, the large reductions ingrosonsumption achieved in
electronics, along with the increasing numbers of mobild @her autonomous devices,
are continuously increasing the attractiveness of hanggtchniques. Consequently the
amount of research in the field, and the number of publicateppearing, have risen

greatly [1] since the field emerged in around 1998 to 2000.
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The sources of energy available for harvesting are esdigrafdour forms: light, radio
frequency (RF) electromagnetic radiation, thermal gnatdieand motion, including fluid
flow. All have received attention, in varying degrees. Soklls are the most mature and
commercially established energy harvesting solution [2] 3and are of course exploited
across a wide range of size scales and power levels. Whitasaskey parameter for
large scale photovoltaic generation, at the small scaledfple electronic devices this
is less of an issue, and light availability is instead the keytation. A wide range of
work has also been presented on small scale thermo-elgetneration [5, 6, 7, 8]. Tem-
perature differences tend to be small over the miniature stale associated with most
harvesting applications, which leads to poor thermodycagfiiciency, but useful power
levels can be captured from differences as little as a fewadsgC. Ambient RF has also
received some attention [9, 10, 11], although availabiifysignificant power levels is
again an issue [12], and efficient extraction using devicesmsmaller than the radiation
wavelengths is another key challenge. As an adjunct to tiveni@in sources for harvest-
ing, fuel based generation using ambient fluids as fuel,iBpaity glucose in the human

body has also been reported [13].

The relative advantages and disadvantages of the diffeoemtes for energy harvesting
have been discussed thoroughly by various authors [14,8,517, 18, 19] and conse-
guently the arguments will not be repeated here in detaie géneral opinion from the
literature is that whilst each application should be evi@dandividually with regards to
finding the best energy harvesting method, kinetic energphenform of motion or vi-
bration is generally the most versatile and ubiquitous amtbénergy source available.
Consequently, this thesis is concerned with study of vibnabased energy harvesters.
Operating principles and their possible applications @l mgorld are discussed in the

following sections.
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1.1 Motion-Driven Energy Harvesters: Operating Prin-

ciples

Motion driven microgenerators fall into two categoriespgh which utilise direct appli-
cation of force, and those which make use of inertial foratgg on a proof mass. The
operating principle of a direct-force generator is showirigure 1.1. In this case, the
driving force fq,(t) acts on a proof magss, supported on a suspension with spring con-
stantk, with a damping element present to provide a foifdg), opposing the motion. If
the damper is implemented using a suitable transductiomamsm then in opposing the
motion, energy is converted from a mechanical to an eledtfarm. There are limits of
+27, on the displacement of the mass, imposed by device sizersduaer limitations.
Direct force generators must make mechanical contact withstructures which move

relative to each other, and can thus apply a force on the dampe

far(t)

Figure 1.1: Generic model of direct-force generator

The operating principle of inertial microgenerators iswhan Figure 1.2. Again a proof
mass is supported on a suspension, and its inertia resudtsdlative displacemerzt)
when the frame, with absolute displacemgfii, experiences acceleration. The maxi-
mum range ok(t) is againt-Z,. Energy is converted when work is done against the damp-
ing force f(z) which opposes the relative motion. Inertial generatorsiregonly one
point of attachment to a moving structure, which gives muchenlexibility in mounting

than direct-force devices, and allows a greater degree mhtarisation.
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Figure 1.2: Generic model of inertial generator

In order to generate power, the damper must be implementadbiyable electro-mechanical

transducer. This can be done using one of the methods deddrédow.

1.1.1 Transduction Methods

Electromagnetic

In conventional, macro-scale engineering, electricabgators are overwhelmingly based
on electromagneti¢ransduction. In small scale energy harvesting, two maditichal
techniques are also common. Electrostatic transductibighws both impractical and in-
efficient for large machines, becomes much more practicahatl size scales, and is well
suited to micro-electro-mechanical (MEMS) implementati®iezoelectric transduction
is generally impractical for rotating systems, but is walted to the reciprocating nature

of the driving motion typically used for harvesting (e.gbsation).

Rotating electromagnetic generators are in common usefower levels of a few watts
(brushless DC domestic wind turbine systems), to severnaditead megawatts (synchro-
nous machines in power plants). It is possible to implemeatdamper of a microgen-
erator using the same principlee. that described by Faraday’s law of induction, as
illustrated in Figure 1.3. A change of magnetic flux linkag#wa coil induces a volt-

agev(t) in the coil, driving a current(t) in the circuit. The combined forcé(t) on the
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moving charges in the magnetic field acts to oppose thevelatbtion, as described by
Lenz’s law. The mechanical work done against the opposingefes converted to heat
in the resistance of the circuit and to stored energy in thgrmaac field associated with
the circuit inductance. Some key practical issues for mdetagnetic energy harvesters
are as follows: strong damping forces require rapid flux geanwhich are difficult to
achieve in small geometries or at low frequency; the numbeoibturns achievable in a
MEMS or other micro-scale device will be limited, resultimgow output voltages (typ-
ically millivolts); and integration of permanent magnedad ferromagnetic materials for

the flux path, is likely to be required [20] and [21] .

Figure 1.3: Principle of operation of the electromagnetaasducer

Electrostatic

In electrostaticgenerators, mechanical forces are employed to do work stgtia at-
traction of oppositely charged parts; in effect, such deviare mechanically variable
capacitors whose plates are separated by the movement ebtinee. They have two
fundamental modes of operation: switched and continuais [@ the switched type, the
transducer and the circuitry is reconfigured, through theratmon of switches, at differ-
ent parts of the generation cycle. Switched transducergurérer be split into 2 main
types: constant-charge and constant-voltage. The firBtsirated in Figure 1.4(a). For
a parallel plate structure with a variable separation antstamt overlapi(e. the hori-
zontal component af(t) is zero), and with a negligible fringing field, the field stgéim
is proportional to the (constant) charge and thus the engeggity of the electric field
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is independent of plate separation. As the electrode sepaiacreases (by doing me-
chanical work against the attractive fort@)) additional potential energy is stored in the
increased volume of electric field. If instead the platesraowed relative to each other
laterally (.e. the vertical component &ft) is zero), mechanical work is done against the
fringing field, and there is an increase in stored electecargy because the electric field
strength increases with the reduction in plate overlap,taactnergy density of the field

(proportional to the square of field strength) increase®efdlan its volume decreases.

*

(a) Constant charge (b) Constant voltage

Figure 1.4: Principle of operation of the electrostatiomgducer.

Constant voltage operation is illustrated in Figure 1.4(lb)the plate separation is in-
creased with a fixed overlap, the electric field strengtls falausing charge to be pushed
off the plates into an external circuit as a currghj. If the plates are moved with con-
stant separation and changing overlap, the field strengifs stonstant, but current is
again forced to flow into the source because the volume of ¢ha diecreases. In both
cases, the mechanical work done is converted into additelaetrical potential energy

in the voltage source.

For both modes, since the charge equals the capacitance ttmgotential (Q = CV),
and stored energy i%CVZ, the electrostatic force is found to be half the voltage segia

times the rate of change of capacitance,
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F= %VZdC/dz (1.1)

for motion in the z direction. Thus a constant force is olgdifior normal motion in
the constant charge case, and for lateral motion in the anhgbltage case. Because of
practical constraints, such as non-zero conductance ¢fastant charge) and non-ideal
voltage sources (for constant voltage), real electrastatnsducers work somewhere be-
tween these two extremes, although in many cases very dasetor the other, and both

types have been reported in the literature for implemeoratof microgenerators.

A practical restriction of electrostatic transducers iattthey require a pre-charge (or
priming) voltage in order to operate. This can be avoided ¥ of an electret,e. a
permanent charge buried in a dielectric layer and thesestgpelectrostatic transducer
tend to be of the continuous type [23]. On the other handedime damping force depends
on the initial voltage, an active precharge system offeespbssibility of dynamically

optimising the generator to the applied motion.

Three types of micro scale electrostatic transducers aremamly referred in the liter-

ature; In-plane gap closing, In-plane Overlap and Outiafi@ gap closing. Figure 1.5
shows all the three types of transducers. It can be notedldpEnding on the structure
movement the capacitance between comb fingers varies. fafy@sand disadvantages
of each device are discussed in [15]. Modelling of thesesttaners is discussed in Chap-

ter 3 of this thesis.

Piezoelectric

Thepiezoelectrieffect is a phenomenon whereby a strain in a material pradaicelec-

tric field in that material, and conversely an applied eledteld produces a mechanical
strain [24]. The former can be used to realise microgenesaMvhen an external force
is applied, some of the mechanical work done is stored aetsin energy, and some
in the electric field associated with the induced polarsatf the material. If an external
conduction path through a load is provided, a current whiettralises the net charge

results (Figure 1.6). Piezoelectric materials with higécalo-mechanical coupling coeffi-
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[e— 5-10mm —>|

In-plane overlap type:
fmo Hm Capacitance changes by changing overlap

: : area of fingers. (Not to scale)

In-plane gap closing type:
Capacitance changes by changing gap between

fingers. (Not to scale) -

H H -
—
2 pp Out-of-plane gap closing type:
Capacitance changes by changing gap
between two large plates. (Not to scale)

Figure 1.5: Three possible topologies for micromachineectebstatic transducers
from [15]

Figure 1.6: Principle of operation of the piezoelectricgducer.

cients are generally ceramics, with PZT (lead zirconaéméte) being the most common.
Such materials do not tolerate high strain levels, so somme &b lever is required to com-
bine them with devices of significant relative displacem@ie most common geometry

is to apply the piezoelectric as a thin layer on a cantilewan from which the proof

mass is suspended.

Although the three transduction methods discussed abawendte the literature on en-
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ergy harvesting, others are possible, such as the magnetiosteffect [25].

1.2 Applications for Motion-Based Energy Harvesting

Energy harvesters have main applications in wireless saretworks and body sensor

networks, which will now be discussed.

1.2.1 Wireless Sensor Networks

Traditionally, healthcare has concentrated upon sham-teeatment, rather than long
term monitoring and prevention of illnesses [26]. Howeweany chronically ill patients

could have a significant increase in quality of life and lifgectancy if certain biolog-

ical signs could be continually monitored and controlledinly their daily lives. Three

examples illustrate the potential of this approach: carily monitoring blood pres-

sure in patients with hypertension can significantly inseeaedication compliance [27];
real-time processing of electrocardiograph traces carebgeffective at revealing early
stages of heart disease [28]; and closed loop control ofimadministration for diabetic

patients would significantly reduce the risk of hypoglycarfi9]. Monitoring can also

allow better targeting of medicines, reducing costs andamted side effects. In order
to achieve these benefits, many types of body mounted or ntgulanedical devices are
desired [30].

Implantable or wearable devices will only significantlyiease quality of life if they are
unobtrusive to the patient [31, 32] in terms of both use anthtemance. It is especially
important to eliminate maintenance for implantable desjider which replacement of
the power source in particular must be avoided [33]. Whitshe implanted sensors can
be totally passive and used in conjunction with active eop@pt when a measurement
is needed [34], and some active devices could be powered egsionally by wireless
energy transfer, many require a continuous source of etatfpower [30]. Ideally, all

implantable medical devices would have a power supplyitifetas long as the required
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operational lifetime, thus keeping surgery, and cost, toi@mum. This vision of un-
obtrusive, automated health care [35] using wearable amdaimed wireless medical
devices is the main focus of a new and fast-growing multtigighary research area, that
of the body sensor networlor BSN [36, 37]. In general, the tiny size of information
processing and radio frequency integrated circuits mdaatdatteries dominate the size
of devices which require long operating times [15, 29, 38hsas BSN nodes. How-
ever, the continual evolution of solid-state electrona@snbined with new circuit design
techniques, has led to vast reductions in power consum@owell as size, for circuits
required to perform given functions. This combination of/lpower requirements, tight
size constraints, and the need to eliminate maintenandes2SN a particularly attrac-

tive application for energy harvesting.

The BSN is a specific instance of a more general topicwineless sensor netwarlkor
WSN [39, 40]. The general wireless sensor network concejptatsof deploying many
small, inconspicuous, self-contained sensor nodes, oéfmred to agnotes into an
environment to collect and transmit information, and palgrovide localised actuation.
Other than medical applications, potential uses for WSNkide: structural monitoring
of buildings [41]; status monitoring of machinery; envirental monitoring of domestic
environments to make them more comfortable [42, 43]; nmjiteacking [43]; security;
wearable computing; aircraft engine monitoring [44]; aedgonal tracking and recovery
systems [45]. As with BSNs, many application areas will dmyattractive for WSN use

if motes can be powered by an inexhaustible energy sourch,asiharvested energy.

Figure 1.7 shows a block diagram of the signal and processgments of a wireless
sensor mote capable of sending the data to a remote locatiggrdcessing. The mini-
mum power requirements of such a device can be estimated asmixture of currently

available ‘off-the-shelf’ technology and devices whicle #éine current state of the art in

research. As an example, consider the following three el¢sne

e Sensor: the STLM20 temperature sensor from ST Micro [4 Aditgpically 12uwW

quiescent power at 2.4 V supply voltage.
e ADC: an ADC reported by Sauerbrey et al [48] has power disgipdelow 1uwW
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Power Supply

Sensor = ADC Transmitter

Control

Figure 1.7: Basic wireless sensor arrangement from [46]

for 8 bit sampling at 4 kS/s.

e Transmitter: IMEC recently announced an IEEE 802.15.4dstal-compliant ul-
tra wideband transmitter [49], with a power consumption ofyd).65 nJ per 16

chip burst, operating at a low duty cycle.

The required data rates for bio-monitoring applicationglteo be quite low due to the
relatively low rates of change of the variables [38]. Onehaf highest rates required is
for heart-beat monitoring, at around 100 samples/s. Ifithcd®mbined with a resolution
of 10 bits, then the data rate is 1 kbps which, if the trangngibwer quoted can be scaled
to such low data rates, requires only O}8&. This suggests a total power consumption
for the sensor node may be only 10 - 20V, or even 1 - 2uW or less if the other com-
ponents are also duty cycled. There would be some extra @eadifor power-processing,
interface and timing circuitry, but it is reasonable to mstie that the total device power
consumption could ultimately be reduced to a {@W, at least for this biosensor applica-
tion. This is within achievable levels for energy harvester modest (below 1 cc) size,

even when harvesting low frequency body motion [46].
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1.2.2 Other Applications

Limited battery life is a significant inconvenience for mpsitrtable electronic devices,
so target applications for energy harvesting are primdmiyted by the feasibility of
harvesting in each case. This feasibility depends mainfponfactors: the typical power
consumption of the device; the usage pattern; the deviee(aizd thus the acceptable
harvester size); and the motion to which the device is stigefor motion harvesting
specifically). For example, laptop computers are poor chatds for harvesting: although
they are relatively large, they have high power consumptl®40 W), and their typical
usage patterns comprise long periods (tens of minutes tishoticontinuous use, with
idle periods mostly spent in a low motion environment. Eveharvesting is used to
supplement rather than replace batteries, the addedpbhfiteis likely to be marginal at

best for most users.

Mobile telephones (cell-phones) are a somewhat more awedarget, as they tend to be
carried on the body for much of the time, thus experiencingile motion, while only

being used (other than in low power monitoring mode) fortreddy short periods. Of

course the relative amounts of motion and usage are higlelydeppendent. The power
levels during calls are typically a few W, and this is liketyreduce to some extent with
advances in the relevant technologies. However, spacejisiwech at a premium in hand-
sets, and energy harvesting power densities reported édfailabody motion sources, as
reviewed below, are well below the levels at which this aggilon becomes feasible. For
other handheld devices, such as mp3 players and persomaligegs, the considerations
are similar to those for phones, with some differences ingga@quirements and usage

patterns.

Thus, wireless sensors would appear to be the primary apiolicarea for motion harvest-

ing and this thesis will investigate energy harvesters fomedical sensing applications.
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1.3 Thesis Outline

This thesis is organized and presented in the following wrap

e Chapter 2: Contains a literature review of energy harvegiarticularly focusing

on inertial microgenerators.

e Chapter 3: Describes the modelling of inertial microgetaraystems and dis-

cusses case studies and model verification simulations.
e Chapter 4: Discusses PSpice modelling of custom-semiatoddevices.

e Chapter 5: Define and discusses the system effectivenessatéetrostatic micro-

generator operating in constant-charge mode.

e Chapter 6: Define and discusses the system effectivenessatdéetrostatic micro-

generator operating in constant-voltage mode.

e Chapter 7: Is the conclusion and discusses author’s cotitiband suggestions

for further work.
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Chapter 2

Literature Review

In this work, inertial type microgenerators only are coesatl since these generators can
function simply by being attached to a source of motion atnglsi point, rather than
relying on the relative motion of different parts of the hssticture, and allows a greater
degree of miniaturisation. Only recent literature (fromay@006 to date) on inertial
microgenerators is reviewed in this chapter as literatui@ po year 2006 has already
been critically reviewed in a PhD thesis [50] and in jourreadiew article [20]. However,

the key points of these reviews are summarised here:

e The energy harvesting field is getting more research atteatid continues to grow,
particularly the field of motion harvesting microgeneratoAll the three types of

inertial transduction mechanisms have been widely ingattd in the literature.

e The electromagnetic transduction mechanism offers a@glblished technique of
electrical power generation and there is wide variety oinggmass configurations
that can be used with various types of materials that aresméktd and proven for

cyclically stressed applications.
e Several companies are offering macro-scale electromiagnetrogenerators [46].

e With the electromagnetic transducer, comparatively vegh lturrent levels are
achievable at the expense of low voltages. Various powecgsing schemes

have been developed to amplify the transducer’s outpuageltRecently, research
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groups are focusing more on active-rectification schemés which very small

voltages (as low as of 20 mV) can be rectified.

The typical size of the electromagnetic microgenerator lieen shrinking over
the last decade. However, wafer-scale microgeneratoiguatedifficult to achieve
owing to the relatively poor properties of planar magneisitations on the number
of turns achievable with planar coils and the restrictedldnyge of vibration, hence

magnet/coil velocity).

Piezoelectric transducers are simplest to fabricate awdthis mechanism has been
stated to be the best transduction mechanism for microgemsrby Roundt al.
because they can have the highest energy storage dendiy thfree transduction
mechanisms ( Note that this statement was argued in [50]ftki@s value is not

a limiting factor in the design of the generator, it is unclednich transduction

mechanism is the best choice).

Most of the implementations of piezoelectric transduceesmaeso-scale and they
produced relatively high voltages. Various power eledtraircuits have been pro-
posed to process and regulate the piezoelectric transdutyst. One of the signif-
icant contributions is the synchronous charge extractbreme proposed by Guy-
omaret al.which effectively improves the piezoelectric materialodfemechanical
coupling coefficient through the use of power electronicshe®research groups

are also actively researching to exploit the advantagds®ttheme.

Piezoelectric materials are required to be strained dyrecid therefore their me-
chanical properties will limit overall performance ancetime. It is difficult to
make micro-scale piezoelectric transducers and is evidemt the literature that

there are very few reported micro-scale piezoelectricsulaners.

In contrast to the two transduction mechanisms mentionedelihe electrostatic
transduction mechanism is easily realisable as a MEMS de@scMEMS comb-
drive actuators are commonly used. Thereby implementatiamomplete micro-
generator system on a single chip is possible. Also, duestodture of the scaling

of the electrostatic force, at smaller dimensions the edstdtic microgenerators
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have the potential to achieve greater power densities caadpa the other trans-

duction mechanisms [51].

This work will focus on electrostatic microgenerators asytpotentially offer many ad-
vantages over the other types. Therefore, recent litexainrelectrostatic transduction
mechanism will be reviewed here. Section 2.1 and 2.2 relspéctiscuss articles on
electrostatic transducers and associated power electomeuits. Some of this review
work was published as [46]. Performance trends of the redomicrogenerators are
compared in Section 2.3. At the end of this chapter the rebeasjectives of this thesis

are discussed.

2.1 Electrostatic Inertial Microgenerators

Electrostatic microgenerators can be classified as eiésenant or non-resonant devices.
In the former case, mechanical parts of device such as spridgoroof mass resonate
with input excitation and the motion of the variable capacplates will be harmonic
with the input excitation. Whereas, in the non-resonaniadsy the mechanical parts
will not resonate and the motion of the capacitor plates kgllnon-harmonic with the
input excitation. Articles on both types of microgeneratare reviewed in the following

paragraphs.

Resonant Electrostatic Microgenerators:

The first reported electrostatic device was by Menirgaal. [52] and development has
continued on these devices. More recently, an in-plane peing comb structure type
electrostatic microgenerator has been designed and ébdidy Chiwet al. in [53]. By
constraining the output voltage to 3V and the device arean®, various design parame-
ters have been calculated and verified through simulatidn&xternal steel mass of 7.2g
was attached to match the device resonant frequency to phe @xcitation of 120Hz.

The authors were unable to test the device because the leacegacitor is getting short
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circuited due to the residual particles.

Most of electrostatic devices rely on semiconductor svegobr continuous operation into
resistive loads, however [54] are one of the few researchpgasing integrated me-
chanical switches. The mechanical switches have advatdgero charge leakage and
synchronous operation to the input external vibrationguf@ 2.1 shows the fabricated
device with external mass, comb fingers and mechanical Is@gtarrangement. In this
design authors used tungsten mass of 4g to adjust the reédoegurency of the device.

The advantage of using tungsten material is that it has higlaess density compared to
steel. Voltage and power measurements could not be madéhsitabricated device due

to various parasitic capacitances. No further work fountth@literature by these authors.

Figure 2.1: Fabricated device from [54] (a) Center hole fasiponing the external mass

(b) Integrated mechanical switches (c) Comb fingers (d)fBalenass attached for testing

Despesset al.reported an in-plane gap closing type electrostatic menegator [55, 56].
A fabricated macroscale structure with a volume afig delivered mW at 50Hz and 1g
acceleration, with a proof mass of 104g. And a similar stetvith volume of 324mn?

produced 7QW of output power with same conditions.

A hybrid low frequency, low intensity energy harvester tbatiples both electrostatic and
piezoelectric transduction mechanisms is proposed in [B4$ an electrostatic oscilla-

tor suspended by piezoelectric springs as shown in Fig@e Phe voltage developed
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Figure 2.2: Conceptual drawing of hybrid energy harvesgstesn from [57] (a) Plan

view (b) elevation
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Figure 2.3: Hybrid energy harvester block diagram [57]

Figure 2.4: Modified hybrid energy harvester from [58]

by spring elongation is used to prime the electrostaticsolantion. The piezoelectric
springs also provide signals for charge and discharge sy@eblock diagram is shown

in Figure 2.3. The authors analysed the hybrid system bynaisspuin-plane gap closing
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structure type electrostatic transducer. However, duadabmplexity of fabrication, a
simple out-of-plane type variable capacitor is considerethe later stage [58] and the
modified hybrid harvester block diagram is shown in Figude 2 working prototype has
been characterised and it was found that the piezoelecntlever beam was working
as expected. However, the desired change of capacitantgtromtbe achieved with the

variable capacitor due to the poor alignment of parallelgd@f the capacitor.

To achieve a System-on-Chip (SoC) design of micro systenm-gtane overlap electro-
static device has been described by Séteal.in [59]. The device size is of 30003000x
500un? and delivered @9uW at 105Hz with 1@imamplitude of the motion. Figure 2.5
shows the structure of the device with various dimensionketa The gap between
the comb-fingers ismwhich is dictated by the minimum line-width of DRIE process.
The authors state that the device is most area-efficient htloiccsolution for realising
system-on-chip micro system. It is to be noted that the @guower output of this level is
hardly useful for most of the electronics. A further improvent of output power requires
increasing either the proof mass or the number of comb fingeeseby increased device

dimensions.

mechanical spring

-

<« fized comb-finger

vibrating mass

Figure 2.5: In-plane overlap electrostatic device with CM@ocess from [59]

Bassetet al. [60] described a translational in-plane overlap elecatistharvester. The
proof mass is micro machined from silicon wafer and anotiidanded to a glass sub-

strate. The electrodes of the variable capacitor, whichmaaéde of aluminum, are on the
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top-side of glass and back-side of silicon wafer as showngare 2.6. The silicon mass
is designed to have an in-plane translational degree afiémee The device, 11mm long
and 6.5mm wide produced 61nW at 250Hz after pre-chargingrémsducer at 6V. The
authors described various methods of reducing the paraspiacitance to achieve the de-
signed change in transducer capacitance and also preskdige of a power condition-
ing circuit which will make the device work autonomousky. no need of precharging.
However, while testing the prototype, the authors used aragp voltage source to start

the harvesting process.

mechanical spring direction of external vibration
silicon proof mass ¢ >

anchor

Pad access nitride pad access
top electrode) (bottom electrode)

Figure 2.6: 3D schematic view of in-plane translation elestatic device from [60]

One disadvantage of the electrostatic microgeneratoeisé¢ed for a precharge voltage.
Usually this is achieved with a voltage source and power itimmihg circuit or with an
electret. The electret is an electrostatic equivalent teraqpnent magnet and it is a di-
electric with quasi-permanent charge trapped inside wipgsterate a strong electric field.
In [23, 61], Halvorseret al. presented design, fabrication and characterisation ofean e
trostatic device with electret as internal bias. The basiccture of this device is shown
in Figure 2.7. Two important findings can be observed fronréseilts. Firstly, when the
device output power was measured for two different cavigspures (atmospheric and
2.5mbar), it was found that for low cavity pressure, one to twders more power was
achieved. This demonstrates need for vaccum packagingafestatic devices. The sec-
ond finding is about the method of studying and modelling thieatviour of the resonant

devices under broadband input excitations.
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Figure 2.7: Basic structure of an electrostatic device widttret internal bias from [23]

The research at University of Tokyo is focused on electreelieelectrostatic devices.
Different electret materials and various device strucurave been studied and results

are reported in [62, 63].

This completes the review of resonant electrostatic devacel the following section re-

views the literature on non-resonant devices.

Non-Resonant Electrostatic Microgenerators:

Motions in biomedical applications are random without resd frequencies. The above
discussed resonant devices performance will be poor withresonant excitations, there-
fore, non-resonant or broadband devices are more suitabl@dmedical applications.
Early work on non-resonant device was reported by Migal.in [64]. The device mea-
sured output energy per cycle is 120nJ at 220V at frequenklz 3@th acceleration of
10ms 2. The authors state that the power obtained is significarglgvi theoretically
achievable values and they believe that the motion of pradsin unwanted degrees of
freedom is reducing the designed change in capacitancelheeduction in the power

output.

Recently, Kizirogluet al. proposed a new non-resonant type electrostatic device [65]
this device a series of strip electrodes (covered with thetedtric layer) are used to form
fixed plates of the variable capacitor. A stainless steelsaed as proof mass. The de-

vice structure is shown in Figure 2.8(a). The key advantaggsthis structure are: more
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proof mass can be used, no suspension structure is neetlemli(dd a guided structure
will be required to constrain the motion); the travel rangewhich achievable power is
also proportional) is greatly increased and the outputasiged in several pulses per mo-
tion rather than one. The later characteristics are vaduadtause parasitic capacitances
typically make it difficult to benefit from a large motion ram@ single-pulse system.
Characterisation of the prototype device and difficultiéggwneasuring the output volt-

ages are discussed in [66].
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Input Qutput
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(@) (b)
Figure 2.8: (a) Schematic of the device structure. (b) Seltientircuit showing the

electrical operation from [66]

A new electrostatic microgenerator is developed in [67] aovhst power from low fre-

guency vibrations such as from human motion. Microball imggrwere used to control
the gap between electrodes as shown in Figure 2.9. Thiststeurs not only suitable

for good gap control but also suitable for long-range movaraé low frequency with a

spring that has low-spring constant. The problem with lomgonstant is that spring
can not retain the moving part well and also can not keep @awagap between the elec-
trodes. The fabricated device harvested a power ptMat 2Hz and 8QW at 6Hz with

an input acceleration of 0.4g, which is a typical vibratiomhe waist.

In a review article [22], the authors summarised workinghgiples of various electro-
static transduction mechanisms. Advantages and disaatyesof four different type of
designs of electrostatic transducers are discussed. buther’'s opinion, the electrosta-
tic microgenerators will achieve high power densities atrmscale levels compared to
electromagnetic microgenerators, therefore making themy attractive to medical appli-

cations.
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Figure 2.9: New Structure of electrostatic microgeneratsing microball bearings

from [67]

This completes the review of the literature on electrostasinsduction mechanism. Now,
power processing circuits literature for electrostaticvleaters will be discussed in the

next section.

2.2 Power Processing Circuits

There are two key reasons why conditioning of the output paf@ microgenerator is
called for. First, it is very unlikely that the unprocessedput of the transducer will be
directly compatible with the load electronics and, secamanost cases it is desirable to
maximise the power transfer from the transducer by optmgisihe apparent impedance
of the load presented to it. It may also be necessary to peanergy storage for sources

that are intermittent or for relatively high power loadstthan in burst mode.

It is clear from the literature to date that much more attentias been paid to the trans-
ducer itself than the power conditioning. Most researcherse used a simple resistive
load to determine the electrical power output of their tdarters. Only a small number of
publications describe more sophisticated power procgssages with voltage regulation

or power transfer optimisation. These articles will now eéewed.
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In the case of electrostatic microgenerators, power psiegsircuits are used to charge a
variable capacitor through an external precharge poweaslg\ipattery) and to discharge
the variable capacitor through a load (or to recharge theityat A charge pump circuit is
used to charge and discharge a variable capacitor as shdvigure 2.10. Diode D1 will
be on when the variable capacitor is at its minimum positercapacitance is maximum.
Diode D2 will be on when the voltage at node A is more than tlael leoltage. Both the
diodes will be off during rest of the vibration cycle perio@iodes with low reverse
leakage current are suitable for this application to redbedeakage power loss. In [15],
the author states that JFETs working in a diode mode haveussghto reduce the reverse
leakage current, but does not explain why. It may be thattlésdes are low-leakage
compared to off the shelf devices because of their size anddd of JFETs in diode mode

was a convenient way of obtaining diodes of this size.

DI, D2

Prechargeli Variable + | Storage

_T Capacito —

Figure 2.10: Basic charge pump circuit

Figure 2.11 shows an active switch based power processigtgproposed in [52]. Dur-
ing the precharge condition, switch SW2 will be turned onttwesenergy in inductor L.
The stored inductor energy will be used to charge the vaialpacitoCy,r by turning
on and off the switches SW1 and SW2 respectively. During thehérge period, the re-
verse switching sequence of precharging condition willddewed to discharg€ya,. An
external control circuit is used to generate the prechangetiae discharge gate signals.

Generating the synchronous gate signals is very difficuth iis circuit.

To mitigate this problem an asynchronous power processiogitis proposed [68]. This
asynchronous circuit consists of a basic charge pump timadi a flyback converter. The
block diagram and the circuit details of the asynchronousgrgrocessing circuit are
shown in Figure 2.12. The charge pump in the forward path exdswibration energy

into electrical energy, which is then delivered to a tempostorage. The flyback circuit
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Figure 2.11: Modified basic charge pump circuit from [52]
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is used to transfer the energy from the temporary storagerésexvoir that powers the
attached load and priming of the charge pump. Details otteleof various components

and experimental verification of the circuit are discusseithé paper.
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Figure 2.12: Block diagram and circuit details of asynclows energy harvester

from [68]

A new power processing circuit for electrostatic microgat@'s has been proposed in
[56]. A flyback transformer and two active switches are usegrécharge and discharge

the variable capacitor as shown in Figure 2.13. The primangling L, will be switched
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Figure 2.13: Electrostatic microgenerator power procgsssing flyback power structure

from [56]

across the battery to store the energy. The switches SW2\&iichEe respectively turned
on and off to precharge the variable capacig. Both the switches are kept open
until the variable capacitor reaches its minimum capacegamMNow the switch SW2 will
be turned on to discharge the variable capaditgf. The switches SW1 and SW2 are
respectively turned on and off to transfer the energy storéde secondary windind,s,

to the battery.

Generator @

[on

Figure 2.14: Buck converter proposed in [69], the low sideSFET is only required for

the boost-strap gate-drive

In an analysis of power processing circuits for the CFPG lo@esl at Imperial, it has
been shown that the power converter attached to this de@edsnto have an off-state
impedance of more than 3DQ and less than 1 pF of input capacitance to maintain 80%

of the generated energy [69]. To achieve this high level gfédance, thin layer silicon-
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on-insulator technology based semiconductors have besgrdel. Using these devices,
a simple buck converter circuit shown in Figure 2.14 has Isgeulated in F.E. software,
so that the physical effects such as electron hole pair géoarand impact ionization,
substrate currents and charge storage can be modelledhih @edtailed simulation stud-
ies are carried out to optimize the MOSFET and diode devieasatio optimise the energy
generated from the system, taking into account conduabssdnd charge sharing effects.
It has been found that the on-state voltage drop of the MOSifEdominantly affects the
conversion efficiency because of high peak currents, wireldae to the low inductance
used in the circuit in order that the inductor could be in&giole on chip. It has also been
found that when the MOSFET is replaced by an IGBT, the sizénefibhductor can be

reduced by a factor of 2 whilst maintaining the same conwarsificiency.

The power processing circuit for a voltage constrainedtedstatic microgenerator is
shown in Figure 2.15. During the precharge condition, SW2 8W5 will be switched
on to store energy in the inductor L. Switches SW3 and SW4hweilturned on by simul-
taneously turning off SW2 and SW5 to charge the variable aggeC,5;,. The unidirec-
tional switch SW1 will be turned on to allow the current to fllwm variable capacitor
Cvar to the battery. When the variable capacitor reaches it'smrmim value, SW1 will
be turned off. In order to completely recover the charge sctbe variable capacitor,
reverse switching sequence of the precharge conditiores. s complete description of

the circuit with waveforms has been discussed in [70].

Swi
L
"H0000
SW2 SW3
+ | Battery Cvar| |/
7 swa SwWs5 7

Figure 2.15: Voltage constrained electrostatic microgatoe for battery charging appli-

cation from [70]

It can be concluded that the interface electronics for sdatitic devices must have low
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leakage and low parasitic capacitance for efficient powearersion and require special
semiconductor devices to process high voltage and low etartput of the transducer. It
can also be concluded that there is no best practice availabpower processing circuit
design in the literature. The following section discus$esdomparison of the reported

microgenerators.

2.3 Energy Harvester Performance Metrics

A key issue in the discussion of energy harvesters is whébipeance metrics, or figures
of merit, are appropriate to compare different devices sigieapproaches. Power effi-
ciency could be defined for a harvester as the ratio of et@ttpower out to mechanical
power in, but while this would give some indication of theeetiveness of the trans-
duction, it misses a key aspect, namely that the input mechlapower itself strongly
depends on the device design. On the other hand we cannlyt @aféne the efficiency
in terms of the potential mechanical power available fromgburce, since typically this
is effectively limitlessj.e. loading by the harvester has a negligible effect on the sourc
Instead, the maximum output of the harvester is normallynation of its own properties,

particularly its size.

Various metrics other than efficiency have been proposetiydmg power density [71],
normalised power density [72], and two proposed measuredfectiveness [73, 74].
Power density is attractive because this measure is vergriant to the end user; how-
ever, it only provides a meaningful comparison for fixed &tin source characteristics,
since attainable output is so dependent on these (as giv&yy= %YOZ| w’m [46]).
Also, if specific source characteristics are used to compayalevices, they should each

have been optimised with such a source in mind.

To reach a more universal metric, a possible normalised pdesesity (with respect to
source characteristics) is given in [72], in which the podensity is divided by source
acceleration amplitude squared. There are three diffesuMtiith this approach. Firstly, it

is desirable to have performance metrics with a maximumevafwnity, so that it is clear
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how close the design is to optimality. Secondly, maximum g@oi& both proportional to
acceleration squared divided by frequency, so the soungendience has not been fully
removed. Thirdly, since attainable power is proportionaiiass times internal displace-
ment range, or to voluné, dividing by volume does not remove the size dependence

completely and thus favours larger devices.

In [74], Roundy proposes a dimensionless figure of meriedakffectiveness’ to com-

pare power output of various transduction mechanisms desig

e (2) ()

wheree is the effectivenesk? is a coupling coefficient of the transduction mechanism,

Q is the quality factor of the desigp, is a baseline material density, is the actual

density of the device) is the transmission coefficient aigax the maximum transmis-
sion coefficient of the transduction mechanism. Broad cormepa of harvester designs
is possible with this metric, but it does not have a definedimaw value, since Q has
no fundamental limit, and so it does not directly indicatevlobose a device is to optimal

performance.

An alternative definition of effectiveness is introduced 48], which is labelled here as

Harvester Effectiveness

Useful Power Output
Ey = . - (2.2)
Maximum Possible Output

ful P
_ Useu1 ower Output (2.3)

The harvester effectiveness as defined above has a thabreigimum of 100%, and is
mainly a measure of how closely a specific design approathedeal performance; it
does not distinguish between designs of different proofsdassity or geometry. For this
reason a variant of this metric is introduced, which is tetrasVolume Figure of Merit
FoMy, which aims to compare the performance of devices as a fiamofi their overall

size. This is done by substituting the actoabndZ, of the devices with values for an
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equivalent device of cubic geometry, having the same tatekage volumé&/ol, but with
a proof mass, with the density of golda(), occupying half this volume, and space for

displacement occupying the other half. This gives:

Useful Power Output
FoMy =~ P
15YopauVoliw?

(2.4)

A real device of cubic geometry could not reachFsiMly of 100%, since some space
must be taken up by the frame, suspension and transducerooemis. However, since
elongation of the device along the motion axis can increlasg@bwer density, the value

for a non-cubic device can in principle exceed 100%.

Tables 2.1 to 2.3 present a summary of the important parasneteeported inertial en-
ergy harvesters. The research team is identified by the titebaon the corresponding
paper(s). Only papers reporting experimental resultsrarieided in the tables. Several

observations can be made from the reported data:

e There has been significantly more work presented on eleeyostic generators

than on the other two types.

e Around half of the reported work contains information rejag models of micro-
generators, the other half giving measured results of prpés. There are six cases
where results of a model and a prototype are presented; sé thiee piezoelec-
tric generator by Roundgt al. achieves the closest match between the model and

measurements.

e The designed operating frequency of most devices, indegrerd transducer type,
is 50 Hz - 200 Hz. Only three groups, Tashebal., Kulah et al., and our own,
have attempted to design inertial microgenerators to ¢peafrequencies below
5 Hz.

e There is a large variation in the amplitudes of the motiordusedrive the genera-
tors, ranging from less than 1 nm to several mm. Generalhgggors designed to

work at higher frequencies are driven by lower displaceraemtlitude sources.
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Table 2.1: Comparison of effectiveness of published edbacaignetic motion harvesters

Author Reference Generator| Proof Input Am- | Input | Z Power (un-| Power Power Harvester Volume Fig-
Volume Mass [g] | plitude Fre- [pm] processed) | (processed) Density Effective- ure of Merit
[cm?] (k] quency [HW] [HW] [WWiem®] | ness [%] (6]
[Hz]
Li [75] 1.00 0.22 200 60 5000 100 100 1.70 0.08
Li [75] 1.00 0.22 200 120 1000 100 100 1.07 0.01
Ching [76] 1.00 210 107 1.50 1.50 0.2x10°3
Ching [76] 1.00 190 104 5.00 5.00 0.8x10°3
Li [77] 1.24 210 100 64 10 8.06 0.01
Shearwood [78] 0.02 24x10°3 | 0.50 4400 | 63 0.33 22 0.04 7x10°°
El-hami [79] 0.24 0.50 25 322 940 530 2208.3 1.09 0.14
Ching [80] 1.00 200 60 680 680 0.52
Ching [80] 1.00 200 110 680 680 0.08
Ching [81] 1.00 200 60 830 830 0.64
Ching [81] 1.00 200 110 830 830 0.1
Mizuno [82] 2.10 0.54 0.64 700 6.5 0.4x1073 02x103 | 042x10°3 | 226x10°°
Lee [83] 7.30 0.14 150 85 7500 | 830 113.70 6.92 0.02
Glynne-Jones | [84] 0.84 13 322 360 37 44.05 0.003
Beeby [85] 0.10 0.03 54x10"% | 9500 | 500 0.02 0.21 26x1073 3.27x10°°
Beeby [86] 0.06 0.44 0.62 350 217 2.85 47.50 0.90 0.15
Beeby [86] 0.07 0.03 0.98x 1072 | 9500 | 240 0.12 1.79 0.02 0.174x 1073
Serre [87] 0.68 1.56 3.40 360 0.05 0.07 16x10°
Saha [88] 43 115 13.1 1250 | 2000
Saha [88] 25 28 84 1500 | 3200
Huang [89] 0.04 0.03 50 100 5200 | 1.44 40 0.14 0.08
Perpetuum [90] 131 0.633 99 800 6.1 0.065
Perpetuum [90] 131 2.54 99 3500 27 0.07
Perpetuum [90] 131 25.4 99 40000 306 0.08
Ferro Solutions | [91] 133 1.73 60 800 6.0 0.1
Ferro Solutions | [91] 133 3.45 60 3100 23 0.2




6v

Table 2.2: Comparison of effectiveness of published ebstatic motion harvesters

Author Reference Generator Proof | Input Input | Z Power Power Power Harvester| Volume
Volume | Mass | Am- Fre- [um] (un- (processed) Density Effec- Figure of
[cm?3] [0] plitude | quency processed) [HW] [uW/cm?] | tiveness | Merit [%]

[m] (Hz] (HW] (%]

Tashiro [92] 640 380 4.76 19000 58 0.09

Tashiro [93] 15 780 9000 6 36 2.42 0.02

Mizuno [82] 0.6 0.7 0.64 743 4.9 7.4%10°° 123 x | 6.6 x | 1.86 X

1073 1076 107°

Miyazaki | [94] 5 1 45 30 0.21 12.4

Arakawa [95] 0.4 0.65 1000 10 1000 6 15 7.42 0.68

Despesse | [56] 18 104 90 50 90 1760 1000 56 7.66 0.06

Yen [68] 1500 1.8

Tsutsuming [96] 600 20 600 278 0

Tsutsuming [97] 1000 20 1000 6.4

Mitcheson | [64] 0.6 0.12 | 1130 20 100 24 4 17.9 0.02
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Table 2.3: Comparison of effectiveness of published pikebec motion harvesters

Author Reference Generatof Proof | Input Am- | InputFre-| Z Power  (un-| Power Power Harvester| Volume
Volume | Mass | plitude quency [um] processed) (processed) Density Effec- Figure of
[cm3] [0] [um] [Hz] [uw] [UW] [UW/cm?] | tiveness | Merit [%)]
(%]
Glynne- | [98] 0.53 80.1 800 1.5 2.83
Jones
Roundy | [15] 1 8.5 4 120 150 80 80 7.3 0.39
Roundy [15] 1 7.5 7.9 85 143 207 90 90 14 0.62
Roundy [15] 1 8.2 16 60 150 365 180 180 34 1.74
Roundy | [15,99] | 4.8 522 | 36 40 1700 700 145 1.25
Lufeuvre | [100] 113 228 56 2000 10000 88
Lufeuvre | [100] 113 228 56 2000 300000 2650
Lufeuvre | [101] Random 15000
Tanaka [102] 9 10 50 180 20 0.26
Fang [103] 0.0006 | 0.0015| 4.4 609 2.16 3510 1.39
Elvin [104] 0.101 1.2 earth 0.5 2000 0.25 2.47
quake
spectrum
Duggirala| [105] 38 0.17
Duggirala| [105] 38 1.13
Jeon [106] 32.5 13900 2.56 1
NG [107] 0.20 0.96 184 100 355 16.3 81.7 0.03
Ferrai [108] 82 0.053 41 0.27
Mide [109] 40.5 99.4 50 8000 198 0.16
Mide [109] 40.5 11 150 1800 445 0.012
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Figure 2.16: Harvester effectiveness of reported devisesl®vice volume.

Figure 2.16 shows that harvester effectiveness values astlymn the 1 - 10% range,
with the best value over 30%. It can also be seen that the eshalevices have poor
effectiveness, indicating the difficulty involved in achiigg micro-engineered implemen-
tations. In general, no obvious trends can be discernedtdbeuelative merits of the
different transducer types. Figure 2.17 gives harvesfec&feness replotted against op-
erating frequency, and shows the reduced values at highdrexy, which is probably a
result of the need for higher mechanical Q in these devicdstanstronger influence of

parasitic damping.
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Figure 2.17: Harvester effectiveness of reported devisesperating frequency.

A crucial factor that is not captured by the metrics used absbandwidth of operation.
The frequency range over which a device can extract powectafely is an important
consideration for most applications. A figure of merit whmbnsiders the bandwidth
has been proposed in [46]. This metric is not included in #iets or figures, because
information on frequency range is rarely available in psitdid reports, but presentation
of such data in future publications would be considerablee/to the research and user

community.

2.4 Research Objectives

As it can be seen from the literature that has been reviewadymesearchers are ex-
ploring microscale implementations of electrostatic mgenerators as these generators
are thought to scale well with decreasing dimensions [5iljame also relatively easy to
integrate with electronic circuits. Integration is impont for developing self-sustaining

on-chip microsystems.

The broad aim of the research to be described in this thetisaigl design of optimised
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microgenerator systems. The specific research objectiedsa

e Create a whole-system simulation model of a complete meerator so that inter-
action between various sub-systems can be studied and@lstsation of system

design can be achieved,;

¢ Identify the best operating region of electrostatic mienogrators since it is not
clear what are the dimensions at which these microgeneratereffective for en-

ergy generation;

¢ Identify the best operating regime, power processing &sand circuit compo-
nents so as to improve whole-system effectiveness of eldetiic microgenerator

and

¢ Identify factors that limit the performance in practicecgnt is clear from the liter-
ature that the effectiveness of the reported electrostatioogenerators is very low

compared to expectations from the present analysis.
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Chapter 3

Imperial College Energy-Harvesting
Simulator (ICES)

3.1 Introduction

A critical issue for the optimization of a microgeneratortlie electromechanical link
between the transducer and power processing circuitryusecthe performance of each
subsystem depends on the behavior of the other. Therefomder to accurately sim-
ulate and optimize a microgenerator system, a combinedreteechanical simulation
is required. An equivalent circuit approach is commonlydus® combined electro-
mechanical simulation by representing the mechanical &wreal parts in electrical
circuit elements [110], [111]. Figure 3.1. shows an eq@ratircuit representation of a
piezoelectric bimorph [15] and this can be simulated usmgstandard circuit simulator.
However, the representation of mechanical parts by etedtelements is often not intu-
itive and in the case of inertial microgenerators, modebhgon-linear effects such as
the proof mass hitting an end-stop and losing some momergwery difficult using the
mechanical to electrical analogy. A PSpice based simulatiodel which considers the
non-linear effects and electromechanical interactions developed in [50] for the elec-
trostatic parametric generator. In this work, the modelbeen modified, extended and

modularised to develope a complete simulation toolkit fariial microgenerators that
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includes Electromagnetic, Electrostatic and Piezoetettansducer technologies. This

work was published as [112].

Lm R Ck

O Tin Cp=—=
|

M .
— —

mechanical electrical

-~ < —p

Figure 3.1: Equivalent circuit representation of piezot&le bimorph from [15]

The toolkit is called therhperial Wllege Ehergy-Harvesting &ulator (ICES) and is
distributed under the conditions of GNU general publicheeto the research community
[113]. Itis currently in use by (or has been used by) resetmaims of various universities
including Katholieke Universiteit Leuven [114, 115], Useisity of Southampton [116]
and University of Bristol [117].

At the start of this research, no unified simulation platfdamenergy harvester simula-
tions existed. SPICE based modelling has been used heredeechits advantages such
as its familiarity for the community and its ease of use. As®ESPICE was developed to
simulate low voltage integrated circuits, it includes semniductor device models which
are useful to model the power processing circuits in dekédwever, it should be noted
here that SPICE based simulation can be slow, the simulatiotimes mainly depend on
the complexity and the number of nodes in the circuit thatiadp simulated, and on rates
of change of voltage, current, charge etc. Whilst the worthis thesis was being done,
researchers at University of Southampton have developaalaiion platform using HDL
(Hardware Description Language) [118]. This platform dimbel energy harvesting sys-
tems more quickly than in SPICE. However, it is based on mgigquations and it is not
based on the schematic capture, making the system moraullitbcuse than schematic
capture for many users. We have observed that many undesgesdand researchers new
to energy harvesting are finding it easy to simulate the imlemicrogenerator systems

using our ICES toolkit.
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A block diagram of the generic inertial microgenerator nmiilg setup, including electro-
mechanical behaviour, is shown in Figure 3.2. It consista gfeneric Mass-Spring-
Damper (MSD) model with end-stop dynamics included. Thetatml and parasitic
damping directly arising from the transduction mechanisralso present. Modelling of
the generic MSD model is discussed in the next section ancehogl of electrical and
parasitic damping for three different microgeneratoreyst is discussed in Section. 3.3.

These models are then verified using case study simulatidbsdtion 3.4.

2(t) |Pi

Mass ~ Spring - Dampel AC Vol Power P Ci
oltagel  Power Processing Circuil
- Model Transducer Model g 9 Load
Mechanical I . Velocity
Vibrations Z(t)

Electrical Damping Force(Dz,F)

Parasitic viscous Parasitic non linea|
damping damping

Figure 3.2: Block diagram of the generic electromechanbedlavioural model of the

inertial microgenerator

3.2 Generic Mass-Spring-Damper (MSD) Model

Figure 3.3 shows the representation of an inertial micreggonr system. The internal
mass displacement zt) and the frame excitation i§t). The generic MSD model is re-
quired to predict accurately the position of the proof maihk reference to the frame and
end-stop limits. A differential equation 3.1, whose sauatrepresents the proof mass dis-
placement [119], is implemented by using the PSpice AnalelgaBioral Model (ABM)
library.
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Figure 3.3: Generic model of inertial generator from [50]

mZ(t) = —my(t) — Ksz(t) — Fe(2(t)) — Fp(2(t)) — Fesp (3.1)

The terms in equation 3.1 represent the linear and nontlioeees due to the mass and
spring and the transducer damping forces (both electriwhjparasitic), which are calcu-
lated in their respective models and fed to the generic MSdehas inputs. The MSD

simulation model as implemented in SPICE is shown in Figude 3

i;(t) -1 .Z.(t) ‘ 1/s Z.(t) ‘ 1/s z(t)

Electrical
Damping
_Force | 1/m Ks/m ‘
Parasitic
Damping Endstop
Force | 1/m Dynamic Force
Estimator

Figure 3.4: Generic MSD simulation model

Fesp represents the non-linear end-stop dynamics. This enestoamic force is mod-
elled in such a way that whenever the proof mass hits eithemafimits (i.e.+2 or —2)
some kinetic energy will be dissipated as heat. Thgp force is assumed as a damped

spring system and is given as:

(2(t) — ) x K +2(t) x Dy if z(t) > Z
Fesp= (z(t)+2)xKg+2(t) x Dg if z(t) < Z (3.2

0 Otherwise
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where

Z, is the end-stop displacement limit which can be varied atingrto desired specifica-
tion,

Kt andKpg are the impact spring coefficients respectively of top arttbboend-stops and

Dt andDg are the impact damping coefficients respectively of top atbin end-stops.

Figure 3.5. shows the PSpice symbol for the generic MSD mdtd to be noted that
for a given input vibration displacemefy; ) and transduction electricafd) and parasitic
(Fp) damping forces, the proof mass displacementand velocity(zyott) are calculated
internally and are given as outputs (which can be used assnpthe transduction mod-
els) . Itis also to be noted that the model has a flexibility agily changing attributes

such as the end-stop displacement lijt,as model parameters.

11—

e
O— Fe
hit_bottam [
O— Fp
O0—n adot t [—X
Generc_his0_hdodel
kB = {1e87h} ET = [1ed™h} I = [hf} A= [}
OB = [Ged™hi OT = [Ged i} K= {k=}

Figure 3.5: PSpice symbol for generic MSD model

3.3 Modelling of Electrical and Parasitic Damping Forces

In order to obtain the proof mass displacement and motioneoirtass (and transducer) of
an inertial system for a given driving motion, it is importéao know the damping forces

associated with the inertial system. In case of inertialragenerators, there exist two
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kinds of damping forces, namely electrical and parasitibe €lectrical damping force
is due to the transduction mechanidre, conversion of mechanical energy into electri-
cal energy through the transducer, whereas parasitic agengpidue to the mechanical
friction and hysteresis losses in the spring and air damgmihis section, modelling of
these damping forces for the three transducer types (Bleemgnetic, Electrostatic and

Piezoelectric) are discussed.

3.3.1 Electromagnetic (EM) Transduction Mechanism

The Electromagnetic transduction mechanism (shown inrEi§us(a)) can be modelled
as velocity dependent voltage source in series with a cdiétance and resistance. The

magnitude of the voltage source is given by:

Veoil (t) = (N x Bm x lcoi ) 2(t) (3.3)

wherelgj is active length of the coil in the magnetic flux cutting regibl; is number of
the coil turns By, is flux density and:(t) is velocity of the proof mass. The inductance

and resistance of the coil are then added in series with diiage source.

The PSpice model of the electromagnetic transduction nmestmes shown in Figure 3.6(b).
The relative mass velocity is multiplied with the factdy x By, x coil USiNng a gain block

to represent the rate of change of flux linkage and a voltagertent voltage source (E)

is used to represent velocity dependent voltage sourceel€btrical damping force (BIL
force) is calculated by multiplying the current through tiwal Ly, with N x By X I il

This force is then used as the electrical damping input taydreeric MSD model. The
two terminalsL+ andL— are used to connect the electrical load. This concludes the

modelling of electrical damping force of the EM transductroechanism.

There are two types of parasitic damping that exist in the cA&M microgenerators de-
pending on their mechanical structure. Microgeneratots wiflexible membrane which
act as springs will have hysteresis damping loss due torayoli mechanical stresses. Al-

ternatively, the parasitic damping in cantilever beam typerogenerators may be dom-
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Figure 3.6: (a) Principle of operation of EM transducer fi@®] and (b) EM transduction

PSpice simulation model
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inated by viscous fluid damping loss due to the movement ofneiégass in air if the
device is not vaccum packaged. Most of the fabricated mieregator’s parasitic damp-
ing ratios have been measured, and varied from 0.0014 [d2DP1 [121]. A model to
represent viscous parasitic damping is necessary to mikdet &rms of parasitic damp-
ing as there is a method to find an equivalent viscous damping hysteresis damping
system [122]. Therefore, a simple gain block to multiply tledocity with a constant to

represent the parasitic viscous damping has been providédsitoolkit.

A verification and case study simulation results of an eteatignetic microgenerator are

discussed in Section 3.4.

3.3.2 Electrostatic Transduction Mechanism

A capacitance which varies with proof-mass position is kethe electrostatic transduc-
tion mechanism. As discussed in Chapter 1, there are thsgaatiways of implementing
the variable capacitor at the microscale; in-plane gaphaty in-plane over lap and out-
of-plane gap closing type capacitive structures and thegansidered here for modelling.
Only one side of the comb drive structure variable capactarodelled here for simplic-

ity in the case of in-plane gap closing and in-plane ovenyae tvariable capacitors.

A capacitor can be thought of as a charge controlled voltagece. A time varying (non-

constant) capacitor is a charge controlled voltage sourttewariable gain. To represent
this kind of variable gain voltage sources, a generic véiabpacitor is realised using
a fixed capacitor and a multiplier as shown in Figure 3.7. tbibe noted that a non-
constant capacitor is not readily available in PSpice aigh it is present as part of its pn

junction models).
The fixed capacitor voltage is multiplied with a position dagdent factorGc, therefore

the variable capacitor voltage shown in Figure 3.7 is given b

char - (1 + GC)Vfixed (3-4)
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Gc Ciar+
° % °
O
o ‘ VCV&I'
Ctied — Viixed
Cvar—
o

Figure 3.7: Schematic of generic variable capacitor

whereVevar andViixeq are voltages across the variable capacitor and the fixectitapa
respectively, which are referencedGg,—_, so that the variable capacitor can be realised

as a fully floating component.¢. it is not ground referenced).

The following derivation shows how the schematic shown guFeé 3.7 models a variable

capacitor:

The current through the fixed capacitor is given by:

dVtixed
| = Ctixed———— 3.5
fixed dt ( )
from Eq. 3.4, the above equation can be written as:
Cfixed chvar
| = 3.6
(l+ Gc) dt (3.6)

Therefore, Eq. 3.6 represents a capacitor whose val%f%gs

Therefore, any time varying capacitor can be simulatedguia generic variable capac-

itor model shown in Figure 3.7, if its capacitance can betamiof the form(fféj. The

modelling of different variable capacitor structures gsihis generic variable capacitor

will now be discussed.
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In-plane gap closing comb structure:

The device capacitance of an in-plane gap closing combtateishown in Figure 3.8 is

given by:

C(z(t)) = NgeL¢h ((12_272('[)2) (3.7)

where

Ng is no of comb fingers

€ is dielectric constant of air

L+ is length of the comb

his height of the comb finger

d is distance between the comb fingers and

z(t) is comb finger displacement as shown in Figure 3.8

) 2(t)
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z(t)*—T d
‘T. [ - !
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Figure 3.8: In-plane gap closing comb structure

In order to model the device capacitance given in Eq. 3.7 loyguhe generic variable
capacitor, the position dependent fact®g, needs to be obtained, which can be derived

as follows:
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Cfixed 2d
=NqeLth( ————— 3.8
11G, o (dZ—z(t)Z) (3.8)

by re-arranging the above equation, we obtain:

1+G 1 d? — z(t)?
Ctixed NgeL¢h 2d
if we setCrixeq = ZN‘-"éth, we have:
1+G 1 /d2—z(1)?
Ctixed  Ctixed d
—7(t)2

Equation 3.11 gives the position dependent factor for thgame gap closing type struc-
ture. The PSpice implementation of the in-plane gap closypg structure using the
generic variable capacitor model is shown in Figure 3.9att loe noticed from the figure
that the PSpice model also includes computation of therelgettic forces in the struc-
ture. This force can be used as the electrical damping fangetito the generic MSD

model, ensuring a fully coupled electromechanical model.

z(t)

[—
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m
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Figure 3.9: PSpice model of the in-plane gap closing typetée capacitor
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The electrostatic force due to the electrical charge ondihacfingers is calculated based

on the principle of virtual work:

dEnergy
F— bl 12
iz (3.12)
The energy stored in the device capacitance is given by:
1@
Energy= - — 3.13
W= 5o (3.13)

where Q is the amount of charge on the comb fingees ¢harge deposited during the
precharge time).

Substituting the device capacitance from Eq. 3.7, we obtain

1d @/ Q@ \d [(d?—zt)?
F = 0 <2Ngsth) d_z( 2d ) (3.14)
_ Q)
"~ 2NgeL¢hd (3.15)

whereQ = Cfixed X Vfixed

Using this model case study simulations are discussed itno8e8.4.

In-plane overlap comb structure:

Figure 3.10 shows an in-plane overlap comb structure whaygaaitance is given by:

(3.16)

C(z(t)) = 2Ngeh (Lf +dz(t>)

All the variables in this equation are as defined in the previection.

Again, the device capacitance can be modelled by using garsrable capacitor shown

in Figure 3.7 if it can be written of the forr%ﬁ%‘cj:
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Figure 3.10: In-plane overlap comb structure

Crixed Lt +2(t)
: =2Ngeh | ———— 3.17
T 14+Ge 9 d (3.17)
by re-arranging the above equation, we obtain:
1 1
C+- - <2N :hL ) 0 (3.18)
fixed g f 1+ Tr
if we setCixeq = ZNggth . we have:
1+G 1 1
o (3.19)
Crixed  Cfixed \ 1+ %)
—Z(t
Ge O (3.20)

T L +2t)

Equation 3.20 gives the position dependent factor for thplame overlap comb struc-
ture. The PSpice implementation of an in-plane gap closipg structure using generic
variable capacitor model is shown in Figure 3.11. Again,RB@ice model also includes

computation of the electrostatic forces in the structure.
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Figure 3.11: PSpice model of an in-plane overlap comb drareble capacitor

As discussed previously, the electrostatic force betwhercomb fingers can be calcu-

lated based on the principle of virtual work and in this cémeforce is given by:

Fo_ 1d @
~ 2dzCyy

~ dd 1
~ 2Ngehdz \ Lf+2z(t)

Q%d 1
~ 2Ngeh (Lt +2z(1))?

(3.21)

whereQ = Csixed X Vtixed

The PSpice model shown in Figure 3.11 is verified in Sectich. 3

Out-of-plane gap closing structure:

In this structure, two parallel plates move relative to eattter as shown in Figure 3.12

and the capacitance between them is given by:

€A
C@Y) = iNSEPrZ T 21

(3.22)
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where
Ais area of the parallel plate
MIN_SEPis minimum separation between the plates and

Z, is end-stop displacement limit

Figure 3.12: Out-of-plane gap closing structure

The device capacitance is again modelled using the genari@ble capacitor shown in

Figure 3.7 by equating the capacitanc%{%g:

 Ctixed eA

= 3.23
14+ G MIN_SEP+2Z +z(t) ( )
by re-arranging the above equation, we obtain:
14+Gc  MIN_SEP+Z +2(t) (3.24)
Crixed A '
if we setCrixed = msep We have:
1+Ge 1 ( Z) +2(t) )
= 14+ —— 3.25
Ctixed  Cfixed MIN_SEP (3:29)
_ Z+2(t)
°~ MIN_SEP (3.26)
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Equation 3.26 gives the position dependent factor for dyglane gap closing struc-
ture. The PSpice implementation of the out-of-plane gaginfptype structure using

the generic variable capacitor model is shown in Figure .3.TBe electrostatic force

{1/(2*@EPO*@A)}
{@EPO*@A/@MIN_SEP) [ F

computation is again included.

Q
{1/@MIN_SEP} I
Zl | .
T f—f-—\ N1+ _Cf
| INCAT: C -
EMULT
i INEIT-

{@ZI_max}= == L | {@EPO*@A/@MIN_SEP}

l —[ C-
Q) ) <=

Figure 3.13: PSpice model of Out-of-plane gap closing tygréable capacitor

As discussed previously, the electrostatic force of theabde capacitor can be obtained
by principle of virtual work. The electrostatic force bew®vethe plates of out-of-plane

gap closing structure is given by:

1d @

2dzCyevice

_ Q9 iNSEPLZ o)
- 2¢Adz B '

QZ

2eA

(3.27)

This model is verified through PSpice simulations and areudised in Section. 3.4.
Position dependent factors of all three variable capacdoe summarised in Table 3.1.

Expressions for the parasitic damping force associatdu e@th variable capacitor type

is given in [15]. These expressions are also realised ind@Sas their respective parasitic
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Type of variable capacitor Cyrixeqd Ge Electrostatic force

. 2NgeL¢h 2t)) 2 Q%(t
In-plane gap closing = | - <%> 72N95L(f)hd
2NgeL¢h —z(t) Qd 1
In-plane overlap d Crrzt) 2Ngeh (Lr+2(1))2
] 2
Out-of-plane gap closing| mritasep | Anadl =

Table 3.1: Parameters of various variable capacitors

damping models and can be interfaced with the generic MSDelrahating simulation

studies.

3.3.3 Piezoelectric Transduction Mechanism

The Piezoelectric transduction mechanism is modelled byrasg a piezoelectric plate
of cross sectional area A¢) and thickness tf) which is fixed at one end. The free end
will experience a force from the inertial mass. The constiebequations associated with

this type of piezoelectric transduction mechanism arergage[123]:

F = KpexZ(t) +axVp(t) (3.28)

| = axZ(t)—CpxVp(t) (3.29)

where F is force exerted by the piezoelectric mateliad,the piezoelectric terminal cur-
rent,Vp(t) is the piezoelectric plate voltage a@ig is piezoelectric plate capacitance. The
constantsn and Kpg depend on the piezoelectric material and shape of the pexzoe
tric plate and these can be calculated uging %%A, Kpg = C3T~°’A whereeszsz andCss are
piezoelectric coefficient and compliance of the plate resypely.

Electrically, the piezoelectric material looks like a v&ty controlled current source with
a shunt capacitance (Eqg. 3.29). These constitutive equsatice realised in PSpice as
shown in Figure 3.14. The force due to the piezoelectricstlantion mechanism is the
sum of a spring force and a force depending on the devicetatmoltage. This force is

calculated in the model and can be used as the electric dgrfgice input to the generic
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MSD model.

Zdot_t | . P+

| |

{@alpha} .

' {(@Cp} L (@alpha}

| P-

Z1 {l@sz}

Figure 3.14: Electrical damping model for PZ microgenarato

3.4 Case Studies: Simulations and Model Verification

In this section electromagnetic and electrostatic micnegator sub-system toolkit mod-
els are verified using case study simulations. First, elet@ignetic microgenerator sys-
tem simulation results are discussed and then verificafithree electrostatic transducer

models is presented.

3.4.1 Electromagnetic Transducer

Figure 3.15 shows the simulation schematic of an EM traredsygstem. The following
system parameters are considered for this case study siomul&hey are representative

of a typical milli meter scale microgenerator system.

Input amplitudeY,= 22.3um Frequency f= 50 Hz, Coil self inductantg,= 2mH, No
of turnsN:=1000, Active coil length¢ei=2 mm, Flux densityB,,= 0.8T, Coil resistance

R:.=25Q , Load resistanc® = 231Q .

The displacement of the inertial mass under harmonic eimités well known and given

as:
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Figure 3.15: Simulation schematic of EM microgeneratong$CES toolkit

Z 1
a_ (3.30)
(@) (e

whereZ is inertial mass peak displacemeyijs harmonic excitation peak amplitudes

is natural frequency ana is excitation frequency an€lis damping factor.

At resonance.e. W=

a:% (3.31)

The displacement of the inertial mass for a given excitatgut can be calculated if the

damping factor is known. The damping factor can be calcdlagfollows:

1= 2 (3.32)




where damping coefficierd; is sum of the electrical damping coefficiefts, and par-
asitic damping coefficientD,. The electrical damping coefficient in the case of EM
transduction mechanism with a resistive load is given by:

(Nc X Bm x IcoiI)2

Re+R

De = (3.33)

Itis to be noted that the above equation was derived by asgpttné reactance of the coill

is much smaller than the load resistance [124].

The proof mass displacement is calculated by assuming aipamdamping coefficient
D=0.001 and mass m=1& = m(2mf)?):

~ Yoxmx (2x 1x 50)

Z e — 637um (3.34)

Velocity= 7, x (2x 1x f) =0.2ms? (3.35)

Vemt = (N¢ X Bm X Icoil) X velocity= 320mV (3.36)

Vioag = Vet X — - — 28amv (3.37)
(R+R)

The simulation results of proof mass displacement and itglace shown in Figure 3.16.
The electrical damping force coefficient is also shown infigare which is matching
with the calculations@e(simulation)=0.01). The load voltage waveform is also shaw
Figure 3.16. As can be seen the graphs agree with the arsdiydgults
(Moag(simulation)=287mV).

3.4.2 Validation of variable capacitor model simulation results

In order to validate the In-plane gap closing variable capa®Spice model, the model

has been interfaced with the generic MSD PSpice model amdvath external circuit
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Figure 3.16: PSpice simulation results of EM microgenerato

elements, which are used to charge and discharge the \@dapécitor at specific points
of mass travel. The variable capacitor is charged when it tké maximum capacitance
positioni.e. atz(t) = +2 and is discharged when it is in the minimum capacitance

positioni.e. at z(t)=0.

For given

No of comb fingerdNg = 200

Comb finger length. ;= 20Qum

Comb finger height h = 5Q0n

Distance between comb fingers d = 00
Dielectric constanto = 8.854x 1012
Precharge voltag€yrecharge= 12V and

End-stop displacement lim#; = 80um

The device maximum capacitance is
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2d
Cdevice—maximum: (Ng X € X Lf X h) X <m) = 984pF (338)

and the device minimum capacitance is

2xNgxexLsxh
Cdevice-minimum= d d = 3.54pF (3.39)

The charge placed on the variable capacitor during charg@gkvice-maximum* Vprecharge
The voltage across the variable capacitor at its minimuraciggnce position is given by

Cdevice maximun Vorecharge _ 33 33/ Figure 3.17 shows the simulation results of the comb

Cdevic&minimum

drive displacement and the voltage across the variablectapaThe flattend portion at
the peak of the displacement waveform is due to the end-stoprdics of the generic
MSD model as the mass strikes the end-stops and the flattetidmpis used to generate
charging and discharging control signals for the varialalpacitor. The voltage across
the variable capacitor simulation results match with tHewations. Note that discharge

occurs at minimum capacitance, whet)=0.

From equation 3.15, the electrostatic force peak can beletéd as:

(Cdevicekmaximum>< Vprecharg&2 X Z
2xNgxgxLsxh

= 31.5uN (3.40)

I:electrostatic:

It can be noticed from Figure 3.17 that the simulation rasuttatching with the analytical

force value.

From [15] , the parasitic damping (sum of couette dampingsmeeeze film damping)

force associated with In-plane gap closing variable capais given by:

o HvisAcp 3 1 1 )
Fparasitic = ( o + 16uUNyL¢h ((d—2)3 + (d—I—Z)?’)) z (3.41)

wherepys is the viscosity of airAcp is the area of the centre plat, is the vertical dis-

tance between the centre plate and the substrate underReativeniis=16x 10~ °Pas,
A=10"“n?, dy = 500um the parasitic damping force associated with the in-plaaye g

closing comb structure is also shown in Figure 3.17.

In the case of the in-plane overlap comb structure, the maxiroapacitance occurs at

z(t) = Z, therefore
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Figure 3.17: In-plane gap closing comb drive displacemeut itgs variable capacitor

voltage

Ng x € x hx (Li +2Z
Cdevicemaximum= — g ( ) = 2.48pF (3.42)

and the minimum device capacitance occurs whemzhe= — 2, if (Lt >= 27)

Ng x € x hx (Lf—Z|)
Cdevice-minimum= q = 1.06pF (3.43)

The peak voltage across the variable capacitor at minimyoraaignce position is given

bprrechargeX Cdevice-maximum __ 28V.

evice-minimum

From equation 3.21, the electrostatic force peak can beletéd as:

2
Cevi | V, d
(Coevice maximum~ Vorechargd "< d 1 _ g0 (344
2xNgx€xh (Li—2)?

I:electrostatic:
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Figure 3.18: In-plane overlap comb finger displacement emhiriable capacitor voltage

The simulation results are shown in Figure 3.18. For thigcstre also the simulation

results are closely matching with the analytical values.

From [15], the parasitic viscous damping force associaiéutive In-plane overlap comb

structure is given by:

HRGL R, (3.45)

I:parasitic =

Again, this force is also shown in Figure 3.18.

In the case of out-of-plane gap closing variable capadit@ maximum capacitance be-
tween the plates depends on the minimum separation allowwdebn them. In this
simulation it is assumed that the minimum separation altbis&1IN_SEP= 10umand

for given plate ared = 10~*m?, the device maximum capacitance is given by:

EXA

Cdevice-maximum= W_SEP: 88.54pF (3.46)
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The device minimum capacitance occurg(@j = Z, and the separation between the two

plates is(2Z; + MIN_SEP. Therefore, the device minimum capacitance is given by:

eEXA

Cdevice-minimum= (MIN_SEP+2x2)) =9.2pF (3.47)

The peak voltage across the variable capacitor is give%@%x Vprecharge =
20432/
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Figure 3.19: Simulation results of Out-of-plane gap clgsiariable capacitor

The peak electrostatic force between the plates can belatdidrom Eqg. 3.27:

(Cdevicekmaximum>< Vprecharge)2
= 637.68uN 3.48
2xgxA & ( )

I:electrostatic:

Simulation results of the parallel plate displacementasgon between the plates, volt-
age across the variable capacitor and electrostatic feecehewn in Figure 3.19. Again,

the simulation results are closely matching with the anedyvalues.
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From [15], the parasitic fluid damping force associated whthout-of-plane gap closing

variable capacitor is given by:

S 16uWAL
parasitic — (MlN_SEP—f—Z)?’Z

(3.49)

It is found that the parasitic damping force magnitude atospheric pressure is very
high compared to the input acceleration force and also teekbetrical damping force,

resulting in no proof mass displacement. The parasitic dagrfprce was therefore made
a thousand times smaller to verify the variable capacitodehdSimulation results of the

reduced parasitic damping force is also shown in Figure.3.19

3.5 Conclusions

In this chapter, the development of a SPICE based simultdmkit (ICES) to model in-

ertial microgenerators has been described. Modellingiwdua components of the toolkit
has been discussed and case study simulation results trbelagnetic and electrostatic
microgenerator systems have been presented to verify #ér@togn of the models. The

simulation results closely match with the analytical value

In the work presented so far, microgenerator systems werelaied with the load being
a simple resistor. However, designing and interfacing abble power conversion cir-
cuits needs to be addressed, and the flexibility of ICES tballows such simulations to
be achieved by simply drawing the circuit schematics in ERPIBecause of its flexibility
and ease of use, many universities are currently using (@ been previously used) this
toolkit. It has been observed that researchers new to eharygsting find it easy to sim-
ulate the inertial microgenerator systems using this tbatkong the methods described

in the literature.

It was been found that ICES based system simulations camigegnstable if they need to
be simulated for very long run times. For example, chargibgt#ery or super-capacitor

from an inertial microgenerator system (typical chargiimgets may be several hours).

79



The cause for instability is due to the inherent nature of3R&CE simulation as there is
a maximum number of steps allowed in each simulation runré&fbee, as run times in-
crease, the minimum time-step increases meaning thatorermence may occur more
easily. However, the ICES toolkit offers many advantagehsas quickly studying the
electromechanical interaction between various sub-Bystand designing power process-
ing circuits with accurate semiconductor device modelshSadvantages have been ex-

ploited in Chapter 5 and 6 to verify the microgenerator systéfectiveness analysis.
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Chapter 4

Modelling of Custom-Semiconductor

Devices

4.1 Introduction

As discussed in Section 2.2 of Chapter 2 on literature, irelotd process the electro-
static microgenerator output, semiconductor devices weeeially designed to meet the
stringent leakage and low parasitic capacitance requinefoeefficient power generation
[69]. These devices were previously designed and simulatied) Silvaco Finite Element
simulator [125]. Since the ICES toolkit has been developeBSpice, it is thus neces-
sary to also have these custom devices modelled in PSpibésasill allow system level

simulations to be performed in PSpice. This chapter diguBSpice modelling of the

custom designed diode and MOSFET in detail.

4.2 Custom-Diode Behavioural Modelling

The previously designed Silicon-On-Insulator (SOI) dieglshown in Figure 4.1 and its
forward characteristics are shown in Figure 4.2 [69]. It bannoticed from the diode

figure that it has an extra long™ region in addition to traditiongb, n regions. Thisn™
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region is required to block high reverse voltages. Thisaegs lightly doped compared
to other regions to block high voltages and therefore hds t@gistance. Diodes with this

kind of structure are calletPiN diodes” [126].

C A
Drift Region Resistance

Thick Oxide
n buffer - A 4 p base
7
|llll
!
Buried Oxide /
!
/
Silicon Substrae Diode J;J nction

Figure 4.1: Custom SOI diode from [69]
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Figure 4.2: Custom diode I-V characteristics from [69]

In order to model the custom diode in SPICE based simulatiatigoms (per example
PSpice), the implementation and limitations of the staddaiPICE diode model must
first be understood. In SPICE, the standard diode model iteirgnted based on Shock-
ley equations [127]. The Shockley equations are deriveddas assumption that the
minority carrier concentration under forward bias is a drfrattion of the equilibrium
concentration of majority carriers of then type semiconductor regions. This is termed
as low-level injection and its pictorial representatiosi®wn in Figure 4.3. It can noted

from the figure that the minority carrier concentratiomsand py, in neutral regions of p
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and n type semiconductors are respectively small fracti@guoilibrium majority carrier
concentrationdNa andNp.
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Figure 4.3: Carrier concentrations in a forward-biasedjpration in low-level injection
from [50]

Whereas in power semiconductor diode, as discussed psdyian extra region which is
low doped is required to block the high voltages. Becausewfdoping, under forward
bias the minority carrier concentration in this region caneed the zero-bias concen-
tration of majority carriers. This operation is called agtilevel injection. Figure 4.4
shows the carrier concentration pf — n diode under forward bias. It can be noted from
the figure that the slope of the electron concentration ahel ¢ancentration in each side
of the junction is the same. This again causes diffusion gbritg carriers away from the
junction. In order to maintain the requirement for zero nejarity carrier current on the
n-side (electrons), part of the applied voltage bias noweappacross the n-type mater-
ial, so that a drift current of majority carriers towards jhection (electrons) cancels the

diffusion of electrons away from the junction. In the low#¢injection case, this voltage
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was assumed to have almost no effect on device operationdechthe huge difference
in the number of holes and the number of electrons and thusebkgible value of the
voltage compared to the voltage across the depletion layethe high-level injection
case, the concentration of holes and electrons is of the saiee, and consequently the

voltage across the neutral region cannot be ignored.
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Figure 4.4: Carrier concentration in High-level injectimom [50]

However, the custom-diode is modelled in SPICE by spedifyire parameters of stan-
dard diode model in SPICE (parameters values are taken fiemprevious work [50]).
The diode forward characteristics of SPICE model along Bitiiaco model are shown

in Figure 4.5. It can be noted that the SPICE model is unabheddel the forward bias
dynamics of the custom-diode.

Whereas in PSpice, a parameligt, high-level injection knee current is present. Which
is not present in the standard SPICE model. After investgatre came to conclusion
that this parameter will identify the current above whick ttigh-level injection begins

(as shown in Figure 4.6). However, it will not model the dymesrof the intrinsic region
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Figure 4.5: SPICE simulation results of custom diode

of the custom-diode. The PSpice model results are presentadure 4.7(a). It can be
noticed from the figure that PSpice model is not modellingttead of voltage versus
current. The results are shown in Figure 4.7(b) with curaeig being logarthamic. It can

noted that at small currents, both the models have a simdadt
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Figure 4.6: I-V characteristics of a pn junction from [128]
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It can be concluded that the in-built SPICE diode model is swtable to model the
custom-diode with sufficient accuracy. Therefore, othedatiing techniques need to be
explored to accurately model the custom-diode behaviourthis work, two different
modelling techniques have been investigated, physicdlaselelling and look-up table

based behavioural modelling and are discussed in Secohdnd 4.2.2 respectively.

4.2.1 PiN diode model

The flow of carriers in PiN diode is represented by ambipoltiusion equation [126]

and is given by:

#?p p 1 op

e L2 (4.1)

where
_ : e . . 2DyD
Da is ambipolar diffusion coefﬁuen;znﬁ‘;,
L, is ambipolar diffusion lengthy/Dg X Ty,
Dn andDp, are electron and hole diffusion coefficients respectivaly a

Th IS carrier life time.

Physical behaviour of PiN diodes can be modelled by solvig differential equation.
Various solutions are reported in the literature [129]. ©h#he solution is using Finite
Difference Method, which is easy to implement and has bettenerical efficiency with
good accuracy compared to other reported solutions [130, 18ing this method , PiN
diode base region is discretised into finite number of nodadihg to set of differential
equations. By electrical analogy, the obtained diffeadmguations are then implemented
as non-linear RC networks (as shown in Figure 4.8), progidire dynamic behaviour
of the carriers in the base region. The carrier concentratidhe base is then related
to the diode voltage by the junction and ohmic laws under &odabias and the possion
equation under reverse bias operation. Thus, diode egumivaircuit appears as a current-

controller voltage source. Based on this method, PiN dioddehhas been created and
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simulations are carried out by inputting the custom diodggleparameters. Figure 4.9
shows the simulation results of forward characteristichefcustom diode using a PiN
model. The Silvaco simulation results are also given in tiperé. 1t can be observed that

the PSpice simulation results closely match the Silvacoltes

) G 2 Gz: GJ ;
I nndje_l-L M nod;ci M nodej_ node 4 .
G, L‘I G, (.EI G, C"I G, CJI

Figure 4.8: Equivalent circuit model of PiN diode base rediom [131]
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Figure 4.9: Simulation result of PiN diode model

However, although this model closely predicts the behavadithe custom diode, the
model requires many subcircuit components and is thus shosaffers difficulties con-
verging on fast edges. Therefore, trade-offs have to be inaieeen simulation run time

and accuracy of the model.
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4.2.2 Look-up table based diode model

Another way of modelling the PiN diode (or any component) ysusing the look-up

tables method [129]. In this method, data representing llaeacteristics of the diode
will be stored in the look-up tables and will be used during $imulations. Figure 4.10.
shows block diagram of the PiN diode model with look-up tablEor instance, the I-V
characteristic data points of custom diode are stored itatihie. By sensing the voltage
between anode and cathode, the corresponding currentfvaine¢he table will be passed

onto the current source block. Thereby simulating the dfodsard characteristics.

G
Anode Riorward
I=f(V) Rstabiity
— /D
B v
[-V Look up table T
b
Cathode C=A(V)

b

L
N

C-V Look up table

Figure 4.10: Diode model with look-up tables

It is to be noted here that the PSpice uses a linear interpol&tr in-between values
of data points of the look-up table. However, PSpice will ertrapolate the character-
istic values beyond the stored table data points. In ordendmtain the continuity of
the characteristics, extra components are added to thelmiduese are a voltage source
Vy and a resistoR¢qrward (AS the series resistance of the diode is dominant afteaicert
forward voltage). The forward characteristics obtain ggims model are shown in Fig-
ure 4.11. It can be noticed from the figure that look-up talaseda behavioural model
closely represents the custom-diode characteristicsur&ig.12 gives summary of for-

ward characteristics of the custom-diode using differentletling techniques.
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Figure 4.11: Custom diode forward characteristics wittktop table based PSpice model
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Figure 4.12: Custom-diode forward characteristics wiffedent models

Modelling of parasitic capacitance of the custom-diode tmalso be included in the
model. The parasitic capacitance of the diode is due to tlaegehstorage in the de-
pletion and diffusion regions. The C-V characteristic shaw Figure 4.13 shows the
depletion region capacitance as the diode is reverse bigsethe diffusion region ca-
pacitance characteristics are not available for the custimie, simulation data of car-
rier concentration has been used to derive the diffusioadtgnce characteristics of the

custom-diode. Figure 4.14 shows the profile of the carristrithution in the intrinsic
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region of the custom-diode, which is where the majority &f $tored charge occurs.
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Figure 4.13: C-V characteristics of custom-diode from [69]
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Figure 4.14: Carrier concentration profile of custom diod@mA from [69]

The charge stored in the device is given by

Q = gx number of carriers device volume (4.2)

For the given device volume of the i region (&7 x 0.5um), and number of carriers
~ 4 x 10 (area under the curve shown in Figure 4.1} 4.8 x 10~13C. The diffusion
capacitance can be calculated if the voltage across the dsdchown. From the steady

state forward characteristics, the voltage corresponttirgg 10mA current is< 2.19V.
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Figure 4.15: Custom diode diffusion capacitance charesties from [69]

Therefore Cyif fusior= (4.8 x 10713/2)/2.25 = 0.1066 pF. Assuming the diffusion capac-
itance exponentially varies with the voltage, the diffustapacitance characteristics of

the custom diode are derived and are shown in Figure 4.15.

The diffusion and depletion capacitances characteri@feswvn in Figure 4.13) of the cus-
tom diode are stored in the look-up tables and are used tolatddhe current source value
by usingi =C(V) x ‘é—\t’ formula. This current source therefore represents thesjiaraa-
pacitance of the custom diode. Complete behavioural modedf the custom diode has
now been achieved. Similarly, behaviour model to repretemtustom-MOSFET will

be investigated in the following section.

4.3 MOSFET behavioural modelling

As previously discussed, a behavioural model based on Upotables can accurately
represent the custom-diode. Similarly, the custom-MOSE&Tbe modelled using look-
up tables as shown in Figure 4.16. The output I-V (drain euras a function of drain-
source voltage) characteristics of MOSFET for range of gatece voltages are stored
in a look-up table. For a particular drain-source voltagea(given gate-source voltage),
the corresponding drain current is found from the tables apglied to the controlled

current source, thereby simulating forward charactess#igure 4.17 shows the forward
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characteristics obtain using this model. It can observatlttie simulation values match
closely with data obtained from FE simulation in Silvaco.eféis a discrepancy at high
voltages (above 200V) which arises from the mechanism wsegpresent the parasitic
diode (body diode). The real device (as simulated in Silyhes a much softer avalanche
characteristics at high voltages. This discrepancy canibemsed by storing more data
points in the look-up tables. However, this will lead to usad more look-up table data
and there is a limit (132 characters) on data that can bedsitomne table in SPICE. Usage
of more look-up tables will increase the complexity of thedelband advantage of using
look-up tables will be lost. Assuming a better design of casMOSFET will eliminate
the soft avalanche breakdown, this model fairly represtmsforward characteristics
of the custom-MOSFET. Transient behaviour of the MOSFETIdmot be modelled

because there was not sufficient data available on capeegas a function of voltage.

C-V Look up table C=f(Va)
- 7_4 ©
| Drain
—>
|=f(Vds’Vgs)

Gate > Parasitic

Y- P Diode

T I-V Look up table
for different VGS Source

—>

Figure 4.16: Custom MOSFET model with look-up tables

Transient behaviour of the semiconductor devices is ingmbrto study the switching
performance of the power processing circuits and theiracteon with the transducer

operation.
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Figure 4.17: PSpice simulation results of custom MOSFET

4.4 Conclusions

In this chapter, accurate modelling of custom semiconduwlsvices in PSpice was inves-
tigated so that a complete end-to-end system simulatiold t@uperformed. It was found
that the in-built PSpice semiconductor device models camoalel power semiconductor
devices in this context with sufficient accuracy. It was dtsand that subcircuits-based
PSpice models can accurately model the custom diode ckasdicts, but the models
were computationally inefficient. It was considered thathsa model could not be used

in end-to-end system simulation as the entire simulatidhbgcome slow (or unstable if

the time step is extended).

A behavioural model using look-up tables was developed Herdustom diode. This
model accurately represented the custom diode chardutgris both dc and ac analy-
sis and was quick enough to be practically useful. A simiktdvioural model for the

custom-MOSFET has been investigated. The behavioural nacderately represented

94



the dc characteristics except at high voltage200v). However, sufficient data was not
available to model the ac characteristics. A further ingasiton is necessary to establish
a method to obtain the required data from a 3D finite-eleme®SHET model. After
having obtained custom-semiconductor device (Diode andSMEX) models, a com-
plete end-to-end system simulation of an electrostaticogenerator can be achieved
and thereby the interactions between various sub-systamée fully studied and the

whole microgenerator system optimised.
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Chapter 5

Effectiveness of an Electrostatic

Microgenerator - Constant Charge

5.1 Introduction

In previous chapters the modelling of microgenerator stgtesns has been discussed.
These sub-system models are useful in studying the eleetioamical interaction be-
tween the various sub-systems and therefore optimisingMéigll microgenerator system
performance. However, even though this work provides a lsitiaun platform to design
and optimise a microgenerator, finding the optimal desigana#lectrostatic microgenera-
tor at a particular operating poib%and%) using this toolkit would be a labour intensive
task due to the large multi-parameter search required. diitiad, using this toolkit to
find operating regions for which electrostatic microget@sacan work effectively (over
a range of sizes, frequencies and vibration amplitudes)as eore time consuming due
to the very large search space involved. Therefore in thapter an analytical approach
is presented to find the useful operating regions of an elstettic microgenerator with
respect to its size for different input excitations. Theuttsare then verified against the

ICES toolkit for a range of operating points.

The analytical approach presented in this chapter is basedloulating the overall mi-

crogenerator system effectiveness, which is a metric ®p#rformance of microgener-
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ators. The system effectiveness is defined as a ratio of gfalwenergy output from the
generator and the maximum amount of energy that could haae dgpenerated as a useful
output if the generator had been operating optimally at taergoperating point. More
details on effectiveness can be found in [50] and [69]. Froesé references, the system
effectiveness can be written as product of mechanical aogelfffectiveness and gener-
ation efficiency. The coupling effectiveness indicates liogvinput mechanical energy
is coupled to the transducer whereas the generation efficigines the efficiency of the
power processing circuit that is attached to the transduleere is a trade-off between
these quantities; efforts to maximising the one quantigdtneot result in increased sys-
tem effectiveness. For example, in the case of electrodtatmsducer interfaced with a
power processing circuit, as shown in Figure 5.1, by inéngathe semiconductor area
of the MOSFETS, the circuit efficiency of the power procegsircuit will improve as
conduction losses reduce. However, it will reduce the meicaacoupling effectiveness
because as the transducer plates separate, some of the aliabg shared with junction
parasitic capacitance and some of the charge dischargajtithe leakage conductance
path. This shared charge will be lost when the MOSFET is onth&se parasitic ele-
ments are proportional to the semiconductor area, inergdbe MOSFET device area,
more charge will be shared and more charge will be leak offugh the finite conduc-
tance path, which will reduce the energy stored in the tracedcapacitor, thereby re-
ducing mechanical coupling effectiveness. This chaptscudises how to calculate the
system effectiveness of a CDRG type electrostatic micreggar with an out-of-plane
type transducer operating in constant charge mode. Festransducer’s variable capac-
itor voltage expressions, with and without interfacing tpaver processing circuit are
derived. These expressions are then used to calculate stensgffectiveness. Finally,
the system effectiveness values are verified through PSproglations using the toolkit

described in Chapter 3.

97



Generator @

[oa

Figure 5.1: Power processing circuit from [69]

5.2 Electrostatic Transducer Ideal Voltage

The optimal coulomb force of the CDRG type generator opegati displacement con-

strained mode (as is the case at resonance) is given in [¥32] b

Fo ptCZ -

2
MYpw2 e 1 1 (é ) (5.1)

U] 1-w2)? @\ Yo

Tt

whereU = ;%?i) , Yo is input excitation amplitude, m is mass of the generatoofro
wWe

mass/Z is peak internal displacemenb, = % w is angular frequency of the generator

frame motion andyy, is generator natural frequency.

At resonanced) = 1), the optimal damping force that should be set is very iss$er to

the ratio of% and can thus be approximated for%llvalues as:

FoptCz= 0.785mYpwo? (5.2)

Note that for a CDRG at resonance, the optimal damping fagdadependent of the

constraintz;.

From [15], the electrostatic force between parallel platies capacitor for a given sepa-

ration ofz(t) is given by:
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1 Veap)) 2
Felectrostatidt) = ESApIate m (5.3)

whereVeqp is capacitor voltage anblp ate is area of the parallel plates.

The electrostatic microgenerator will operate under oaticonditions if the electrostatic
force is equal to the coulomb force given in Eq.5.2. Theeefeguating Eqg. 5.2 and Eq.

5.3, we see that the maximum voltage on the transducer ¢apaci

MYHw?
Apl ate

Veapmax= I<capma>1 x (2Z)) x (5.4)

where

kcapma)g_ - 4212X 1()5 [mel] 03

Figure 5.2: Microgenerator with proof mass occupying hadf volume

The above equation can be further simplified by assuminghleanicrogenerator is cube
shaped with side length &f and that the proof mass occupies half of the cube volume (as
shown in Figure 5.2). This trade-off between mass volumesavept volume is optimal
at we, = 1 [46]. The same assumption is used in Chapter 2 to compangettiermance

of different microgenerators. Therefora,= pa”TLCB[kg], Pau = 19300[kg/m3} (assuming

a gold proof mass),Z = [m], Acc= Yo x «? [ms 2] andApjate = Lc? [P]. By sub-
stituting these values, the maximum capacitor voltage jpoin@al operation is simplified

to:

Vcapmax= Keapmag X \/ Lc3Acc (5.5)
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where
Keapmag = 2.07 x 10’ [m*lkgo-5|:70.5}

Eq. 5.5 therefore gives the electrostatic transducer maxivoltage as a function of mi-
crogenerator size and input acceleration, assuming therecaparasitic elements (con-

ductance or capacitance) connected to the capacitor asaties peparate.

5.3 Electrostatic Transducer Voltage with

Parasitic Loading

The perfect operation of a constant charge microgeneratgiines the capacitor plates to
be completely isolated during their relative motion. Ho@ewn practice this is not possi-
ble because any semiconductor switch attached to the denetiti exhibit some parasitic

capacitance and conductance in the off-state. Therefotkig section, analytical expres-
sions of the electrostatic transducer voltage when intedavith power processing circuit
are derived. To simplify the analysis it is assumed that téwestducer is loaded with one
junction capacitance and associated off-state leakagertyas shown in Figure 5.3. The
parasitic elements were first expressed in terms of micrageor size and input acceler-

ation and then by solving the charge balance equation thedteer voltage expressions

are derived.
—s
;[E C:: <> Vout
P I
P Vibration Cer eakage]
Yo, W
Electrostatic Power
Transducer Processing
Circuit

Figure 5.3: Block diagram representation of an electrastaicrogenerator
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5.3.1 Semiconductor Device Parasitic Elements

The parasitic capacitance and off-state leakage currempof—n™ junction (commonly

used for high voltage blocking arid, >> Ngy) can be expressed as [128, 133]:

A 20¢
C = 2 N 5.6
: 2 (VO - Vo peratiorD d ( )
N
IIeakage = qT’sdep (5-7)

whereC;j is junction capacitancé); is area of the junctiorly is built in potential and
Voperation IS junction operating voltage\y is carrier doping densityy; is intrinsic semi-
conductor carrier densit@,qepis depletion region volume, g is the charge on the electron

andt is excess carrier life time.

FR Asemi

Depletion
Layer Width

Figure 5.4:p"n—n" diode structure

It can be noted from Figure 5.4 that tpén~ junction blocks the applied voltage through
the action of the depletion layer. The volume of the depietayer of this junction can

be calculated as follows:

Ydep= Asemix Width of the depletion layer (5.8)

Substituting the standard formula for the depletion layeitinv[128], we obtain:

2&(Mo — Voperation) [ Na+ Ng
Ydep= AsemiX \/ q N > N (5.9)
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Because the junction exhibits asymmetric doping in orddsleak large voltages (as is

common in power devicesN; >> Ng and therefore:

2¢(Mo— V. ion) 1
Bdep= Asemix \/ ( qoperatlo ) Ng (5.10)
From the analysis presented in [134], the uniform dopingsdgrof ann~layer which
minimises the on-state resistance of the semiconductacel@nd the depletion layer

extends whole length af~layer for a given blocking voltage is given by:

_ Kna

Ny =
4= Vg

(5.11)

where
Vs is the required blocking voltage and

Kng = 14x 107% [m3V/]

It is to noted that the electric field in thre” layer is constant as the region is lightly doped

and the value considered in this analysis.&210°V /m.

Conduction loss for a given semiconductor area will theeefie a minimum if the semi-
conductor devices are designed by choosing this dopingitgienSubstitutingNy in

Eq. 5.6, the expression for the junction capacitance camiyaified to:

Cj= Kej X Asemi (5.12)

\/(VO —Vo peration)VB

where
kej=1.1x1073[m2C]

Similarly, the off-state leakage current can be simplifi@d t

|Ieakage: I<c:cleakage>< Asem'r\/(VO —Vo peration)VB (5-13)

where
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Kecleakage= 3-9 X 104 [ITTZS*lV*lC]

The above equation is derived by assuming 1.6 x 10-1°C, t = 10 %s (typical carrier
lifetimes in Power MOSFETSs [69] ) ang = 2.53 x 10'%m~3 (for silicon).

Assuming that the semiconductors are designed to block @#seénmnum voltage of the
transducer (given in Eq. 5.5), the semiconductor juncteypacitance and off state leak-

age current can now be expressed in terms of the mechanreahpters of the device:

2.377x 10 "Asemi
Cj _ X semi (5.14)

1
v/ (Vo —Voperation) [LcAcd] *
1
leakage = 1.78Asem/ (Vo —Voperation) [Lc*Acd * (5.15)

These equations can now be used to derive analytical expnedsr the transducer volt-

age in the presence of parasitic loading.(@ power converter).

5.3.2 Charge Balance Equation

As it was previously assumed that the transducer is operaticonstant-charge mode,
a charge balance equation will give the relation betwedralrand final voltages of the
transducer’s variable capacitor. Therefore, the transdualtage when parasitic loading
is present can be obtained by solving a charge balance eqgdatithe system before and

after the capacitor plates separate. The charge balaneté@uis given by:

Cq1 X Vprecharget ijrecharge: Cg2 x Vtinal + Qj final 1 lleakageX tflight (5.16)

where

N _ A
Cq1 is initial capacitanc€q; = _g(')ate,

. . . A
Cy2 is transducer final capacitanCg, = joﬁ'zatz'f :

Vsinal IS transducer final voltage,

Qjprechargels initial stored charge in the junction,
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Qjfinal is final stored charge in the junction,
lieakagelS the off-state leakage current,
tiight IS the transition time between initial to final capacitanaed

do is initial separation of the transducer plates.

Precharge Voltage:

When the precharge voltage is applied, the electrostatoe foetween the plates is given
by:

1 V, 2
Fe = 5€Aplate ~precharge (5.17)
2 do

Equating this expression with that of mechanical force giveEq. 5.2 and substituting

3 .
m= %, Acc= Yy x w?, we obtain:

Vprecharge= 4-13x 107do+/Lc x Acc (5.18)

As expectedYprechargelS proportional to the initial plate separation.

Junction Stored Charge:

The charge shared with the pn junction parasitic capaatdncing the transducer capac-

itor plates movement can be calculated as follows:

Vtinal
Qjfinal = 9 Cj x dVoperation (5.19)

precharge

Substituting the junction capacitance from Eq. 5.14 andoBiging the integration we

obtain:

4.75% 10~ "Asemi
Qjfinal = [Lz N ]zeml(\/VoJerinw—\/V0+Vprecharge) (5.20)
3 x Acc

where\y is junction built-in voltage
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Similarly, the initial stored charge is given by:

4.75% 10~ " Asemi
Qj precharge=— Sleml (\/ Vo +Vprecharge_ V VO) (5-21)

[Le3 x Acd]®

If we first make a simplication by assuming that the paragitiunction capacitance is
connected to the generator, but that the junction has na¢gakonductance pathdg.
lieakage= 0) and substituting Eq. 5.20 and Eq. 5.21 into Eq. 5.16 anglgiymg, we

obtain:

1 1
Viinal = — <11.3 %1073 < <129]Asemi<—2.3 % 107 X Asemit \/Ka -+ Ka + k5)) n k6)>

Ky Tk
(5.22)
where

ki = Lex (L3 xAcg ™ (5.23)
ko = AsemiX \/70+ 100x Vprecharge (5.24)
ks = 5.22x 10" x Asem? +2.19x 10° x k;? (5.25)
ki = 8.1x10"xky x Asemix \/Vprecharge— 6.76 x 1019 x ky x Asemi (5.26)
ks = 8.1x10°xkyxky+1.57x 10" x ky? x L¢ X Vprecharge (5.27)

k6 = 23 X 106 X Asemix \/ Vprecharge— 191 X 106 X Asemi+ 228 X 105 X k2
+4.43x 10" x kg x L¢ X Vprecharge
(5.28)

If we now assume that both the parasitic elements (condoetand capacitance) are
present and the time of the flight is half of the input vibratmyclei.e. transition time

from initial capacitance to final capacitance as shown infed.5 as would be expected
in aresonant system. The analytical expression for thed@eer voltage is more complex

and is given by:
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Figure 5.5: Top plate position of out-of-plane gap closiagable capacitor

Vinal = oo (;—11 (2582 % Aseri( k7 + Ve +ko) )

k]_X(JO
1 |
T (316 107 x Asemi( k7 + v/ke + ko) x (Le* x Acg) ™) +k10)

(5.29)

where

k; = —Asemi(22.8 x 10% x w—+2.796x 10'14 /L3 x Acc) (5.30)

ke = Asem?1C® (5.22w2+ 1.28x 10%wy/ Lc3Acc+ 7.82 x 10 x |.£Acc)(5.31)

kg — kl(k)lols (162 X Asemix A/ oprecharge_F 15.67'(1 X LC X WX Vprechargé (532)
k]_o = W (8854>< Lc X k]_ X Vprecharge+ 914X Asemix A/ Vprechargé (5.33)

It can be noted that the transducer voltage expressionsuaotidns of microgenerator
size, input acceleration and semiconductor device areaselBxpressions are crucial in

estimating the useful operating regiong.( microgenerator effectiveness versus input
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excitation and generator size) of an electrostatic mianeggtor operating in constant

charge mode.

5.4 Microgenerator System Effectiveness

In this section, microgenerator system effectivenessl@itaied and plotted for different
generator sizes and for different input excitations. Birsthe definition of the system ef-
fectiveness is explained, the material is reproduced fidh4nd effectiveness equations
are derived. By using these equations, a method of calongl#éiie system effectiveness
is described. Finally, the effectiveness trends of thetedstatic microgenerators are dis-

cussed.

5.4.1 Definition of System Effectiveness

The overall system effectivenesg,stem is @ measure of the useful output of the generator
as a fraction of the maximum possible theoretical outputafarenerator of particular

volume driven from a particular source, and can be expressed

Nsystem = MNmech*X N (5.34)
Ecoupled>< Eout (5.35)

Eo pp Ecou pled

where

Eout IS the useful energy output per cycle after processing,

Ecoupledis the mechanical energy coupled into the generator peecycl

Eoppis the opportunity energy, or the maximum energy that coaleelbeen coupled per
cycle using a generator operating optimally,

NmechiS the mechanical coupling effectiveness and

n is the generator efficiency

Whilst the above terms are generic to all types of inerti@rogenerator, additional terms,
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specific to particular generator implementations, can lhieei® and will now be defined
for the constant charge mode electrostatic microgeneraterse terms allow the useful
output of the generator to be determined in terms of the prooiuseveral ratios which
describe the effectiveness or efficiency of different paftie microgenerator based upon
the separate stages of the generation cycle. These ratiteassed to consider trade-offs
in the implementation of the electrostatic microgeneraystem and set specifications for

the power processing and the semiconductor devices uskdtiprocessing.

The system effectiveness is defined as a ratio of the useduygroutput from the gener-
ator and the maximum amount of energy that could have beegragted as useful output

if the generator had been operating optimally. The usefatggnoutput from the system
(which can be used to power a load) is the energy extractedtie step-down converter
power processing circuitrgqyt , less the energy required to pre-charge the capacitor on
the next cycleEpre_ch, @and any additional overhead, such as generator COB§Ohead

The system effectiveness is therefore:

Eout — Epr&ch — Eo-_head
Wrield

(5.36)

Nsystem=

whereWsie|q is the maximum work that could be done against the electiid tieder the

specific operating conditions.

Effectiveness and efficiency ratios can now be defined fov#r®us parts of the gen-
eration cycle. In order for the variable capacitor to be ablgenerate energy, a certain
amount of charge must be pre-loaded onto the capacitordéferinertia of the proof
mass causes the plates to separate. The amount of energy stothe closed capacitor
plates,Eciosed Is @ fraction of the energy required from the pre-charge®népre_ch,
taken from the generator output. Losses may be due to pareagacitance in parallel

with the moving plate capacitor and ohmic losses assocwittadcharging the capacitor:

Eclosed
Epr&ch

r]pre;ch = (5-37)

When the plates separate, a maximum amount of Wklgq, can be done against the
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electric field. If the generator has been pre-charged to aoptimal value, or if charge
leaks off the plates during plate separation, Mty g work will be done against the field,

allowing a mechanical effectiveness to be defined as:

Nmech= = (5.38)

This is the direct equivalent of the coupling effectivengsssiously defined.

As the plates separate, some charge may leak off the plategytha finite conductance
path between the plates, or alternatively be shared witlp#nasitic capacitance of the
power converter attached to the plates. Most of the eneggyfiom the plates during the
plate separation cannot be recovered meaning that the eailglale electrical energy (for
driving a load) when the plates have reached their full ssjmar, is the energy stored on
the variable capacitor itself. This is justified becausedstall the charge which leaks off
the generator during the plate separation is stored on tioéiqun capacitance of the drain-
body diode in the MOSFET. When the MOSFET is turned on to @isphthe generator
capacitor, this energy is lost as the drain body capacitaagernally short circuited

within the MOSFET. This allows a generation efficiengyen to be defined as:

Egen Eo pen— Eclosed
— — 5.39
Mgen Wrield Wrield ( )

whereEgen is the increase in stored energy in the generator.

The high voltage on the open generator capacitor then has timln-converted to low
voltage for either passing to a storage element or powehiagpiad. The efficiency of this

down-conversion can then be defined as:

E
—out (5.40)

Nconv=
Eopen

Therefore the system effectiveness of an electrostaticog@nerator, assuming there is

no precharge loss and no over head loss is:
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Nsystem= Nmech* Ngen X Nconv (5.41)

Since, the parasitic capacitance and conductance leatsges| reflect in the transducer
voltage calculations, the product Qf,echandngen can be written as coupling effective-
nessNcoupling Which is defined in the following section. Therefore, thetsyn effective-

ness of an electrostatic microgenerator is simplied to:

Nsystenm™= MNcoupling X Nconv (5.42)

5.4.2 Effectiveness Analysis

Having defined the microgenerator system effectivenedsipitevious section as a prod-
uct of coupling effectiveness and circuit conversion efficly, we are now concerned with
maximising this effectiveness through optimising the gatoe. As we have previously
seen, the semiconductor switch arBgm; IS vital to optimising this effectiveness as in-
creasindAsemidecreases coupling effectiveness but increases the poaeagsing circuit
efficiency. The optimal value folsemiand in turn the best case system effectiveness are

derived in this section.

Coupling Effectiveness:

The coupling effectivenesgeoupiing is a ratio of the energy that is stored in the transducer
capacitor to the maximum possible energy that can be haést a given microgener-

ator size and input excitation:

Energy stored in the transducer capacitor at maximum pégiaration
Maximum possible energy output per half cycle
3 % Ctinal X Vfinal®

= . (5.43)
37895 x L¢# x Acc

Ncoupling =

The maximum possible energy output derivation for the CDRGiven in Appendix A.
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After substitutingVsinal from Eq. 5.22 in EqQ. 5.43, the coupling effectiveness of thag-

ducer with parasitic capacitive loading from the attachedisonductor is given by:

L —19f 1 7

iaTk)) +h) )

(5.44)

Similarly, substitutingvsina from Eg. 5.29 in Eq. 5.43, the coupling effectiveness of the

transducer with both parasitic capacitance and conduetargiven by:

1 -1
Ncoupling = )0-5w2 (7.45>< 1012 (k—l (2582Asemi<k7 + v/ kg + kg))

(Lct3 x Ace®

_choo

2
L (316 107 x Aseri( k7 + v/ke + ko) x (Lo x Acg) ™) + km) )

(5.45)

These two equations are derived because although Eq. pdEsents the general solu-
tion, Eq. 5.44 allows us to more easily calculate the peréoroe of a CDRG operating at

high frequency where conductance effects become negdigibl

Circuit Efficiency:

The circuit efficiency is a conventional efficiency. In a tygli standard power processing
circuit, in order to losslessly extract energy from a cajmado another storage element
which could be another capacitor or a battery, the energguslly first transferred to an

inductor. The efficiency of this stage is therefore limitgdthe conduction losses of the
switching element and series resistance of the inductae. ifiductor series resistance is
neglected in this analysis as itis assumed the resistaribe MOSFET dominates. Here,
only this stage efficiency is estimated by assuming that #r@ble capacitor energy is

transferred to the inductor through a resistor (note thatalse assume the MOSFET
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operates in the linear region). Therefore, the analysisgumied here provides a best case
circuit efficiency for this type of generator.

Rleakage
AW

|/ Cl1
AN

Iy T Lind

Cvar

Figure 5.6: First Stage of a power conversion circuit

Gate
Source

Vo

-

Repi\ayer
n epilayer

n’ substrate

lDrain

Figure 5.7: Vertical MOSFET structure from [134]

Figure 5.7 shows the structure of a typical high voltage MEBBFAssuming that the™
epilayer of the MOSFET is uniformly doped with a doping déngiven in Eq. 5.11. The
relation between the on-state resistance of this layer la@ddltage blocking ability of

the MOSFET is given in [134] as:

Kepilayer % VB2
I:\)epilayer: pl?\/#_ (5-46)
semi
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whereRepilayer IS ON-state resistance of tme epilayer,Vg is blocking voltage Asemiis

area of the epilayer ani@ pijayer= 2 x 10~ [mPsV—2F 1]

As then™ epilayer resistance is the dominant part of on-state essistof high voltage
MOSFETS, this layer resistance is considered as the onlyibation by MOSFET on-

state resistance for the circuit efficiency in the analydigchv follows:

The efficiency of the circuit shown in Figure 5.6 is given by:

Energy stored in the transducer capacidnergy loss in the resistor
Energy stored in the transducer capacitor

(5.47)

conv—

which can be written as:

E; -
Neonv= Eductor end (5.48)
cap-—start

where
Ecap-start iS the energy stored in capacitor at the start of dischargegand

Einductor_end IS the energy stored in inductor at the end of discharge @erio

The energy stored in the capacitor can be calculateé@maNﬂnaF. Calculating the
energy loss in the resistor is not straight forward and megusome analysis, which will

now be described:

Applying kirchoff’s voltage law for the circuit shown in Fige 5.6, we obtain:

: di(t
Veap(t) = (1) X Rrgstect Ling x (5.49)

where

Veap(t) is the capacitor voltage,

Crinal IS the capacitance value at the end of the generation stroke,
Ling Is the inductance value and

RmosfetiS MOSFET on-state resistance.
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By substitutingj(t) = —Cfinal X deg{’(t), the equation governing the operation of the cir-

cuit shown in Figure 5.6 is given by:

dZVcazp(t) 4 (Rmosfet) chap(t) _ —Vcap(t) (5.50)
dt Lind dt LindCtinal
Solving this differential equation with initial conditistMcap(0) = Vtinal, dv°gf(o) =0(.e.

the rate of change of capacitor voltage is zero at the insfaswitch turn on); we obtain:-

_ ( Rmosfet)
Veap(t) = Viina x e \ #ind /= x

1 K11 Cfinal . 1 K11
cosh t]+Rm —— x sinh t
( <2|—ind Cfinal ) osfe \/ K11 <2Lind Cfinal

(5.51)
where
k11 = Ctinal X Rmosfet2 —4Ling (5.52)
The current flowing througRnosfetCan be obtained by using:
. dVeap(t
imosfeft) = —Cfinal c(;atp( ) (5.53)
The energy loss in the MOSFET resistance is given by:
tperiod_ 2
Elossmosfet:/o imosfe(t)” X Rmosfetx dt (5.54)

It is assumed that the variable capacitor voltage will beltasged to zero in quarter time
period of the resonant cycle i.e= g« /LindCrinal (Where the variable capacitor and the
inductor forms a resonant tank). Therefore, by substigutins time period and current

value (from Eq. 5.53) in Eq. 5.54, the energy loss in the MOBFdSistance is given by:
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C .
- (1.57Rmosfeq/ ij")

0.25 x Vfinal® X Cfinal (2k11+ 8 x Ling x €

.. Elossmosfet = ki1

—Rmosfetx €42 (\/Cfinal % K11+ Ctinal X Rmosfet)
+RmosfetX e <\/Cfinal X k11— Cfinal X Rmosfet)))

(5.55)

where

1.57
kio = \/ﬁ <\/Cf|nal X K11 — RmosfetX Cfmal) (5.56)

1.57
Kiz= ——F——— (\/Cfinal X K11+ RmosfetX Cfinal) (5.57)
+/Lind X Ctinal

In [69], It has been observed that the efficiency of the powecgssing circuit that is
shown in Figure 5.1 also depends on the inductance value.hifiier the inductance
used the better the conversion efficiency. This is becaudemore inductance the peak
currents in the circuit will be less therefore, less MOSFBmduction losses. However, in
order to integrate the inductor into the microgeneratas, desirable to use an integrated
inductor. The practical range of integrated inductanceesbppears to be achievable in
the range of 1-1@H. In this analysis, an inductance value of 1 is considered which
is on the high side of what is practically achievable. Butiagtnis analysis is intended

to show the upper limits for electrostatic generators.

2x10 X Viina 2

Asemi

After substituting theCtinal = Cg2, Ling = 100uH and Rmosfet= (from

Eq.5.46), the energy loss in the MOSFET on-resistance engdoy:
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1 .
Ejossmosfet = k_14 (4-43>< 10 12 x Vfinal2 X Lc (2 X L¢ % Vfinal4

( 1.32x10~ 145V 2% \/E)
l1—e Asemi

—1.13x 107 x Asemn?

+VfinaI2 v Le X K14 <ek15 — eikm) —Vfina|4 x L¢ <ekl5 + e*"16> ))

(5.58)
where
kia = Viina® x Lc —5.65% 10°%Acem? (5.59)
1.32x 10714 (\/kpale — Viinal? x L
kis — ( 14Lc final c) (5.60)
Asemi\/l—_c
1.32x 10714 (\/kyale +Vsinal® x L
kg — ( 14Lc + Vfinal c) (5.61)
Asemi\/l—_c
Substituting the Eq. 5.58 in Eq. 5.47, the efficiency of thev@oprocessing circuit is
given by:
Nconv = # (05 X Cfinal ><Vfinal2 - i (0~25X Cftinal ><Vfinal2 X (Zkll
Ctinal X Vfinal® ki1

<1.57Rmosfe Cfiir:‘j‘ ') .
+8x Ling x € — RmosfetX /Cfinal X K11 (ek12 - 13)

—Cfinal X Rgnosfet(ek12 + eﬁkﬂ) ) )

(5.62)
If we multiply Eqg. 5.44 (or Eg. 5.45) and Eq. 5.62, we will aallate the microgenerator

system effectiveness, and our target is to maximising tmstion through choosing the

optimal semiconductor area. This calculation is explaindte following section.
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5.4.3 Effectiveness Calculation

From the previous section, it can be noticed that the cog@ifectiveness and the cir-
cuit efficiency are both functions of semiconductor areafgiven input acceleration and
microgenerator size. As the semiconductor area is inctedle circuit efficiency will
increase, but the coupling effectiveness will reduce. &toee, there exists an optimal
semiconductor area which will maximise the product of theptimg effectiveness and
the circuit efficiency. In other words, the circuit efficignwill be higher for large semi-
conductor areas due to a reduction in the on-state resestaitic area. However, the final
transducer voltage value will decrease with increase irsémeiconductor area because
the parasitic elements are quantitatively proportiondhtosemiconductor area and thus
they share more charge and leak more charge from the tragrstyzacitor and reduce the
voltage generation ability of the transducer. This redurctn the transducer voltage will
result in fall of the transducer coupling effectivenessefBfiore, there will be an optimal

semiconductor area which will maximise the system effeciess.

The following assumptions are made while choosing an opt@aiconductor area and

calculating corresponding system effectiveness:

e The semiconductor area is increased by paralleling thecggmuctor devices with
an unit cell area of 118 10~ 2n?. A parameteNg) s is used to define the number

of devices in parallel.

e The transducer voltag¥jinal, is limited to 1500V because commercially available
MOSFETs have a maximum blocking voltage of 1.5kV [135]. Nibiat there are
very few actual MOSFETSs at this rating and so again, thisyamlpresents an

upper bound of effectiveness for the CDRG.

e Precharge voltage is adjusted to limit the transducer gelta 1.5kV.

At first, the final transducer voltage is computed for a givereteration and microgener-
ator size, assuminiJees = 1. If the transducer voltage is less than or equal to 1.5k/, th
voltage is calculated as a function {5 (by resetting the parametBkg;s). This volt-

age is then used to calculate the coupling effectivenesshrendircuit efficiency, which
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will also be functions of number of cells. An optimal value Mg s is chosen which
maximises the product of coupling effectiveness and theuttiefficiency. The system

effectiveness is then calculated for the correspondingr@dtumber of cells.

If the voltage is greater than 1500V, the precharge voltag@eljusted in such way that the
transducer voltage will be 1.5kV fo¥ees= 1. From then onwards the same procedure
is followed to calculate the system effectiveness for ojgt&d semiconductor area. The

overall procedure is detailed in the flow chart of Figure 5.8.

Set
Le, Ace, T

I

Calculate V_final for

N_cells=1
Adjust Precharge Yes
Voltage to get
V_final=1500V for
N_cells=1
No

Reset N_cells and
calculate
V_final=f(N_cells)

Calculate the Circuit
Efficiency for all
values of N_cells

|

Calculate the
Coupling
Effectiveness for all
values of N_cells

Calculate the System
Effectiveness for all
values of N_cells

|

Find Optimal
N_cells and
corresponding
Effectiveness from
the calculated results

Figure 5.8: Flow chart for system effectiveness calcufatio
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5.4.4 Effectiveness Plots

In this section, microgenerator system maximum effectgsnvalues have been plotted
by choosing an optimal semiconductor area for each combmaf various microgen-
erator sizes and for various input excitations at diffefeequencies. Figure 5.9 shows
the maximum achievable system effectiveness when theduaes is loaded with par-
asitic capacitance only,e. there is no leakage conduction path. This corresponds to a
microgenerator operating with a very high frequency inatderation . It can be noticed
that:

[N

©

© o o o
~N

s o

Constant-Charge Effectiveness
o
N (6]

S 9O o o
w

-

=
o

Length of the cube [mm] o Acceleration [ms™2|

Figure 5.9: Maximum effectiveness of an electrostatic ogenerator (parasitic capaci-

tance only)

e There is a clear region running diagonally through the gemitéhe plot when the
system effectiveness is quite high (above 50%) for variaushinations of micro-
generator size and input acceleration. To the right andfeftis region as shown in
Figure 5.9, the effectiveness falls. This corresponds tllsyenerators operating at

low accelerations and large generators operating at hicgle@ations respectively.
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(a) (b)
Figure 5.10: (a) Transducer Voltage and (b) Optimal sendactor area for maximum

system effectiveness

e On the right side of the graph, the reduction in system affecess is primarily
because as the microgenerator size decreases, the distaveded by the proof
mass will also reduce. This will result in reduction in th&oaf initial to final ca-
pacitance of the transducer and a lower available final valweansducer voltage.
At low voltages, the parasitic capacitance of the blockingymction in the MOS-
FET is large and thus will share more charge from the traredoapacitor (the
semiconductor junction has an inverse square root C-V ctexratic). Therefore,
due to significant charge sharing the voltage generatiolityabf the transducer
will be reduced. This will result in a decreased couplingetiveness and thus the
system effectiveness drops rapidly. This trend contradie previously assumed
perception that the electrostatic microgenerators ard swtable for small scale

dimensions (as is the case of actuators).

e To the left of this region, when the product of length and &etion is high, high
voltages are required to achieve a high enough force for ammem coupling ef-
fectiveness. However, a limit of 1.5kV was set for the blockcapacity of the
devices. Therefore, for large values lof x Acc the transducer voltage becomes
saturated, as shown in Figure 5.10(a), and an optimal feroet achieved by the
transducer. Therefore, the coupling effectiveness andathvaystem effectiveness

is dramatically reduced.
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Figure 5.11: Maximum effectiveness of an electrostaticragenerator for f=1kHz
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Figure 5.12: Maximum effectiveness of an electrostaticragenerator for f=100Hz
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By considering the presence of both parasitic capacitamd¢éeakage current of the semi-
conductor junction, the microgenerator system effectgsris calculated for different in-
put excitation frequencies. Figure 5.11, 5.12, 5.13 and SHow the effectiveness for

input excitation frequencies of 1kHz , 100Hz, 10Hz and 1Hspestively.

The general observations are:

e The system effectiveness graphs which include the leakag@uctance loss have
similar trends to that of parasitic capacitance only (showiigure 5.9). However,

the effectiveness values are lower when compared with piareapacitance only.

e As the excitation frequency is reduced, the maximum systéesteveness values
reduce. This is because leakage loss becomes dominant watthuation in the
frequency as the time of flight of the moving electrode is reedy proportional to

the frequency.
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Figure 5.13: Maximum effectiveness of an electrostaticragenerator for f=10Hz
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Figure 5.14: Maximum effectiveness of an electrostaticragenerator for f=1Hz

5.5 Verification

In order to verify the effectiveness analysis presentechenfrevious sections, the re-
sults of the analytical optimisation were tested agains¢tdomain simulations in PSpice
using the ICES toolkit. These time-domain simulations wriibvide information about

dispacement of the proof mass and its flight time. Also prewwdormation about shape
of the variable capacitor voltage. Per example in the arslifse voltage across the vari-
able capacitor is calculated by assuming that the proof rigéd time is half of the

vibration period. But in the simulations the flight time dape on the damping force
due to the variable capacitor. Again, this damping forceedelgs on the cahrge that is
present on the variable capacitor (part of the charge wiBlmaed by parasitic elements
of power processing circuit). The ICES toolkit models wesedito model mechanical
and electrical parts of the electrostatic microgeneratstesn ( as shown in Figure 6.11).
The verification was achieved in two parts. The final voltagelee transducer capaci-
tor was first verified under different operating conditior$dre the system effectiveness
was verified. The transducer voltage was verified underreiffeloading conditions in

Sections 5.5.1 and 5.5.2. The system effectiveness isactiifiSection 5.5.3.
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5.5.1 Transducer Voltage - No Load

With a perfectly open circuit load condition, the electatit transducer voltages were
obtained for different microgenerator sizes and for défgrinput excitations. Figure 5.16
shows simulated and analytical values of the transducéag®elunder no load conditions.

It can be noticed from the graph that both the simulation &edanalytical values match

closely.

10°

— Simulation data
4 Analytical data

10% 1g,100Hz

50mg,100Hz f

Microgenerator (ideal) Voltage [V]

1|
10
0.1

10

1
Length of the cube [mm)]

Figure 5.16: Comparison of microgenerator ideal voltagec#0mg, f=100Hz (bottom
line) and for Acc=1g, f=100Hz (top line)

5.5.2 Transducer Voltage - Parasitic Loading
Transducer with Parasitic Capacitance:

A voltage-dependent current source was used to model tlasiparcapacitance loading
on the transducer (as shown in Figure 5.17) to simulate thaweur of the attached
semiconductor switch, although to start with the leakageloctance was neglected. The

current value is given bg; d\é—?), whereC; is the voltage dependent parasitic capacitance
(from Eq. 5.14).
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Cuar ;zf Vio DI lsharing = C; *d(Vin)/dt

Figure 5.17: PSpice simulation model for parasitic capaci¢ loading
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Figure 5.18: Microgenerator voltage with parasitic cafmacioading: Acc=50mg,

f=100Hz (bottom line) and for Acc=1g, f=100Hz (top line)

Figure 5.18 shows simulated and analytical transduceagelizalues with parasitic ca-
pacitance loading. It can be noticed that both the simulateti the analytical values
match closely. The small discrepancy in the voltages atlensikzes is because the volt-
age levels are very small (a few volts) and even a small @iffee in absolute voltage

value is magnified on the logarithmic axis scale.
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Transducer with Parasitic Capacitance and Leakage Current

In order to check the results of the optimisation with realisemiconductor models, the
leakage conduatnce was also included in the SPICE modetslaBto that of modelling
of parasitic capacitance loading, a voltage-dependemécsource is used to represent
the leakage current loading on the transducer. The siroulatiodel of leakage current
loading on the transducer is shown in Figure 5.19 and theotsource value for leakage

current is given by Eq. 5.15.

+
C\rar ;Zf vin Q) |Ieakage = f(vin)

Figure 5.19: PSpice simulation model for parasitic leakageent loading

Figure 5.20, 5.21, 5.22 show the transducer voltage foretlliferent excitation fre-
guencies of 1kHz, 100Hz, 10Hz respectively. It can be ndticem the figures that the
simulated values become larger than the analytical vals¢leaexcitation frequency is
reduced. This is especially noticeable in Figure 5.22 ferltbHz system. This is because
in the analysis itis assumed that the flight time of the ebetwill be the half of the input
vibration time period as is the case for the resonant systéime iproof-mass is damped
sufficiently so as not to strike the end-stops. However, énsimulations, the flight times
are less than the assumed values because of the reductimneenals charge sharing and
leakage occurs, meaning the system is under-damped andhaéngecleakage actually
occurs over a shorter time period than predicted by theezaahalysis. Therefore, the

leakage losses are overestimated in the analysis.
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Figure 5.20: Microgenerator voltage for f=1kHz: Top line:céx1lg, Bottom line:
Acc=50mg
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Figure 5.21: Microgenerator voltage for f=100Hz: Top linAcc=1g, Bottom line:
Acc=50mg

5.5.3 System Effectiveness

Voltage values from the simulations were used in Eq. 5.43koutate the coupling effec-

tiveness of the transducer. Figure 5.23 shows the simutatddhe analytical values of
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Figure 5.22: Microgenerator voltage for f=10Hz: Top line:cox1g, Bottom line:
Acc=50mg
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Figure 5.23: Coupling Effectiveness with parasitic cafzaxie
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Circuit efficiency is calculated in separate simulation<aacitor with initial voltage is
connected to a inductor (of value 106) through a resistor (of value given in Eq. 5.46).
Figure 5.24 shows the efficiency plots of both simulated aradydical values. Here, the
efficiency is given by the energy in the inductor when the capavoltage is zero divided
by initial energy in the capacitor. It can be noticed that éfffeciency falls with length.

This is because high voltage MOSFETs need to be used forrlgegeerators. These
devices have higher specific on-state resistance.
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Figure 5.24: Circuit Efficiency

As can be seen, the simulated values of the system effeetigdollow the trends of the
analytical data. However, there is a difference betweewvahees at both low frequency
and high acceleration excitations. This is due to the difiee between the simulated and

analytical values of the transducer voltage which is duefterént flight times between

the analysis and the time domain simulation as describedatiéh. 5.5.2.
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Figure 5.25: Microgenerator Effectiveness with paragitipacitance loading only
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Figure 5.26: Microgenerator Effectiveness for f=1kHz
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Figure 5.27: Microgenerator Effectiveness for f=100Hz
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Figure 5.28: Microgenerator Effectiveness for f=10Hz
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5.6 Conclusions

In this chapter, an analytical approach is presented tonagti the effectiveness of an
electrostatic microgenerator operating in constant @éhargde across their entire possi-
ble operating regime. The effectiveness values are pldttedifferent microgenerator
sizes and input excitations, from these plots useful opeyaegions of electrostatic mi-

crogenerator can be easily identified.

It has been found that the electrostatic transducer irdedfavith power electronic circuit
is not effective at small dimensions. This is contrary toftw that electrostatic transduc-
tion mechanism is good at small dimensions as an actuata.s&miconductor device
parasitic elements are reducing the energy generatioityatilthe transducer by shar-
ing the charge during plates separation. It was also fouaittiie effectiveness degraded
with a decrease in excitation frequency. This is becaudatgaloss becomes dominant
with a reduction in the frequency as the time of flight of mayelectrode is inversely

proportional to the frequency.

The analytical effectiveness values are verified througbi¢gSsimulations and both are
matching closely except when the excitation frequencyvwsdad at higher accelerations.
This is because of the assumption in the analysis that theedfrflight is half of the vibra-

tion period. But in the simulations the flight times are ldsmtwhat has been assumed.

In the next chapter, maximum effectiveness of an electtiostaicrogenerator operating

in constant-voltage mode is discussed.
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Chapter 6

Effectiveness of an Electrostatic

Microgenerator - Constant Voltage

6.1 Introduction

In the previous chapter, the effectiveness of an electiiostacrogenerator operating in
constant charge mode has been presented. The other pagséiéion of electrostatic
microgenerator is constant-voltage mode. This chapteudses calculation of the sys-
tem effectiveness of a CDRG type electrostatic microgeoerith an in-plane overlap
type transducer [15] operating in constant-voltage modest,Rhe voltage required for
the optimal operation of the transducer is derived and tie¢ailéd description of the op-
eration of the power processing circuit is presented. Fintdile expression for system
effectiveness is derived and values are calculated fopwargenerator sizes and input
excitations. These results are then verified through PSpioalations using the toolkit

described in Chapter 3.

6.2 Optimal Source Voltage

The electrostatic force of a variable capacitor connectedss a fixed voltage source is

proportional to rate of change of capacitance with disptear@ and is given by:
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Vsource2 dc
F.— = 6.1
e > dz (6.1)

where
VsourcelS VOltage across the capacitor and
%Z: is rate of change in capacitance over a distance. It is agbtina¢ the capacitance

changes linearly and thereforgg, = Smay Cmn,

The electrostatic microgenerator will operate under ogliconditions if the electrostatic
force is equal to the coloumb force given in 5.2. Therefogeia¢ing Eq. 5.2 and Eq. 6.1,

we obtain the voltage value that needs to be connected abmsariable capacitor:

1.57x mx Yo x w2 x (2Z
Vsource= \/ g (22) (6.2)

Cmax— Cmin

NDYZ 2 RO

Figure 6.1: Microgenerator with mass occupying half thenao

Equation 6.2 can be simplified by assuming that the microgeéoeis cube shaped and
proof mass occupies the half of the volume. It has been asbuinat the transducer
occupies negligible space compared to the generator stke@nb fingers are placed
along the proof mass and have same dispacement as that dfrpass as shown in
Figure 6.1. Practical implementation of comb fingers witasth assumptions is diffi-
cult, however to have one to one comparison of effectivenésmth operating modes
(constant-charge and constant-voltage), these assumapatie thus necessary. Therefore,

substitutingm = pLZLCS, Pau = 1930 g/m® (assuming a gold proof mass)z2= ¢,
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Acc= Y, x &? andCrmax >> Cmin, We obtain:

Acc

Vsource= Kev X ch X (6-3)

Cm ax

where

kev = 87 [kgnm3]*°

This equation gives the voltage required for optimal openatf the transducer in constant-
voltage mode. It is to be noted that the param€igiy is a technology dependent and it
is therefore best to derive expressions as a function ofpmiameter. Th€nax for the

in-plane overlap comb drive structure is given by:

C+
J E— B e —— B ——
A ’
b | | = Wﬁnger
e LTZ -+ d > - d >
- 1l LfT IL IL IL
Z{t) r Ir 1) ]
J -
) _‘L_z(t) Fer i Fez
Y z | =) R
I K — v _/
C-
Figure 6.2: In-plane overlap comb structure
Lc
Cmax: £x 2 Xclj\lgapsx h (6-4)

where

L¢ is length of the cube
Ngapsis number of gapsz—-¢-—
Wkinger iIs comb finger width,

h is comb finger height and

d is distance between fingers.
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It is to be noted that the number of comb fingers andGRg depend on the length of
the cubei.e. microgenerator size. In order to estimate the maximum dtgree that
can be achieved for a given microgenerator size, dimensiacis as height and width of
comb finger and distance between the fingers are considerg@.as, 50umand Jum
respectively which are representative of a typical micatsscomb fingers dimensions as

given in [59].

6.3 Power Processing Circuit
The requirements for the operation of the constant-voltgesrator are:

e Charging the transducer capacitor at its maximum capamtan

e Holding the voltage constant across the transducer capaeitilst extracting en-

ergy and

e Disconnecting the voltage source whilst the capacitort tes@aximum position.

The simplest circuit for doing this is shown in Figure 6.3isla buck power conversion
circuit and the operation of this circuit is similar to theatiit proposed in [70]. There
are three distinct phases of operation, they are prechlgrigarvesting and recovery. The
precharging phase starts when the variable capa€iigr, is at maximum value. During
this phase switch, S1, will be turned on for a short time armhttiiode, D1, will free-
wheel the energy stored in the inductbi,g. Once the voltage on the variable capacitor
reaches the input voltage, diode D2 will be on and the vagiabpacitor will get con-
nected to the source voltage, current direction in this phgshown in the sub circuits
of Figure 6.4(a)-(c)). During the harvesting phase,during the transition of maximum
capacitance value to the minimum capacitance value, thrermuwill flow through diode,
D2, from the variable capacitor to input source voltage. r@pen of this phase is shown
in Figure 6.4(d). The harvesting phase ends when the varagacitor reaches its min-

imum value. There will be still energy left in the variablepeaitor. This is very small
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energy and it may not be possible to recover it efficientlyisEmergy will naturally con-

verted back to mechanical energy due to the increase in faeitance value as the plates

4 —

L sy |
LA

Vsource
D1 Cl

close.

N |
J

Figure 6.3: Buck converter

c2
Lind D2 Lind
ST .81
-TVsource { Cvar ‘IVSource ID1 ’—l Cvar
D1 TCl
(a) Precharging (b) Precharging
D2 D2
7 Lind Lind
+| S1 #7 +
TVsource Cvar “Tysource J7 Cvar
D1 TCl D1 C1
c2 (C) Precharging c2 (d) Harvesting
D2 Lind Lind

- TVsource Cvar
To l

Cvar - [Vsource
1

D1 Tc1

(e) Recovery (f) Before precharging

Figure 6.4: Different operating phases of the circuit

During the harvesting phase, the current from the variabfgcitor not only flows to
the input source but also throuddy due to the reverse bias leakage current and junc-
tion capacitance charging current. These parasitic elesvadrthe diodeD; will reduce

the effectiveness of the system. In other words, part of theed energy in the variable
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capacitor will be lost in the parasitic elementsidf. This will reduce the efficiency of
the harvesting phase and thereby the overall system efeess. It is to be noted that
the parasitic elements of D1 can be minimized by reducingémeiconductor area of the
device. However, this will reduce the efficiency of the claggohase. Therefore, there
is trade-off between the efficiency of the charging phaseddiiciency of the harvesting
phase. In order to identify the tradeoffs between efficiesdf these phases, quantifica-
tion of energy loss i1 parasitic elements and the on-state resistan& isf necessary.

The following section discusses the quantification of epérgs in the parasitic elements.

6.3.1 Energy loss in parasitic elements:

By assuming that the semiconductor devices in the circutshin Figure 6.3 are de-
signed to block the input source voltage (given in Eq. 6/3,garasitic elements can be

expressed (following detailed derivation discussed irtiSec5.3.1) as:

Cj= Kej X Asemi (6.5)
\/(Vo —Voperation) X Vsource
where
kej=1.1x103[m2C]
Similarly, the off-state leakage current is given by:
Acc
IIeakage: I<cvleakalge>< |—c2 X Asemix C (6.6)
max

where
kCVleakage: 339x 104 [mf7kg F] 0.5 51

These equations can now be used to derive analytical expnes®r energy loss in the

parasitic elements.
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Loss due to junction capacitance:

It can be noticed from the Figure 6.4(d) that the voltage sxthode D1 will be the source
voltage and its junction capacitance is charged from thecgoroltage. This stored charge
will be lost during the mechanical system operation as shavwigure 6.4(e). Therefore,

the energy loss because of the junction capacitance is given

Ejloss = Qj X Vsource (6.7)

whereQ)j is charge stored in the pn junction capacitance and is cakaibs follows:

VSOUI’CG
Qj = /O Cj x dVoperation (6.8)

Substituting the junction capacitance from Eq. 6.5 and Bfympg the integration we

obtain:

V .
Q] = 22 X 10_3Asemi [1— A / leode} (69)
source

Therefore, substituting Eqg. 6.9 in Eq. 6.7, we obtain:

EleSS — 2.2 X 1073 X Asemix Vsourcex |:1 - VdIOde:| (610)
source

As expected, the junction capacitance loss depends onesoultage and area of the

semiconductor.

Leakage current loss:

Part of the generation current during harvesting phasebeileaked through diode off-

state leakage current. Therefore, the leakage chargeslgsgen by:
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Eleakageloss: Qleakage>< Vsource (6-11)

whereQjeakagelS leaked charge and can be estimated as below:

Qieakage= lieakageX tflight (6.12)

where
lieakagelS the leakage current and is given in Eq. 6.6 and

tiight is flight time of the transducer capacitor.

It has been assumed that the flight time will be half of theatilon period(Z) as is the
case in resonant microgenerators.

Substituting these values, the charge leaked off througgthediis given by:

339x 104 x L2 X Ttx Asemi [ AcC
Qleakage= . x e X TUX Psemi (6.13)
w Ciax

Therefore, the leakage charge loss in termgsgirceiS given by:

339x% 104 x L¢2 X Ttx Agemix V. [ Acc
Ejeakageloss— . x e x TUX Psemi Ysource (6.14)
W Cmax

Again, leakage current loss also depends on source voltab@rea of the semiconductor.
Loss in MOSFET on-state resistance:

The charging phase is similar to that of the scenario in tlegipus chapter.e. energy
transfer through a basic RLC circuit. Therefore, the sanpeession can be used for the

energy loss in the resistar€. the on-state resistance of the MOSFET).
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L5MRmosten/ 1)

1 _
.. Emosfetloss = @ (0-25>< Vsource2 X Cmax <2k20+ 8 X Ling x € (

—Rmosfetx e <\/ Crnaxx k20 + Crax < Rmosfet)
+RmosfetX &2 (\/ Crnaxx k2o — Cmax < Rmosfet)))

(6.15)
where
ko = CmaRmosfef —4x Lind (6.16)
157
ko1t = m (\/ Crax < K20 — Rmosfetx Cmax) (6.17)
157
koo = —m (\/ Crax x K20+ Rmosfetx Cmax) (6.18)

It is to be noted that during the harvesting phase, charges ffariable capacitor flow
from variable capacitor to source voltage via parasitidddiof MOSFET. The energy
loss in the diode is neglected because the rate of charge $lawwry low during that

operation.

6.4 Microgenerator System Effectiveness

In this section, microgenerator system effectivenessl@itaed and plotted for different
generator sizes and for different input excitations. Kirstefinition of the system effec-
tiveness is explained and effectiveness equations areederBy using these equations,
a method of calculating the system effectiveness is destriFinally, the effectiveness
trends of the electrostatic microgenerators operatingoimstant-voltage mode are dis-

cussed.
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6.4.1 Definition of System Effectiveness

In this mode of operation, it is not possible to separate tupling effectiveness and the

circuit efficiency as the same power processing circuit edu® precharge the variable

capacitor and to harvest energy. Therefore, the systerttieaess is given by:

Enharvested
E = - . 6.19
eff Maximum Possible Energy Output ( )
_ Enarvested (6.20)

37895 x L4 x Acc

The maximum possible energy output derivation for the CDR@Given in Appendix A

EharvestediS harvested energy and is given by:

Enharvested= Evarcap— [Eprecharge+ Eparasiticlossl, (6-21)

where
Evarcapis energy that can be extracted from the transducer capaCiteVsourcd
EprechargelS initial stored energy in the transducer capaci%ﬁl‘maxvsource2

EparasiticlossiS €nergy loss in the parasitic elemeri§ess+ Ejeakagelosst Emostetioss

6.4.2 Effectiveness Calculation

As previously discussed the energy losses in parasiticeziesof the power processing

circuit are functions of semiconductor area for a given trguceleration and microgen-

erator size. As the semiconductor area is increased, tlugeeffy of the charging phase

increases. However, efficiency of the harvesting phaseedlice. Therefore, there exists

an optimal semiconductor area which will maximise the oNegstem effectiveness.

The following assumptions are made while choosing an opts@aiconductor area and

calculating corresponding system effectiveness:
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e The semiconductor area is increased by paralleling thecsgructor devices with
an unit cell area of 118 10~ 2n?. A parameteNg s is used to define the number

of devices in parallel.

e The transducer voltag¥jinal, is limited to 1500V because commercially available
MOSFETs have a maximum blocking voltage of 1.5kV [135]. Nibiat there are
very few actual MOSFETSs at this rating and so again, thisyamlpresents an

upper bound of effectiveness for the CDRG.

At first, the optimal source voltage is computed for a givennagenerator size and input
acceleration. If the source voltage is less than or equalbioVv] the system effectiveness
is calculated as a function dgejs. An optimal value ofNggis is chosen which max-

imises the system effectiveness. Otherwiég,ceis set to 1.5kV and same procedure
is followed to calculate the system effectiveness for opted semiconductor area. The

overall procedure is detailed in the flow chart of Figure 6.5.
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Figure 6.5: Flow chart for cv effectiveness calculations

6.4.3 Effectiveness Plots

The system effectiveness values are calculated for vanna®generator sizes and input
accelerations. These values are plotted and are shownungH6g6, 6.8, 6.9 and 6.10 for
input excitation frequencies of 1kHz, 100Hz, 10Hz and 1Hspestively. The following

observations can be made from the graphs:

e There is aregion in which the effectiveness is constant fdewombinations of mi-
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crogenerator size and input accelerations. This is bec¢haggarasitic elements are
not having such a detrimental effect on the harvestingtglmfithe microgenerator,
which was the case in constant-charge mode. In other woadgting in constant-
voltage device always occurs at constant voltage as retjouein constant-charge
devices generation does not happen at constant chargeskeeafparasitic charge

leakage and charge sharing with parasitic capacitance.

e To the left of this region.e. for high acceleration and higher sizes, the effectiveness
falls rapidly due to limiting of source voltage to 1.5kV. Theltage plot is shown

in Figure 6.7(a).
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Figure 6.6: Constant Voltage operation Effectiveness$akHz

e As the excitation frequency is reduced, the maximum systiéectereness values
reduce. This is because leakage loss becomes dominant watthuation in the
frequency as the time of flight of the moving electrode is isedy proportional to

the frequency.
e No useful energy can be harvested for operation at highelogenerator sizes and
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system effectiveness

high accelerations with frequency of 1Hz. This is again bseaof the dominant

leakage loss.
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6.5 Verification

In order to verify the effectiveness analysis presenteti@ptrevious sections, the results
of the analytical optimisation were tested against timezdim simulation in PSpice us-
ing the ICES toolkit. The ICES toolkit models were used to eldtie mechanical and
electrical part of the electrostatic microgenerator systieleal switches and diodes were
used to model the power processing circuit so that parasiments such as junction
capacitance and off-state leakage currents are sepasatlédd as calculated. A voltage
dependent current source is used to model the junction tapee and the off-state leak-
age current is modelled by a current source. Figure 6.11 stioevcomplete end-to-end
system simulation model of electrostatic microgenerajmerating in constant-voltage

mode.

Loss in the parasitic elements were individually calcuddtem the simulation data (data
such as flight time, charge stored in the junction, etc). rAdt&taining the losses, system
effectiveness values were calculated. Both analyticalsamalation effectiveness values
are plotted in Figure 6.12, 6.13 and 6.14 for excitationdiestcies 1kHz, 100Hz and 10Hz

respectively.

It can be noticed from the plots that there are some discagabetween simulation and
analytical system effectiveness values. Per example atfhégiuency, the effectiveness
values calculated using simulation data are less than digtasal values. This is because
of parasitic capacitance charge loss is higher in the sitounlghan the analytical value,
which is due to in-built finite parasitic capacitances of itheal diodes that were used
to model the power processing circuit. These parasitic @tggaces become dominant
particularly at smaller dimensions. It is to be noted thatpgic capacitances of the ideal

diodes can not be set to zero because the simulations wel t@wergence errors.

The other discrepancy that can be noticed is at low frequénicgs the excitation fre-
quency is reduced), where the analytical system effeasenalues are less than simula-
tion values. It was observed that the leakage charge lossthstimated in the analysis is

higher than the simulation values. This is becuase of tHerdifices in flight time values
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between analytical and simulation data. Ideally, theraikhpnot be any difference in the
flight time values (At 1kHz, there is no difference in flighti values). However, for low
frequencies, the diodB; is getting turned off at the start of harvesting phase dualto f
in the voltage across the variable capacitor. This is becatisharging of parasitic ele-
ments of the diod®1 by variable capacitor thereby reduction in its voltage.sNultage

fall across the variable capacitor will result in decreaselectrical damping force and
thereby decrement in proof mass travel tingeflight time. As the excitation frequency is
reduced, charge of variable capacitor will be lost for langee thereby more reduction

in damping force and proof mass reaches end-stops morelyguick
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—1g, Analytical data
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Figure 6.14: Constant-\oltage Effectiveness for f=10Hz

6.6 Conclusions

In this chapter, an analytical approach was presented itoast the effectiveness of an
electrostatic microgenerator operating in constantaggtmode across their entire pos-

sible operating regime. The effectiveness values areguldtr different microgenerator
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sizes and input excitations, from these plots useful opeyaegions of electrostatic mi-

crogenerator can be easily identified.

It has been found that electrostatic microgenerator ojpgyatt constant-voltage is still
favourable at small dimensions. It has also been found thabnstant-voltage mode
the electrostatic microgenerator has a better effects®iger a large operating range
than constant-charge devices. This is because the pamrsithents of power processing
circuit are not having a detrimental effect on ability of emegeneration, which is not
the case in constant-charge mode. In other words, hargasteconstant-voltage devices
always occurs at constant voltage as required but conslemge devices do not gener-
ate at constant charge because of parasitic leakage amgirghaharing with parasitic
capacitance. It was also found that the effectiveness dedgraith a decrease in excita-
tion frequency. This is because leakage loss becomes dotwinkn a reduction in the
frequency as the time of flight of the moving electrode is ree&y proportional to the

frequency.

The analytical derived effectiveness values were verifiealigh PSpice simulations and a
close match was found except for smaller generator sizas didctrepancy arises because
of the finite parasitic capacitances of the ideal compongatiswere used to model the
power processing circuit. Also due to the difference in fiigimes between simulation

and analytical values.

153



Chapter 7

Conclusions and Further Work

7.1 Overview and Main Findings

A critical issue for the optimization of a microgeneratortle electromechanical link
between the transducer and power processing circuitryusectne performance of each
subsystem depends on the behaviour of other. Thereforegder to accurately simulate
and optimize a microgenerator system, a combined electrioamécal system simulation
is required. In this thesis, the creation of a SPICE basedilaiion toolkit (ICES) that
models inertial microgenerators has been reported. Tbikitmffers many advantages
such as rapid creation of system-wide models that reveal&otromechanical interaction
between various subsystems and allow design of the poweegsong circuits with accu-
rate semiconductor device models. Case study simulatguitseof electromagnetic and
electrostatic microgenerator systems have been presentextify the operation of the
toolkit models. The simulation results closely match wiike analytical values. Unified
simulation solutions of this kind for inertial microgentyes have now started to appear

in the literature [118] and [136].

The analytical approach presented in this work is usefustiomate the maximum end-to-
end system effectiveness of an electrostatic microgesreogierating in constant-charge
and constant-voltage modes across their entire operagige covering different sizes,

vibration amplitudes and excitation frequencies. It wasfibthat the electrostatic trans-
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ducer operating in constant-charge mode when interfacédazpower electronic circuit

is not effective at small dimensions for energy generatidhis is contrary to the fact

that the electrostatic transduction mechanism is consitigood at small dimensions as
an actuator. The circuit parasitic elements were found doige the energy generation
ability of the transducer by sharing the charge during sapmar of the plates. However,

in constant-voltage operating mode the transducer hasrhedtectiveness over a larger
operating range (still favourable at small dimensions)ericthough the parasitic effects
are present in this mode, they have much less detrimentatefh the energy generation.
In other words, harvesting in constant-voltage devicesgdaoccurs at constant voltage
as required but constant-charge devices do not generatenstant charge because of

parasitic leakage and charging sharing with parasiticdégece.

The voltage magnitude required for optimal operation ofrtherogenerator as the size
increases is very high (hundreds of volts) and requiresalissd power device/electronic
circuits such as proposed in [69]. However, the very highag# source for pre-charging
for constant-voltage operation is not practical and thuseldgping an optimised micro-

generator with large dimensions is not considered to beldfieas

It was also found that in both operating modes, the effentigs degraded with a decrease
in excitation frequency. This is because leakage loss bes@ominant with a reduction
in the frequency as the time of flight of the moving electraglawversely proportional to

the frequency.

The analytically derived effectiveness values were vetiflrough PSpice simulations
and a close match was found except when the excitation fregue low or the accel-
eration is high. The discrepancy arises because of the assumthat the time of flight
is half of the vibration period whereas in the simulationgesd that the flight times are

sometimes significantly less.

Accurate modelling of custom semiconductor devices in B&pias investigated so that a
complete end-to-end system simulation could be perforttecas found that the in-built
PSpice semiconductor devices models cannot model powecseductor devices in this

context with sufficient accuracy. It was also found that suoits based PSpice models
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accurately modelled the custom diode characteristicgheutnodel was computationally
inefficient. It was considered that such a model could notdezlun end-to-end system
simulation as the entire simulation will become slow (ortabg if the maximum allowed

time step is extended).

A behavioural model using look-up tables was developed tustom-diode. This model
accurately represented the custom diode characteristizsth DC and AC analysis and
was quick enough to be practically useful. A similar behavéd model for a custom-
MOSFET has also been investigated. The behavioural modafaely represented the
dc characteristics except at high voltages200v/). However, sufficient data was not

available to model the ac characteristics accurately.

7.2 Author’s Contribution

At the start of this research no unified simulation platfoon énergy harvesting simu-
lations existed. The first major contribution of this thesés been the development of
a SPICE based simulation toolkit to model inertial micrograors. This toolkit allows

design of power processing circuits for microgeneratoth wroper consideration of the
interaction with other sub-systems. It also allows the $ation of complete end-to-end
electromechanical microgenerator systems with accusmatecenductor device models.
Researchers new to energy harvesting finding it easy to atealicrogenerator systems
using this toolkit because of its flexibility and because@Pis a familiar tool to the

research community.

The second major and important contribution of this theass lbeen the development of
an analytical framework to estimate the effectiveness odlantrostatic microgenerator
operating in constant-charge and constant-voltage mddesframework helped develop
an understanding of the effects of the parasitic elementgt@ffacing electronics on the
performance of a microgenerator. It also enabled the plpttf the useful operating re-
gions of electrostatic microgenerators. Conclusions drimam the use of this analytical

framework demonstrated that end-to end system analysgdemng circuit parasitics is
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required before designing microgenerator systems.

The reported work is part of an ongoing effort to develop wgenerators that generate
energy from vibrations for biomedical implantable sensdfse introduction chapter and

tables in Chapter 2 are built upon previous works [50, 46].

7.3 Suggestions for Further Work

It was found that a look-up table based diode behaviouralainacturately modelled the
custom-diode characteristics. However, sufficient data a@ available to model the
custom-MOSFET. A further investigation is necessary taldgh a method to obtain the
required data from a 3D finite-element MOSFET model. Afterihg obtained custom-

semiconductor device (Diode and MOSFET) models, a complateto-end system sim-
ulation of an electrostatic microgenerator can be achiaretithereby the interactions
between various sub-systems can be fully studied and théewhicrogenerator system

optimised.

Because of the use of low charge at high voltages, speciagipelgctronic circuits are
required to efficiently process the electrostatic micragator output. No significant
amount of work on circuits has been found in the literaturé eavestigation of more

advanced topologies will improve the performance of theragenerator.

In the analytical framework for determining effectivenessomplete power processing
circuit has not been considered and the aim was to estimagxiemm theoretical value.
It is possible to estimate an accurate system effectivamesensidering complete power

processing circuit including control electronics overthea

In this work, only silicon semiconductor devices basedwtscwere considered. Circuits
based on advanced semiconductor materials such as Silednd€ (SiC) and Gallium
Nitride (GaN) need to be investigated as these devices may $raaller parasitics ele-

ments thereby achieving better system effectiveness.
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7.4 Publications arising from this Work

7.4.1 Journals

e P. D. Mitcheson, E. M. Yeatman, G. Kondala Rao, A. S. Holmed, & C. Green,
“Energy harvesting from human and machine motion for wseglelectronic de-

vices,” Proceedings of the IEEE, vol. 96, no. 9, pp. 145486, 2008.

7.4.2 Conferences

e G. Kondala Rao, P. D. Mitcheson, and T. C. Green, “Simulatmikit for energy
scavenging inertial micro power generators,” in Procegslof PowerMEMS 2007,

Freiberg, Germany, November 2007, pp. 13%40.

e G. Kondala Rao, P. D. Mitcheson, and T. C. Green, “Mixed Etguechanical
Simulation of Electrostatic microgenerator using custemiconductor devices,”
in Proceedings of PowerMEMS 2009, Washington DC, USA, Ddxam009, pp.
356— 359.

7.4.3 Software

e G. Kondala Rao, P. D. Mitcheson, T. C. Green, “ICES - Impdtiargy harvesting
Simulator,” 2007.
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Appendix A

Maximum Possible Energy Output

Maximum possible energy output derivation:
In an inertial system, the power at resonance is given by [46]

203 (2
Power at resonancesmy2w <70>

By assuming energy will be generated during only one sidénefrhotion, maximum

possible energy is given by:

) ) Power at resonance 1
Maximum Possible Energy —— Frequency Zm\@wza X 2T (A.1)

Assuming the microgenerator is cube shaped and proof maspies half the volume

3
and substitutingn = 24 Acc= Y, x «?, Z = % we get:

Maximum Possible Energy 37895 x L2 x Acc (A.2)

This equation gives the maximum possible energy that carabeskted for a given mi-

crogenerator size and input acceleration.
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