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Advanced and ultraompact electromechanical (EM) systersach as kinetic energy
harvesting andmicrorobotic systems areleemed asenabling solutions to provide
efficient energy conversion. One of the most critical challerigesuch systemss to
develop tiny power electronic interfaces (PEIs) capable of addressing power conditioning
between EM devices and energy storagis. This dissertatiorpresentdechnologies and
topologicalsolutionstoward fabricatingminiaturized PEls to efficienty regulate erratic
powervoltage for kinetic energy harvestingand drive high-voltage actuators for
microrobotic systemsHigh-frequencyresonaniswitching topologiesare introducedas
power stages oPEls thatallow small footprint of the circuit without suffering from
switching lossesTwo types of bidgeless resonant @t convertersarefirst introduced
and developedo efficiently convert arbitrary input voltages into a regulated dc output
voltage. The proposedopologies provide direct adc power conversion with less

number of components, in comparison to other resonant topoldgkesim>6-mm, 100

mg, 2-MHz and 656mW prototype is fabricatetbr validation of capability of converting



very-low ac voltages into arelatively higler voltage A resonant gate drive circuit is
designed and utilized to further reduce gating losses undeffrieighency switching and
light-load condition.The closedoop efficiencyreacheshigher than 70%across wide
range of input voltags and output powert a multi-channelenergy harvesting system

a multrinput bridgeless resonant -dc converteris developedto achieve adc
conversion, step up voltage and match optimal impedance. Alternating voltage of each
energy harvestinghannelis stepped up through the switching LC network and then
rectified by a freewheeling diode. The optimal electrical impedance can be adjusted
through resonance impedance matching and greégeencymodulation (PFM) control.

In addition, asix-input standalone prototype is fabricated to address power conditioning
for a sixchannel wind panel. Furthermore, the concepts of miniaturization are
incorporated in the context of microrobotén a mobile microrobotic system,
conventional bulky power suppliesié electronics used to drivadectroactive polymer
(EAP) actuators are not practical as-lbmard energy sources for microrobos.
bidirectional singlestage resonant etfc stepup converter is introduced and developed to
efficiently drive highvoltage EAPactuators. The converter utilizes resonant capacitors
and a coupledhductor as a sofswitched LC network to step up low input voltagéhe

circuit is capable of generating explicit highltage actuation signals, with capability of
recovering unused ergy from EAP actuators. A-dhm x 8-mm, 100mg and 60mW
prototype has been designed and fabricated to drive-plame gagclosing electrostatic

i nchworm motor. Experi ment al val i dations
ability to step up vibage from 2 V to 100 V and generate twekHz, 100V driving

voltages at hF capacitive loads.
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CHAPTER1
INTRODUCTION

Nowadays,advanced and ultreompact electromechanicdEM) systemsare
utilized in various systens where both mechanical motiorand electrical energyare
required such as automation, electricity metersireless sensors, kinetic energy
harvesting andiny robotic systemd1], [2]. In majority of modernapplications the
utilization of EM devices can be classified into two categoriesE{l) generatorsor
transducershatgenerateelectricityto feed the loads @nergy storaganits and(2) EM
actuatorsor motorsthat need power gply from energy storagenits to generate
mechanical deformatioji]-[5]. Theminiaturized power electronic interfaces (PHisgd
to be introduced andlesigneddue to thenecessityof developing tiny circuits for
addressing power conditionirg EM devices

One of the challenge®ward developing advanced EM systems is the electrical
compatibility among the system components, including energy staratg electrical
loads and EM devices. Majority of energy storages, such as batteryaondligtra-
capacitors have dc voltageutputs[6]. However, in the case of EMeneratorsthe
induced voltage is usually tiny, irregular, abrupt and alterna8hd4], [7]. As for EM
actuators, the voltage requirements for mechanical deformation arephightile and
complicated[5], [8]. Therefore, a strong demand of developing cirguiterfacesfor
EM systemsstems from theequiremenbf friendly electrical connections among system
components.

Secondly, there is a motivation $oale dowrthe EM systens into micro or meso

level through miniaturization and integrabn of mechanical and electricabmponents.



Advancedelectromechaiial technologies, including electromagnetism and electroactive
polymes, have been developed toward fabricating microelectromechanical systems
(MEMS) and mesoelectromechanical systems that can be installed in very tiny spaces,
such as mobile phone, MP3, electrical watch, medical pill camera and microrobotic
insectq9]-[11]. Hence, thelevelopment ominiaturized PEI is of critical importancand

emergencéor miniaturization andntegration of an ultreompactEM system.

1.1  Description of Tiny Electromechanical Systems

Electromechanicss a hybrid engineering combining electrical and mechanical
processes and procedures. Typically, an electromechanical (EM) device is capable of
carrying out the energy conversion between mechanical motion and electric power [2].
One EM device can eitheerwve as an electricgleneratoor transducethat converts the
mechanical motion of its moving parts into electricity; or, in a reversal direction, it
performs as a mechanical actuator or motor that generates mechanical deformation by
absorbing electricqwer [3]-[5].

Microelectromechanical systems (MEMS) and mesoelectromechanical systems
have emerged from a strong demand for fabricating very tiny systems that can be
installed in very limited spaces [2]9]f[11]. EM devices at micrecale range in size
from 20 micrometers to 1 millimeter while those at mssale range in size from 1
millimeter to tens ofmillimeters Advanced technologies toward fabricating miniature
electromechanism, including electromagnetism, piezoelectricity, electrostatics,
electrostiction, dielectric elastomer, etc., give rise to the popularity of BNy systems,
such asmplan@ableand wearable electronic devices, wireless network sensors and nodes,

as well as autonomousobile microrobots [2]-[14].



1.1.1 Kinetic Energy Harvesting

For wearable electronic devices or gativered wireless sensors, the bulky size
of batteries and the difficulty to access thertroducea strong demand of replacing
batteries with alternative power sources. Many renewable energy sourcedinonslolar
cells, micrefuel cells, microturbine generators, etc., are introduced to serve as potential
alternatives for electronic devices with smaller batteries or being battery free. Among
these power source candidates, the kinetic energy harvestisgpersorities in terms of
being clean, stable, available, and of small sis¢ b the majority of ambiensekinetic
energy exists in the form of vibration, regular and random displacements.

Kinetic energygeneratcs are intended t@onvert mechanicahovementpresent
in the ambient vibration sourcesto electrical energy16]. Typically, electromagnetic
(EMA) and electroactive polyméEAP) (including piezoelectric (PZ)electrostatiqdES)
and dielectric elastomer) transduction mechanisms are used to ddaneéd energy into
electrigty [12]. These transducers or generators are generally composed of a stator
anchored on the external holder and a proof mass physically connected to the stator
through a mechanical damper][418]. The damper can generate a relative movement
between the stator and the proof mass when an external force is applied on the stator.
Therefore, an alternative potential is induced through the relative movement and
electricity is delivered to the eleal loads.

EMA generatos or micro EMA generatos are based othe principle ofFaraday
electromagnetic inductiof®]. Majority of EMA generatos areinertial harvesters, where
the mechanical energy is transduced through the inertia of proof. Miasscceleration

of proof mass as a result of the mechanical damper generatdatimsermovement



between thevinding coils and the permanemiagnes. The coils cut the magnetic flux of
permanent magnets, which induces an electromotive force (EMF) on th&reméfore,

the current is generated when an electrical load is connected with the coils. In electrical
domain,the equivalent model odn EMA generator illustrated in Fig. 1.1(a)can be
presentedhs a bipolar timearying EMF {Vemg), a series internaksistancéRser) and a

series selinductance(Lse) [18]. EMA generatorshave the advantagés termsof low

output impedancémall resistance and inductane@dhigh output currenthowever the

output voltage is usually loy19]-[33].

Rself Lself
Vmech Vemr Vin
Mechanical E Electrical
(a)
m k b :
) ; CJ
Fmech ; lin ;:Cp Rp
Mechanical 5 Electrical

(b)

Figurel.1. Equivalent circuits ofenerators(a) EMA generatos (Vmecs Mmechanical
velocity, m: proof mass, k: spring stiffness, b: dampkgg magnetic forceYeme: EM
force, Rei. coil resistance, do: selfinductance)and (b) PZgeneratas (Fnecry Stress, m:

mass, k: stiffness, b: damping, induced current, £ shunt capacitance ,Rshunt

resistance)18].

Tale 1.1 lists theprototype parameters of publisheEMA generators The
majority of EMA generatordhave volumes less than tens of centaneube and power
capability above hundreds of micro watts. However, their output voltages range from 0.1
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Vmsto 1V ms With optimum loads. Therefore, the voltage rectification is challenged as a
result of the lowgenerated voltage close to 8/3. diode forward voltage.

TABLE 1.1
PARAMETERS OF DIFFERENTELECTROMAGNETIC GENERATORS

Reference | Output Power Volume | Output Voltage | Frequency | Fabrication
(HW) (mmd) (Vims) (Hz)
[19] 380 10° / 0.7~3.5 2~10| nonMEMS
[20] 8.5 10° / 0.5 5| nonMEMS
[21] 7' 10°| 7.8 10° 0.14 95| nonMEMS
[22] 51 10°| 69 10° 0.1 54 | nonMEMS
[23] 244 10°| 12.7 10° 0.7 8 | nonMEMS
[24] 830 2! 10° 1 66 MEMS
[25] 750 10 10° 1.9 45| nonrMEMS
[26] 545| 2.9 10° 0.089 10 | nonMEMS
[27] 400 200 0.3 25| nonMEMS
[28] 315 8 10° 1 78| nonMEMS
[29] 46 300 0.43 52| nonMEMS
[30] 5.6 170 0.07 383 MEMS
[31] 0.55 660 14 10° 242 MEMS
[32] 4 10° 600 6 10° 50 MEMS
[33] 0.12 10° 100 1.4 10° 115 MEMS

PZ generatas are smart materials that can generate a potential during expansion
or suppression. Majority oPZ generatorsare direct forcedriven harvesters, where
mechanicaknergy is transduced adirectly appliedforce [34]-[44]. The external force

(Fmecn resuts in a deformation of the material that induces a potential on two electrode



sides and delivers the electric charge to the I&uhorph cantilevers structures with
intrinsic frequencies in a few hundred Hertz, are the most widesptZaaarvester
structues PZ bimorphs with twoPZ layers mounted on a ceramic or metallic layer
behave like a capacitor and are able to accumulate electric shiargéectrical domain,
the model of &Z generatqrdepicted in Fig. 1.1(b)s usually simplified as a bipolar
time-varying current sourc@») with a shunt capacitdC,) and a shunt resistor (R18].
Generally, the induced bipolar tiavarying potential of aPZ generatorhas high
amplitude due to ithigh capacitivampedanceHowever, the high output impedance of
capacitor reduces the output current and makes itulifto extract maximum power.

The prototype parameters of differdP generatorare listed in Table 1.2. The
output voltages of moftZ generatorare highertian those of EM generatorshowever,
the power densities oPZ generatorsare relatively low. Therefore, the rectification

efficiency becomes critical, especially at lighd condition.

TABLE 1.2

PARAMETERS OF DIFFERENTPIEZOELECTRICGENERATORS
Reference | Output Power Volume | Output Voltage | Frequency | Fabrication

(W) (mm?) (Vims) (Hz)
[34] 45 10°| 200 10° 40 100| nonMEMS
[35] 3 10°| 2.28 10° 10 1| nonMEMS
[36] 98 186 1~3 /| nonMEMS
[37] 85 60 1.7 325 MEMS
[39] 60 0.58 1~3.5 572 MEMS
[39] 3.98 200 1.4 200 MEMS
[40] 2.765 0.38 0.6 256 MEMS
[41] 2.15 0.65 0.11 461 MEMS
[47] 2.1 264.5 0.2~1.2 80| nonMEMS




[43] 11 1 1.5 528 MEMS

[44) 0.53 16 0.16 42 MEMS

An ES generatoiis essentiallya capacitorwhose capacitance changes by moving
its electrode platednitially, an amount of energy is stored in the geeratoras a result
of a potential on two electrode plates. The capacitance decreases as soon as the external
force increases the distance betweelectrode plates. Therefore, the electric charge is
pumped to the load. Thgeneratorcan restore the mechanical energy when the electrode
plates return to the initial positions. The B8neratorsalso have high output voltage;
nevertheless, they regaiinitial charge for startinfft5]-[49]. Unlike those EM\ and PZ
generators majority of ES generatorsgenerate unipolar timearying voltages. The
prototype parameters of Ef&neratorslisted in Table 1.3, show that the rectification of

ES generatorshas both challenges in terms of lewltage rectification and ligHbad

efficiency.
TABLE 1.3
PARAMETERS OF DIFFERENTELECTROSTATICGENERATORS
Reference | Output Power Volume | Output Voltage | Frequency | Fabrication
(HW) (cn®) (Vims) (Hz)
[49] 400 25 / 6 MEMS
[46] 38 200 35 20 MEMS
[47] 5.5 30 0.6~1.2 1500 MEMS
[48] 1 17.3 0.35~1.5 596 MEMS
[49] 0.061 62 2 250 MEMS




1.1.2 AutonomousMobile Microrobots

Autonomous mobile microrobots (defined as robots with millimetecale
dimensions)can provide highmaneuverability and access to spaces that are otherwise
inaccessible due to their ukkcmmpact size$5], [8], [13]. Microrobas have numerous
applications ranging fronexploing environmental hazardslisaster relief, exploiting
underground mines, microggery,andsurveillance 13]. To perform these kind of tasks,
microrobots will require 1) mechanisms like legs or wings to interface with the
environment and move the robot forward, 2) actuator to move these mechanisms, 3)
sensors and controllers to telke robot where to go and how to mpeed 4)tiny power
supplies and electronics to provide energy to the actuatatsobotas shown in Fig.
1.2 Significant progress has been made toward fabricating microrobot mechanisms
including both microelectrombanical systems (MEMS) approach&$, [10] and non

MEMS approachesl]].

s
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Figurel.2. Mock-up of a jumping microrobdi12].

Unlike conventional robotswhich aremostly driven by electromagnetic motors

and solenoids[50], microrobots are driven through various dielectric electroactive



polymer (EAP) actuation schemasgcluding electrostatid8], [51], piezoelectric[9],
[52], electrostrictive anddielectric elastomer actuatoi$3]. Eachtype of actuation
schemehasits unique advantageis terms ofsize, actuation strain, work/power density
andefficiency[5]. A common inherent characteristic BAP actuators is theicapaciive
nature. Depending on the applied voltage across these actuatorscapaaitance
change andthey compress or expan8uchdeformation ofactuatorsis used to create

mechanisms likenovement ofrtificial legs or wingsn microrobots

12  Challenges of PEI Design and Miniaturization

Miniature power electronic interfaces (PEIs) are intendedaddress power
conditioning for various types of lowoltage energy sources, such a&sy energy
generatas [3], and lowprofile loads, such as microrobotctuatorg5]. Power density
and lightload efficiency are important performance metrics of power converters,
especially for low power applications. One of the main challenges toward fabricating
ultrac=compact power conditioning system is the miniaturization of PEIlf giten
energy storage and loss limitation of passive compor{édis An effective approach
toward miniaturization requires the size and weight of semiconductors, inductive and
capacitive components to be reduced through both topology design and fairicati
processFurthermore, energy conversion efficiency is of critical importance in low power
PEI desigs. Power loss reductions in transistors, passive compoaedtgate drivers
are challenmpg, due to srall load and limited footprint.

In the case of lowower energy harvestinghe rectification of lowamplitude
input voltage sources, such as electromagn@ilA) generats and electroactive

polymer (EAP) generat is difficult, inefficient, and in some cases impracti¢al be



implemented by using owentional diodeébridge topologies. Thdéorward voltage on
diodes causelarge amount of power loss, which in twsignificantly lowersthe power
convesionefficiency.

As for microroboticthe challenge of PEI design stems from the fact that most of
efficient EAP actuation operate at high voltage. Howevke output voltage of suitable
onboardenergy sources including chemical batteells supercapacitors, fuel cells, and
solar cells is generally less tharV%in comparison, the typical drivingoltage of EAP
actuators is an order of magnitude higher than Bverefore, a power converter with
high stepup voltagegain is required to place between the energy sources and the
actuators. On the other hand, the ligidad efficiency of a miniaturizedPEl draws
significant attention. Power losses are more serious-imoandPEI due to the miniature

component size, ligHbad operation and unused energy stored in actuators.

1.3  State of the Artof PEI Topologiesfor Energy Harvesting Generators
1.3.1 Voltage Rectifiersof Dual-stage AGDC Converters
Typically, duatstage power converters are utilized to address the electric power

generated bylectromagneticEMA) and piezoelectric P2) generatas [54]. The first
stage isa rectifier to converan aternating timevarying voltageto a dc voltagewhile the
second stage is a-dic converter to regulate the output voltage/curi@oe to the fixed
forward voltage of diodetypically equal to 0.7y or 0.3V for Schottky diode using
conventional diode Imfge asthe first stages difficult and inefficient for lowamplitude
voltage rectification of majority dEMA or PZgeneratos (see Figl.3(a)). A full-wave

diode bridge has twice of the diode forward voltage, which makes it impractical to
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address the lovamplitude alternating voltag&herefore low-forwardvoltage rectifiers

are investigated for efficient rectification.
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Figurel.3. Voltage bridye rectifiers: (a) g junction diode rectifier, (b) diodeonnected
MOSFET rectifie[55], (c) cross coupled MOSFET rectifig6], [57], and (d) active
diode rectifief58], [59].

One of the efforts is to replace the conventional junction diodewith diode
connected MOSFETésee Fig.1.3(b)) [55]. It can be achieved by connecting the gate
nodeof one MOSFETto the source node dfself. As a result the forward voltage is
close to the MOSFETGatethreshold voltage. Howevea full-wave rectifier stillsuffers
from the twice of MOSFEQatethreshold voltageAnother effort is to utilize gate cross
coupled MOSFET pair instead of diode in each bridgedbgwn inFig. 1.3(c) [56], [57].

The gate node of one MOSFET is connected to the drain node of aMEI®FET of
another legThe MOSFET gates are passively driven by the large voltage swing at the
drain node of another leg. Therefore, a forward voltage, lower than gate threshold voltage,

can beacquired However, the turon resistanceof MOSFET isdoubled by cross
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coupled MOSFET pair, resulting in additional voltage drop at-turrresistanceln
addition, the current may flow back to the input source if the input voltage is lower than
the MOSFET threshold voltage.

Active diode capable otliminaing theforward voltageis another alternative for
rectification An active diode consists of a MOSFET and a comparator, where the
MOSFET drain node is connected to the comparator anode, the source node to the
cathode, and the gate node to the output (seelfd(q)) [58], [59]. The MOSFET is
turned on or off by the comparator which compare the drain and source voltage of
MOSFET. This method eliminates the forward voltage caused by threshold voltage while
leading to a low turon resistanceHowever,additionaldc power supply is required to

feed the comparator, which results in a startup circuit and increases power consumption

e T
S

Q)

y
L
y
h 4
I °< +

&
Vout
T
(@) (b)

I

A
T
(©)

Figurel.4. Voltage multiplying rectifiers: (a) Villard voltage multipligs0], (b) Dickson
voltage multiplie{61], and (c) bridge eitage doubler rectifigi62].

In addition to the bridge rectifiers, other research efforts focus on developing

voltagemultiplying rectifierscomposedf capacitor and diodgairs Villard and Dickson

12



voltage multipliers are the most commonly usegologies which share the same
principle of operation, illustrated in Fid.4 (a) and (b)[60], [61]. When the input
generatas alternatingvoltage isat negative cyclehalf of the diode string conducts and

the input source charges the capacitors gh Hide of diode string. When the input
voltage is at positive cyclenotherhalf of the diode string condwcand the precharged
capacitors at high side of diode string release the charge to the output at low side of diode
string.As a result, the inputoltage is multiplied by the capacitor paifgiditionally, Fig.

1.4(c) demonstrates the bridge voltage doubler whicdss capable of double the input
voltage[62]. Although these topologies multiply the input voltage, they still suffer from
the forward voltage of diode string. Furthermore, the large number of capacitor and diode

pairs increases the circuit size.

1.3.2 Singlestage AGDC Switching Converters

Despite of efforts on forward voltage reduction, all those voltage rectifiers are
passive converterthatthereby require a second stage to regulate the output voltage and
current. Nevertheless, the dishge converter is inherently inefficient in compan to
the singlestage converter. Therefore, singkage aalc switching converterghat

provide aedc conversion along with voltage/current regulatoa investigated
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Figurel.5. Singlestage Hbridge aedc converters: (a) twewitch boost convertg63]

and (b) fourswitch boost convertg¢64].
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Two-switch and fowswitch Hbridge aedc boost converters are the most
commonly used topologies, presented in Hi§.(a) and (b)[63], [64]. When the low
side switches are turned on, the input source charges the input inductor; when one of the
low-side switches is turned off, the inductor releases the energy to the output through the
high-side diodeHowever, there are always two semicondtia the current close loop
during the charging and discharging of inductor, which increases the conduction losses.
Moreover, each MOSFET operates in reverse conduction mode for half of operation

period that increases the overall tunm resistance
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Figure 1.6. Single-stage bridgeless air converters: (a) bridgeless boost convgsy,
(b) bridgelesdbuckboost convertej66], and (c) bridgeless switchéalductor boost

converte[67].

To overcome the disadvantages ofbHdge converterssinglestage bridgeless
acdc converters are investigatethcluding aedc boost converteracdc buckboost
converter and aedc switchinductor boost converteiTopologically, heseconverters
parallel two dedc converters to condition alternating impwltage sources. During each

cycle of input voltage, the converter operates as -dcdconverter.The aedc boost
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converter presented in Fid.6(a) parallel two boost converters with two individual
output capacitorg65]. In order to reduce the numbef @utput capacitors, the atc
buck-boost converter illustrated in Fid.6(b) is developed througparalleling a boost
converter with a buckoost convertef66]. The work iscontinuouslyimproved by
eliminating one inductor in the switghductor aedc boost converter shown in Fih6(c)
[67]. However,the asymmetrical operation of two different converters (i.e. continuous
input current of boost convertedjscontinuousinput current ofbuckboost converter)

increases the control complexity and instability issues.
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Figurel.7. Singlestage bridgeless bidirectional switchdxconverters: (a) split output
capacitor boost converter, (b) auxiliary diode boost converter, (c) auxiliaryhdvatist

converter, and (d) split outpotapacitor buckoost converte68]-[70].

Using bidirectional switches is another approach toward bridgelesic ac
converters. A bidirectional switch is achieved by connecting two MOSFETs (eiher P
channel or Nchannel MOSFET) in series. The parasitic body diodes of two MOSFETSs
are opposite to ehcother that blocks the bias current through body diodes. Two

MOSFETs are turned on and ddfmultaneously Due to theMOSFET bidirectional
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conducting capabilitythe current can flow through two MOSFE®Dsick and forth.
Bridgeless adc boost and buckood converters using bidirectional switches are
investigated(see Fig.1.7(a)(d)) [68]-[70]. Although these converters only use one
inductor as switching energy storage, they all require additional components at the output.
In addition,these converterdemand high-side drive ofMOSFETs which complicates

the gate driver design.
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Figurel.8. Singlestage transformdrasedectifier. (a) centertapped transformer full
wave passive rectifie(b) centertapped transformer fulvave phase controlled rectifier
[71], and €) transformetbasedactive boostectifier[72].

Singlestage transformdpasedrectifiers that usefront-end transformers to step
up the voltage, are developed by other research gréumscentertapped transformer
passive rectifierthe generatorvoltage isfirst stepped up through the transformer and
then rectified by the secondary diode bridge, as shown in18¢). However, the
passive rectifier is not able to regulate the output voltageegulate the output voltage,
centertappel transformer phase controlled rectifierdeveloped, as shown in Fig. 1.8(b)
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[71]. Two lowfrequency switches, typically thyristors, are used to chop thevhike
voltage with a controlled phase. Howewshen the switch is turned othe input current

is discontinuousind the energy cannot k&tracted from the source during that interval
Further study on an active transforaiised aalc converter includes a bidirectional
switch with synchronous switching at the secondary $s#e Fig.1.8(c)) [72]. By
turning on or off two MOSFETS, the topology behaves as a baosic converter.
However, the converter requires an external inductor and a transformer that increase the
size of converter In thesetransformetbasedtopologies, the transform@roperating
frequencyequas to the generatods low vibration frequency. Therefore, bulky low-
frequency transformas required thaincreases the overall size and weight of converter.
Moreover, theundesirabldgransformereakage inductanceauses the vtdge to change
with loading In addition, a small dc bias from the input gene@tonltage can lead to

saturation of the magnetic core of transformer with the generation of harmonics.

1.3.3 PZ-specifiedConverters

The voltage rectifiers andinglestage switching converters referred previously
shows suitable for power conditioning of BMand PZgeneratas. However, in the case
of PZ generataos, their high output impedances make it difficialt these convertersto
acquire optimal loads andxtract maximum powerln order to match the output
impedance of a Pgenerato dominated by capacitive reactance, a significantly large
inductance (tens of Henrym)ay berequiredto create an optimal loa#lence, instead of
using large inductance for impedance matchthg,resistive impedance matchiramnd
resonant impedance matching amnsideredn the case wherthe excitation frequency

couples with the intrinsic resonance of generatar
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Figurel.9. Resistive impedance matching converters: (a) diode full bridge followed by
buck convertef73], (b) diode full bridge followed by buekoost convertef74], (c)
diode full bridge followed by flyback convertgt5], and (d) voltage multiplier followed
by buck convertef76].

First, the duabktage topologies with resistive impedance matching are discussed
to extract maximum power from Rieneratos. These topologies are composed @foant
diode bridge followed by aear dc-dc switching converterThe rear dalc switching
converters such as buck, budkoost and flyback converters(see Fig.1.9(a)~(c))
perform as adjustable resistors whgperating indiscontinuous currentnode (DCM)
[73]-[75]. The diode full bridge can also be replaced with a voltage multiplier to boost the
voltage, as shown in Fig-9(d) [76]. Nevertheless, thigont diode bridge and duatage
configurationsignificantly reduce the efficiencyrurthermore, the unidirecitoof front

diode bridgempedes the recharge of internal capacitance thaslihetharvesting power.
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Figurel.10. SSHI converters: (a) ser&SHI convertef77], (b) parallelSSHI converter
[78], (c) SSHIMR converte[79], and (d) hybridSSHI converte[80].

In order to increase the efficiency and the possible harvesting power
synchronized switch harvesting on inductor (SSHI) converters with resonant impedance
matching are investigateduch as serieSSHI and paralleBSHI converters (see Fig.
1.10(@) and (b) [77], [78]. The resonant rectifier, consisting of a front SSHI converter
followed by a diode bridge, serves synchronized switch damBiegpnance at switching
frequencyoccurs between the internal capacitor and the inductor of SSHI converter
where only small inductance is necessdiye internal shunt capacitor is charged and
discharged through resonance that results in a maximum generated voltage higher than
opencircuit voltage Therefore, it allows majority of the generated charge to be extracted
from the PZgeneratorsin addition, the switching losses are reduced through the resonant

switching. However, they still suffer from tlitodeforward voltage in thease ofvery-
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low-amplitude voltageof PZ generatorsThe voltage stress @he switch alsoincreases
due to the resonanc®&loreover, large inductance may be required when the internal
shunt capacitance is small.

Thetransformetbased magnetic rectifier (MR) is utilized in SSMR converters,
as depicted in Figl.10(c), to overcome the forward voltage issy&8]. The voltage is
stepped up through the transformer before the diode biithgeworkis further improved
through the hybriecSSHI structure that increases the power gain (seelE)) [80].
However, the lowfrequency transformas required thaincreases the size and weight of
converters; meanwhil¢he transformes coupling losslecreases the efficiency.

PZ Transducer

Figurel.11. Rectifier free switched inductor converi8d].

Another approach to eliminate the diode bridge while maintaining resonant
impedance matching is to use rectifier free switched inductor converter, as illustrated in
Fig. 1.11 [81]. The MOSFETSs are turned on or off depending on the condition of PZ
generatarAlthough the converter avoids the diode bridge andfteguencytransformer

it adopts additional MOSFETikat increaséhe gating losses artde controlcomplexity.

1.3.4 ES-specifiedConverters
Different from EMA and PZgeneratorsES generatorsisually generate unipolar

time-varying potentials that need-dc converters for voltage conditioning.
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Figurel.12. Charge constrained converters: lfa)f-bridge buck convertdB82] and (b)
modified flyback converte83].

Charge constrained E8eneratoris one type of ESgeneratorsof which the
generated voltage may realbindredsof volts with small amount of charge. @tefore
dc-dc stepdown converr is required to buck thgeneratods high voltage to the battery
cell voltage at a lower levelThe most commonly used topology is a Haitdlge buck
converter, shown in Figl.12(a) [82]. However a reverse biasedurrentthrough the
parasitic diode othe low side MOSEFTmay cause additional los$:urthermorethe
high-side gate drivencreases the design complexify modified version of the flyback
converterdemonstrateth Fig. 1.12(b), is developed to prevent the reverse biased current
and highside gate drivg83]. Neverthelessthe parasitic capaoit of the diode reduces

the efficiency.
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Figurel.13. Voltage constrained converters: (a) charge pump buck flyback conj&tier

and (b) charge pump budloost flyback convertdB5].
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Another type of ESjeneratorss the voltage constrained Ef&nerato of which
the generatedroltageis close to or lower thathe battery cell voltage. Such generator
usually neecan asynchronous diodmsed charge punip first deliver thetime-varying
harvestecpowerto a temporary storage capacitaf.fe Then, the energy stored ine
is delivered to the load through a buck converter, shown inlHiga) [84]. A feedback
diode is used t@recharge the E§eneratorand constrain thegeneratovoltage at the
beginning of each harvesting cycleFig. 1.13(b) presents a similar topology with
bidirectionalbuckboost converter instead ohidirectionalbuck converte[85]. Thereby,
the ESgeneratorpre-charging is controllable and efficient. Howeyéhese converters

suffer from the dominated losses in terms of inductor losses and switching losses

— J—
>t IS8T __T%I
Led Lo
LT=TE ™1 it 1
Cin 4£ I J JE} ; Vbat Cingﬁ JE} g Vhat
(a) (b)

Figurel.14. Battery constrained converters: &yitched inductor buckoost converter
[86] and (b) switched inductor boost conveft&r].

Battery constrained E§eneratorswhere thegeneratois voltage is much lower
than the battery cell voltage, also requgeneratorpre-charging before theenergy
harvesting process beginBue to the lowamplitude potential ofyeneratar only one
diode isused to deliver the harvesting energy to the load or battery. On the other hand, a
buck-boost converter is used foontrollable ancefficient prechargingof generatoi(see

Fig. 1.14(a)) [86]. The efficiency is improved by replacing the diode with a bidirectional
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switch during energy harvesting process, shown in Eigi(b) [87]. Besides, the buek
boost converter is replaced by a boost converter for design simplicity. Howeleege
number of switches includingbidirectional switches are required that increasiee

switching losses, gating losses dhd complexity of gate drive

1.3.5 Soft-switching Converters

Dualstage aalc converters, singlstage aalc switching converters, ES
specifiedconverters and majority of Pgpecified convertersuffer from inefficient hard
switching, which is even worse in the case of higher switching frequencies. The
switching losses can be reduced through lower switching frequency; however, it
accompanies bulky passive components, which in turn makes thestgiep
impractical for miniaturization{88]. Some of PZspecified converters may have low
switching losses due to resonant switching; however, they may require large inductance
when the input sources have small shunt capacitance. Therefore,-swisdiing

converter with small passive components is required.

| Quasi- ||
Vi,, Resonant
DC-DC [
(a)
Load- ] g Load- =
Via Resonant Vv Via Resonant Vv
AC-AC * out AC-DC out

(b) (c)

Resonant
Switch Cell

Figurel.15. Soft-switchingconverters(a) diode bridge cascaded with queesonant dc
dc converter;lf) loadresonanec-ac convertecascaded witkhiode bridge; ) bridgeless

resonant aclc corverter.
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Majority of investigations on sefwitching circuitshave focused on modification
of hardswitching converters byncorporatingresonant switch cell(see Fig.1.15(a)).
These resonargwitch converters, referred as quessonant converters, utilize auxiliary
LC resonant circuit to primarily shape the current and voltage of main transliatarg
the turron and turroff of the switching component89]. Some of thentonnect passive
resonant elements in series orparallel with main transistors, such as quessonant
buck converters90]-[92], while others adopt auxiliary transistors and diodes as active
switch cells, such as ZVBCSPWM converters 93], [94]. However, additional
switching losses or conduction lessin switch cell would degrade the efficiency.
Switching losses of main transistors and diodes are reduced but not eliminated. The
overallsize of topology also increases by addiagonant switch cellhile maintaining
the main passive component4oreover, the inefficient front diode bridge is still required.

Another approach of sefiwitching adopts passive resonant networks as low
impedance branches across transistors (seelBig(b)), such as clasD converters and
class E converters, with purpose of energy transmission around resonant freégncy [
[99]. Switching losses areeducedthrough the oscillating load voltage and current. The
main passive components are not necessary in the operatiadrdsonant converters
are simple and efficient at highequency or verhigh-frequency operatioriThey have
been discussed in SSHI converters, shown in Ei§0. However, apostpositioned
bridgerectification stagesuch as duastage resonant boost converter is require@datc
voltage conversiofi97]. Unlike the quasresonant converters, the load has an influence
on the voltage conversion tiese loagdesonant topologiesn addition, most of quasi

resonant andloadresonant convertersuffer from high peak voltage and current
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associated with the transistand the resonant LC elemerji(. Therefore, a direct
bridgeless resonant @t converter, shown in Fidl.15(c), is a potential topological

solution towarctircuit miniaturization101], [102].

1.4  State of the Art of PEI Topologesfor Driving High -voltage Actuators
1.4.1 Single-stage Drive Converters

Conventional bulky power supplies and electronics used to @taroactive
polymer EAP) actuators areot practical as o#boardenergysourcesfor microrobots.
Miniaturizedand efficientpower electronic interfacg®El) areof critical importancdo
enable autonomous operation of microrobd@3]. One ofthe challengsof PEI design
for such applicationstems from the fact that most tife EAP actuabrs need tdbe
excited withhigh voltagelevels forefficient operation However, lhe output voltage of
suitableon-boardenergy sources including chemical batteells supercapacitors fuel
cells, and solar cells is generally less than[2¥], [105]. In fact, he typical driving
voltage ofthe EAP actuators ist leastan order of magnitude higher than $8]-[10],
[106], [107]. Therefore, atiny PEI with high-stepup voltagegain is required tde
interfacedbetween thdow-voltageenergy source and thegh-voltage actuatorsto not
only stepup the voltagdut alsosatisfythe drive requirements of the actuatdiniature
power electronic converters suffer from low efficiegscparticularly in lightoads [LO3].
In addition, due to the capacitive nature of the EAP actuators, majority of the transferred
energy for excitation is unused and would be lost, if not retriet88].[ Therefore, a
bidirectional PEI could substantialgnhance the actuator efficiency through recovering

the unused energy during each cycle.
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Figurel.16. Singlestage converter¢a) a boost converter cascaded with a charge pump
circuit [108], and(b) a bidirectional flyback convertgt10].

Among prior researclwork on PEI topologiesfor driving highvoltagecapadtive
loads researchers have studietilizing a boost convertem series with acascaded
charge pump circuitsee Fig.1.16(a)) [108]. The large number of capacitdiode stages
makes it impractical for miniaturization and efficient energy conversion. Furthermore, the
converter is unable to recover the unused energy storedpiacitiveactuators during
each driving cycle, which consequlgnreduces theactuationefficiency. Researchers at
the Harvard Microrobotic Laboratory atlarvard University implemented an energy
recovery methodisinga bidirectionalflyback converter for driving a single piezoelectric
actuator (see Figdl.16(b)) [110]. However,the hard switching losses increase at higher
switching frequency. At lower switching frequency, a relatively large inductance is
required for transient energy storage that increases the coupled inductor size. Moreover,
low coupling coefficienof inductor will increasdeakage inductance that causes voltage
spikes. On the other hand, high coupling coefficient iofluctor may increase the

fabrication difficulty.
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1.4.2 Dual-stage Drive Converters

A unidirectionalboost converter cascadigvith a half-bridgeinverterdrive stage
is adoptedfor driving bimorph piezoelectric (PZ) actuators[111] and electrostatic
inchworm motors[112]. The boost converter is achieved by either cascading boost
converters or using a coupled inducfeee Fig.1.17(a) and Fig.1.17(b)). Due to the
circuit characteristics of habiridge inverters, such topologies can only provide
complementary signaland haveto drive two actuatorsat same timeMoreover the
efficiency of the duaktage converters is attenuated due to hthed switching low
coupling efficiencyand cascaded topologyA boost converter usin@Z transformer is
also investigated as the first stage, illustrated in Eiy/(c) [108]. Due to tke limitation
on fabrication techniques,RZ transformer is typically larger than a discrete inductor or
a coupled inductor at the same power level. Additionally, the converter has to operate at
the optimal frequency oPZ transformer that otherwise canngénerate high voltage

stepup ratio.
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Figurel.17. Dualstage converterga) acascadedboost convertefollowed bya half-
bridge inverter(b) acoupledinductor boost converter followed layhaltbridge inverter
[111], (c) aPZ transformebased boostonverter followed by haltbridge inverter
[108].

1.4.3 Resonant Drive Converters

Among the prior works, there are two approaches to drive multiple EAP actuators:
(1) paralleling multiple singlestage converters (see Fig. 1.18(a)}d1i and (2) using
duatstage converter with haliridge inverters (see Fig. 1.18(b))1[}-[113]. One
common issuef thesedrive converterstemsthe tradeoff between the miniaturization
and the inefficient energy conversion due to their {saviiching operation
Miniaturization and system integration thie PEls are heavily dependent on the required
number and size of inductive and capacitive passive components. The sizes of passive
components depend on the amount of transient energy st@8lg&Here is a motivation
to increase the converter switching frequency, sincedbairedtransient energy storage
decreases athigher frequency. However, frequerdgpendent device loss mechanisms,
including switching loss and gate driving loss, constia@switching frequency.

Soft switching techniques such as ZVS and ZCS are demanded to mitigate the
voltagecurrent overlap and capacitive discharge los#%, [[90]. High-frequency
resonant converters allow small size of energy storage without suffering from switching
losses. Therefore resonant converterwith softswitching capabilities are excellent
alternativesfor high-frequencyoperationwithout sacrificing efficiency and size of the
PEIs Fig. 1.18(c) presents the paralleling resonant converters that have advantages upon

other topologies in terms of: (1) singdéage topology; (2) resondotslesswitching;(3)
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small value of passive componen®) independenactuatordrive; () simple gate drig;

and @) small battery current ripple
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Figure1.18. Topologies for drivingnultiple EAP actuators: (g)aralleling bidirectional
dc-dc switchingconvertes, (b) aunidirectional dedc converter cascaded with half

bridge invertes, (c) parallelingbidirectional resonant converser

15 Fabrication Techniques toward PEI Miniaturization
Other than topology design, various fabrication processes toward PEI
miniaturization are investigated to reduce the size and weight of semiconductors,

inductive anctapacitive components

151 CMOS Technology

Complementary metaixide-semiconductor (CMOS) technology has been widely
used in digital logic circuits and analog circuits to construct integrated dib&}{59],
[114]-[122]. CMOSintegrated circuithave the distinctive features in terms of high noise

immunity, low static power consumption and high density of logic function on a chip
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[123]. Therefore, CMOS fabrication process is the most used technology to implement

chip integration where large amaou of

logic function and low power consumptiof

circuits is requiredin a tiny space. Fig.1.19(a) illustrates a static CMOS inverter

consisting of a complementary PMOS

and NMOS pair.
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Figurel.19. CMOS integrated circuif{a) CMOS inverter (b) crosssectional schematic

of two transistors and capacitati® chip in an nwell CMOS proces§l23].

A CMOS integrated circuit is manufactured through CMOS fabrication process

that stacking layers of various materials in a-gpecified sequencdlajority of layers,

including substrate, field oxide, gate oxide, polysilicon and metal lager;reated and

then patterned through lithographic process except for the doping lapers are four

dominant CMOS processeswell process, pvell process, twirtub process and silicon

on insulator (SOI), each of which has different features. For instancey@t process,

30



an NMOS device is fabricated on aype substrate while a PMOS device is fabricated
on the same substrate with atype well, depicted inig. 1.19(b) [123]. In addition, the
capacitor can be fabricated by adding a polysilicon layer on top of the filed oxide. Hence,
CMOS transistor pairs and capacitors carfdlgicatedon one substrate thaaves the

chip area andcquires high density @hip components.

CMOS manufacturingprocesscan also be classified based on the maximum
length or width of transistors. The most commonly used process can create transistors
with 0.1~0.um length or width. Ultra small CMOS transistors with length as sasll
5nm can be fabricated. Table4 and Tablel.5 list the previous works usindifferent

CMOS technologsfor acdc and dedc conversion, respectively.

TABLE 1.4
PARAMETERSOFAC-DC CONVERSIONUSING CMOSTECHNOLOGY
Reference Output Die Input | Output Peak Fabrication
Power Chip | Voltage | Voltage | Efficiency Process
MW) | Area| (Vims) V)
(mm?)

0.25um CMOS

[55] 22 0.04 0.85 1 86% _
Non-inductor
0.13um CMOS

[56] 600 0.52 0.9 1 / _
Non-inductor
0.18um CMOS

[57] 460 1.72 0.88 0.96 76% _
Non-inductor
0.35um CMOS

[58] 40, 10° 1.03| 0.8~1.7 1-2 95% _
Non-inductor
0.5um CMOS

[59] 19 10° 2.25 3.5 4.36 84.8% _
Non-inductor
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0.35um CMOS

[115] 45 4.25 1.7 3.2 / _
External inductor
0.5um CMOS

[116] 25 4.53 0.85 2 70% .
External inductor

TABLE 1.5
PARAMETERS OF DC-DC CONVERSIONUSING CMOSTECHNOLOGY
Reference Output Chip Input | Output Peak Fabrication
Power Area | Voltage | Voltage | Efficiency
(W) | (mm?) V) (V)

1.5um CMOS

[86] 1.6 4.84 3 3.4 / _
External inductor
0.6um CMOS

[117] 500 10° 5.48 1.8 3.3 87% _
Non-inductor
0.25um CMOS

[118] 400 10° 4.16 4 1.5 87% _
External inductor
0.13um CMOS

[119] 11.2 10° 0.72 1.2 7 37% o
Micro-inductor
0.18um CMOS

[120] 1 10° 2.56 0.3 1.1 70% _
Non-inductor
0.181m CMOS

[121] 400 1.2 0.2 1.2 36% .
External inductor
0.13um CMOS

[122] 175 0.4 0.1 1 75% _
External inductor

Due to the extreme small area and low power consumption of die chips, the
circuits using CMOS fabrication process can acquire high power density and medium
efficiency. However, majority of these chips can only handle -l@xypower (usually
less than 100mW) due to CMOS fabrication architecture. Furthermore, the power supply
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of a CMOS chip (typicallyless than 5V)constrains its capability of handling voltage
higher than that of power supply. Besides, there is a limitation on fabridatnpss
inductive componentsn chip.

In the case of electromechanical systethe power stage of a PEI may need to
handle power and voltageuch highethan logic level Since the power stage is logically
simple, there is no need tequirehigh densityof logic function.On the other hand, the
power and voltage of gate drives and controllers are close to logic level, meanwhile, they
demand high density of logic functiomherefore, CMOS technology is well suitable for

miniaturization of gate drives and controllers rather than the pstage

1.5.2 Bare Dieand Chip-scale Package

In addition to CMOS integrated circuitssingminiaturesurfacemounted (SMT)
discrete componentson an optimatdesignedprinted circuit board (PCB)s another
approachtoward fabricatingminiaturized PEI, especially the power convertf§g],
[124]. A die of a single semiconductor is the smallest unitthe circuit packaging.
Typically, it is massivelyproducedby cutting the processed wafer into many pieces.
Despite of its small sizeg component in bare dis not commonly usedn PCBdue to
the mechanical instability and failurédn external packages needed toprovide

protection frommterference and increase mechanical robustness.
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Figurel.20. Crosssectional view of CSHa)lead frame based CS@) rigid substrate
based CS®vith wire bonding (c) rigid substrate based CSP with {ftpip, (d) flexible
substrate based CS&hd(e) waferlevel CSH125].
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In order to minimize the sizef package,chip-scale package (CSPyvhich is
direct surface mountable and has an area no greater than 1.2 times that of a siisgle die
an excellenthoice[125]. The CSP has advantages in termsiigh density /0O counts,
small propagation delay and low cosbuFdifferent CSPstyles emerge as market leaders
lead frame based CSP (LFCSP), rigid substrate based CSP, flexible substrate based CSP,
and wafeflevel CSP (WLCSP).

LFCSP is fabricated basesh modified lead framedhat are created dugnthe
package assembly processhown in Fig.1.20(a). Wire bonding is used for chip
interconnectionHowever, the lead framasually wastes area that in turn reduces the 1/0
counts density. Its electrical performance is low due to the large capacitance and
inductance of large interconnection size. Therefore, rigid substrate based&8Bted
in Fig. 1.20(b), is investigate that uses a ceramic substrate with solder bumps instead of
lead frame. Such package has high 1/O counts, high electrical performance and high
thermal performance, owing to the solder bumps underneath the package. The package is
further improved by replacg the wire bonding with solder bumps for chip
interconnection (see Fid.20(c)).

Flexible substrate basedSP that is based on flexible laminated interposer is
usually used in flexible PCB, depicted in Fig20(d). The features of flexible material
bring the benefits of small thickness and {ime imaging of circuit patterns. However, it
can be very costffective. In the case aVLCSP (see Fig.1.20(e)), the chip assembly
takes place at wafer level rather than at individual chip level. The pad®/bC&P are

etched or printed directly onto a silicon wafer. Hence, the packiages very close to
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the size of a silicon dieln comparison to other CSPs, WLCSRas high area
effectivenessand low coseffectiveness.

Table 1.6 lists the PEls in prior works using bare die or G&fnponentsin
comparisorto CMOS technologiedigher voltage and powesireacquired in these PEls
while their size and efficiency arstill promising. Moreover,mounting discrete
component®n a PCBmakes these PEIsore flexibleto be replaced than an integrated
chip. Howeverthe circuit fabrications in these works are not agtactive.In majority
of these works, the inductive components are heavy and bDiggpite this, CSP
components showell suitable for miniaturization of PEI power stage.

TABLE 1.6

PARAMETERSOF PEIUSING BARE DIE OR CHIP-SCALE PACKAGE

Reference | Output | Chip Input | Output Peak Fabrication
Power | Area | Voltage| Voltage | Efficiency
(MW) | €| (Vims) (V)

CSP semiconductc

[62] 1 1.54 0.1-1| 0.3-2.8 70% .
Nor-inductor
CSP semiconductc

[67] 545 4 0.4 33 71% _
SMT inductor
Throughhole (TH)

[73] 15 6 1.6 4.8 78%

components
CSP semiconductc

[108] 100 35 5 250 61% _
SMT inductor
Bare Die
[110] 200f 0.63 3.7 200 50% | CSP semiconductc
Micro-transformer
CSP semiconductc

[124] 0.2 3 4 2 / _
TH inductor
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1.5.3 Micro-coil and Micro-core

Among the electronic components af power electronic convertemductive
components, such as inductors arahsformersusually occupy the majority of size and
weight of a circuit due to itslarge amount of transient energy stord@e0d, [126].
Thereby, reducing the size and weight of inductive components is an effective approach
for PEI miniaturization. In addition tsize reduction of inductive componeriiy using
high-frequency resonartbpology the micrefabrication method can furtheeduce the
footprint of inductive components while maintaining high electrical performirig.

In standardfabrication processlectromagnetic integration of magnetic cores is
an efficient approach toward miniaturization and integration while enhancing electrical
performance. However, in micffabrication, such method loses its ascendant dileeto
complexity of material processm and patternind128]. Besides, raterial lossesof
integrated magnetic coresgnificantly reduce thelectronagnetic performancen and
above the MHz regimeAs a result,optimized fabrication strategs that create ultra
compact coilswith easy processing and patternisge developedfor fabricating
miniature nductive componentsHigh quality and high coupling factorsf inductive
componentsat very high frequency (VHF)can be acquired througthe optimized

fabricationprocesg128].
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Figurel.21. 2D spiral planar layoutga) conventional spirab) conventional spiral with

equal loop aredc) interwound spiraland(d) twin spiral[130].

2D planarlayouss, includingspiral planar coil§129], [130] and stacked planar
coils [131], have been widely used to realize miniaturization by saving 3D sp&ate
coils are fabricated by electroplatimgultiple metal layers with thicknesses of several
micronsinside an insulating substrateuch as PCBFig. 1.21 presents commonly used
2D spird planar layoutg130Q]. In order to save area and increase electrical performance,
multilayer flat coils can be stacked multilayer PCBto createa stacked planar coil,
shown in Fig.1.22 [131]. Electrical performance can barther enhanced by inserting
magnetic coresn the center oflat coils. In addition,2D planar process is oypatible
with MEMS fabrication. Howeverflat inductive componentsuffer from the relatively

low quality factor andarge footprint in area.
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(b)

Figurel.22. 2D stacked planar layout&) stacked spiral coils with same directiamd
(b) multilayer coils with different directiond.31].

Another approach toward fabricating miaroils is toproduce3D solenails with
different crosssectioral shapse, such asircle and polygonand different micracores In
spite of time-consuming fabrication proces8D micro inductive components show
promising due to their high electrical performance and small footprd32]. Prior
research presents a success on fabricatingcro-coil with axis perpendicular to the
PCB (see Fig.1.23(a)) [133]. The work is continuously expanded into magnetice
based micrdransformer where microoil is winded on @hermoplastic filled with ferrite
nanoparticlesillustrated in Fig.1.23(b) [134]. Fig. 1.23(c) demonstrates a closéabp
magnetic core that is utilized to enhance the electromagnetic performance. To reduce the
component weight and fabrication complexitynecro-coil fabricated on a S\8 polymer
core is reported with the same performance asa transformershown in Fig1.23(d)

[134].
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Figurel.23. 3D solenoid layouts(a) micro-coil with air[133], (b) micro-coil with open
loop magnetic corgc) micro-coil with closedloop magnetic coreand(d) micro-coil

with nonmagnetic corg¢l34].

3D layouts have superiorities upon 2D planar counterparterms ofhigher
inductance density and higher coupling effect. A micro inductive component fabricated
through optimized 3D solenoid process can provide miniaturization without sacrificing
electrical performance. Thereforthe 3D solenoid is an excellent potentegdproach

toward fabricatingnductive componerfor miniaturized PEI.

16  Thesis Objectiveand Contribution
In this dissertation the technology toward miniaturization of Ptr tiny EM
systems is investigated in order to provide the potential of -cdtn@pact system

integration. Highfrequency resonant switching technologies, including -zettage

40



switching and zergurrentswitching, and novel resonant converter topologies are
outlined as potential solutions for PEI miniaturization. Designs and implementations of
unique miniaturized PEI are presented for validation of «trapact system inggation

in both lowvoltage energy harvesting and autonomous mobile microrobots.

Two types of bridgeless resonantdicstepup converters arérst introduced and
developed to efficiently convert arbitrary input voltages EN generatorsinto a
regulated dc output voltage suitable for energy storage units. The proposed topologies
provide direct a@lc power conversion with less number of components, in comparison to
other resonant topologiesdeanwhile, theyprovide reasonablyhigh efficiency from
light-load to fullload condition. Moreovemesonant switchingperationat MHz level
allows the miniaturization and reasonableefficiency of convertersthrough using
substantially smaller capacitive and inductive passive components.

In the secod part of thedissertationthe workis extended talevelopng multi-
input power electronic converters as interfaimgamulti-channelelectromagnetienergy
harvesting systemd he resonantopological concept is expanded through introducing a
multi-input bridgeless resonant -@c convertercapable of achieving aic conversion;
boosting input voltagesaddressing mutual interference of multiple generatars]
matching optimal impedance for a multijgleannel electromagnetic energy harvesting
system.It also achievesoptimal impedance matchintprough adjusting the resonance
impedanceThe multiinput convertecantake advantage dhe selfinductance of input
electromagneticsources, and only utilizesne external magneticcomponentand one

diode
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The third part of thedissertationextend the concepts of miniaturization to the
field of microrobotics. Conventional bulky power supplies and electronics are not
practical as o#board energy sources to drivegh-voltage actuatorsin microrobots.
Miniaturized and efficienPEl is of critical importance to enable autonomous operation
of microrobots A bidirectional singlestage resonant eiic stepup converter isnvented
and developed to efficiently drive higloltage actuators. Thenverter utilizes resonant
capacitors and a couplaaductor as a sofswitched LC network tacquire high stepp
voltage gain The circuit is capable cftepping up low voltage of energy storage units,
generating explicit higivoltage actuation signalsand recovering unused energy
remained in the capacitive actuators.

In this dissertationinnovative and miniaturize®Els are introducedo address
efficient power conditioningfor low-voltage energy harvesting and higbltage
microrobotic actuatingThe contributionsmainly focus on size miniaturization of power
converter with high efficiency, whicban be summarized as:

1. Introducel and developda PEI for lowvoltage EM energy harvesting

A Proposeda novelsinglestagebridgeless resonant -@c converterwith
advantages in terms @f) capability of efficient operation in the casé
alternatinglow-amplitudeinput voltags; (ii) capability of highfrequency
switching operation;iif) small number and size of passive components;
(iv) low voltage stress o transistorsand (v) simple gate drive.

A Providedtheoreticaloperation principlemodeling and stresanalyses of

the proposed converter.
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A Developed a 5mm»6mm, 2MHz prototypeapable of convertingan
alternating, erraticirregular, low-voltage 0.25Va: ~ 5 Va9, low-power
(less thar650 mW) input into a regulated dc outputitiv high efficiency
(up to 83%)

2. Introduced and developedP&l for multichannel energy harvesting systems

A Proposeda novel singlestage multi-input bridgeless resonant -éc
converterwith advantages in terms ¢f) capability of interfacing and
conditioning the output power ofiultiple EM generators(ii) no need for
inefficient diode bridgeat each channgliii) small number andralue d
passive componentsiv) high stepup gain at 0.5 switching duty cycje
and(v) simple gate drive

A Providedfundamental operational principles of thaulti-channelacdc
converter modelingandimpedance analyses of the proposgdrface

A Developed a prototypeapable ofaddressing adc conversiorfor a six
channel, lowvoltage 0.5Vac~ 5Vao), low-power (ess tharB0 mw) wind
energy harvesting paneith high efficiency (up t@6.3%).

3. Introduced and developedR&El for drivinghigh-voltage actuators in mobile
microrobots

A Proposeda novel singlestage bidirectional resonant ddc stepup
converterwith advantages in terms of (Capability of efficientdriving
high-voltage atuators; (ii) capability of recovering unused energy of

actuators;(iii) small number and size of passive componefig; very
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high stepup gain with medium tumnatio coupled inductorsand (v)
simple gate drive.

A Proposed theoretical analyses and fundamentgperation principle,
modelingand driving strateggesignof theinnovativeconverter

A Developed a 4mm>x8mm, 1.5MHz prototypepable ® driving high
voltage actuatebasedelectrostatic inchworm motowith high voltage
gain (p to 50), high driving frequencyl( kHz ~ 10 kHz) and high

efficiency (up to 81%)

1.7  Dissertation Overview

The contents of thalissertationare divided into several parts to discuss R
designfor ultraacompact EM systemstep by step. Chaptdr discusseghe intension,
significanceand challenges of the PHEsign andminiaturization for ultracompact EM
systems. It provides the detailed overview of challemgéspology desigrand the state
of art of topologies for both kinetic energy harvesting and autononmoolile
microrobots. Furthermore, a comprehensive review of current miigbsication
technologies toward miniature PEIs is presented.

Chapter2 is to desigrand develop a miniature PEI to efficiently addressing@ac
conversion for energy harvesting generatbieg can be irtalled in wearable electronic
devices. Novel bridgelessesonantacdc topologies are introduced to address power
conditioning of lowvoltage energysources The principle of operation, steadtate
characteristics and electrical stresses amathematicall analyzed through a
comprehensive circuit modeling. A resonant gate driver and a module on/off control

strategy are designed to further increase the circuit efficiency through the efficient gating
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and controlling. A miniature prototype of PEI, includirgsonant power stage, resonant
driver and controller, is developed for validation of its capability of efficiently addressing
low-voltage energpourceswith good resonant switching performance and fast transient
response.

Chapter Jpresents theesign and implementation of a miniatunalti-input PEI
to address power conditionin@or multi-channel energy harvesting systems. The
modelingof an electromagnetigenerator and multi-channelenergyharvestingsystem
are investigatedA novel multtinput bridgelessesonant@acdc topology is proposed to
providemulti-channelacdc conversiorior anelectromagnetic energy harvesting system.
Circuit switching subintervals steadystate analyses and optimal impedance matching
arediscussedThe design specificatiofor a six-input prototypeand experimental results
on awind energy harvesting systeanecarried out

Chapter 4 presents the design and implementation of a miniature PEI for driving
high-voltage actuators in mobile microrobotgystems.A bidirectional singlestage
resonant dalc stepup converters proposed to step up thew voltageof energy storage
unit and generate higholtage pulsatile signal3.he specific requirement and strategies
to driveelectrostatianchworm motorare introducedThe analysis and control scheme of
the adopted drive circudéire elaborated. Furthermothe design guideline of the driving
topology and the experimental validation of the prototypepegsentedrespectively for
validation of driving Igh-voltage electrostaticinchworm motorwith energy recovery

capability
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Chapter 5 represents the conclusions and contributionsirohture PEI design
and implementation for energy harvesting and microrobotic systems. In addition, the

future prospects dhe miniaturized PEI are presented.

1.8 Summary

This chapteprovides comprehensive revieaf circuit topologies and fabrication
processes for PEhiniaturizationof tiny electromechanical systemi3istinctive features
of PEI topologies for energy harvesting systems, includumg}-stage aalc converters,
singlestage aalc switching converterfZ-specified converters as well BS-specified
converters are presented. Majority of these topologieffesufrom inefficient diode
bridges, switching losses, bulky passive componengfficient coupling inductoand
complicated gate drive, whiagtanbe improved byntroducingan innovative singlstage
bridgelessac-dc resonant convertefurthermore prior works on driving higtvoltage
actuators of microrobot, including singdéage switching converters and dstdge
switching convertersare analytically discusse@here are a large number of challenges,
includinglarge switching losses, bulky passive componengficient coupling inductor,
actuatordrive limitation and energy recovery of actuator, which can be improved by
introducing an innovative bidirectional singgéage dedc resonant convertdn addition
to the topology design, the fabrication processes are surveyedismdsedincluding
CMOS integrated circuit miniaturized packages of discrete components and optimized
micro-coil fabrication. According to the distinctive advantages of each process, the
components of power stage of a Pie preferred to use chipcale package and 3D
micro-coil, while CMOS technology ispreferableto fabricatethe gate drive and

controller.
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CHAPTER?Z2
MINIATURIZATION OF POWER ELECTRONIC INERFACESFOR TINY
ELECTROMECHANICAL SYSTEMS
According to the summary of Chapter 1, a promising topological solution toward

PEI miniaturization can be a bridgeless higdquency resonant atc converter, which

has superiorities upon others in terms of: (1) shstgge toplogy; (2) no need for
inefficient diode bridge; (3) resonant lossless switching; (4) small value of passive
components; (5) relatively low stress on transistors; (6) simple gate drive; and (7) both
acdc and dedc conversion. This chapter presents noveligie of resonant topologies

toward fabricating miniaturized PEI for tiny electromechanical systems.

2.1  Design of BridgelesfResonantAC-DC Converters
2.1.1 Circuit Description

Fig. 2.1 illustrates two types of singigtage bridgeless resonaat-dc stepup
converters. Miese Wwo topologies share the same principle of operation. Both circuits are
capable of operatingvith multi-resonant switching. Each topology is formed by two
resonantinductors, tworesonantcapacitors, two power transistors and alede The
input source is a lovirequency alternating voltage with higinder harmonic distortian
[3], [15]. The inpu inductorL,,; is sharply tuned with one resonant capacitontributing
to half of the resonant oscillatiomhe resonant inductdr,, is tuned with twosplit
resonantapacitorsC,; andC,, to resonate near the fundamental componeswithing
frequencyfs. Ideally, the components,,, C;; and C,, present a lossless low dréaim
source impedance branch across transistorsfpe@n and C,, are in parallel with the

transistors and the diode to ensure ZVS at turom@nd turningpff. Switching losses
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are eliminated through the oscillating voltage and currenile the input energy is stored
and released to the load through #iotive LC network. Furthermore, the tuned networks
eliminate overvoltage spikes as well as diode reverse recovery issues while

simultaneously maintaining low peak voltage steess the power transistors.

Lrl
Crl__ Cr2
L” —'Qr] Dr __-i- >

TH1 s

Dq] Cu _ Rlnnd
Vin

—1Q,

TRL "
Dg,

Dy,
(b)

Figure2.1. Proposed bridgeless resonantastepup converters: (a) Type 1; (b) Type 2.

Power transistor®,; andQy, are actively turned on and off in order to generate
drainto-source pulse voltage at the input of LC netwdrke amplitude of drahto-
source pulse voltage is higher thandue to the energy stored . The fundamental
component of drakto-source pulse voltage passbsoughthe LC network and generates
an amplified oscillating voltage near the switching frequelegross the rectifier diode
D.. ZVS and ZCS operationf Q;; and Q,, provide energy recovery to draino-source

parasiticcapacitorCqys of power transistors, which in turn increases the efficiency. The

48



overvoltage spikes on dratn-source voltage is eliminated, thereby no snubber circuit is
required. The diod®; rectifies theamplified oscillatingvoltageafter thetuned network
into a dcoutput voltage. It generates freewheeling dattthe resonant inductor current
as well as charging patfor the resonant capacitors. Thectifier diode D, can be
replaced with a transistor if bidirectional configuration is requiiétk body diode®q;
andDq, serve as freewheeling diodes for ZVS and Z@Ben the switching frequency is
higher than the resonant frequency

According to the directions of bodyiodes and source nodes of transistors, p
channel MOSFETs are preferred for Type 1 converter whitbamnel MOSFETsire
preferdle for Type 2 converter, for the ease of gate driver design. Due to the different
doping processes oftgpe and rype, rchannel MOSFETSs usually have faster transient
response than-phannel MOSFETSs. In addition-ghannel MOSFETS require negative
gate drive voltage, which increases the complexity of gate driver design. Therefore, Type
2 converter has advantages over Typeteims of higher switching frequency capability
and easier gate driver design.

To address the challenges referredCimapterl, the proposed topologies bring
several advantageg§l) capability of efficient operation in the caeé alternatinglow-
amplitudeinput voltags; (2) capability of highfrequency switching operation; (3jnall
number and size of passive componend};tiieoretically no switching lossess) (low
loss caused bgliodeforward voltage; 6) no needor additional snubber circugt (7) no

diode reverse recovery issuasd(8) low voltage stregs ontransistors
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2.1.2 Principle of Switching Operation

The switching subintervalsof Type 1 as well as Type 2 converters during one
switching cycle witha positive input voltage are shown in F@2 (1)~(V) and Fig.2.3
(D~(V), respectively.The simulation waveforms of transient voltage and cuyneith
different switching frequenciesf Type 1 as well as Type @nvertersare demonstrated
in Fig. 2.4 and Fig.2.5, respectively.

There are two resonant frequencies in these cirdots, the resonant frequency
of L»C1Cr2 network andf, (f1=f»=f,) is the resonant frequency &f,C,, and L»C1
networks Depending on the switchiffgequency 1), thereare three different operating
regions: (af<f.g (b) f,&< f<f;, and(c) f>f;. In the case of<f,0andf>f;, there are four
switching subintervals in one switching cyclevhile the case dfé< f<f, is composed of
five switchingsubintervals Gtage I~ Stage Y. Eachswitching subinterval of Type 1
converterfor &< f<f; is described briefly belowas it contains all the othsubintervals

in the casef f<f,6andf>f,.
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source, during one switching cycle.
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At to: (Circuit initial statg Assume that;; has an initial value angh is equal to
zero.Vg1 andve, have the sammaximumpositive valueQy is conducting irthe entire
switching cycleduring a positive input voltageThe simplified topology of Type 1
converter witha positive input voltages illustrated in Fig2.4 (a).

Stagel (to~ty): At to, Q2 is turned on at zero voltag@vysAto)] (equal to[veri(to)-
Verz2(to)]) and zero currenfigsAto)]. L1 Starts to be charged by the input voltage source,
therebyi,; increases linearlyC,;, C, (C1=C, are small resonant capacito@)d L,
begin to resonate nefywhile C; andC,, release thatoredtransient energy t€,. Vcr1
andv.,; are equal and decrease sinusoidally.

Stagell (t1~t): At ty, Verr andvere drop to zeroD; turns onat zero voltagévg(t)],
allowing i, to freewheel througid, (ig=i2). i;1 continuouslyincreasesandir, linearly
decreassuntil t,.

Stagelll (to~t3): At t, Q. is turned off at zero voltagdvysAtz)]. ir1 begins to
freewheel througD; (ig=in-i2>0). L1 andC, begin to resonateC,, stores the energy
from L, andvgr, increaseswhile v is still zero.ir, reverses the direction and increases
linearly.

StagelV (t3~ty): At t3, i1 is less thany,. D, turns off at both zero voltag@vy(ts)]
and zero currenfig(ts)]. Lr> resonats with C;; and its energy is transferred . Ver1
continuously increases until it is equaMg atts, wherevgszis equal to zero.

StageV (4~ts5): Fromt, to ts, Vo1 andvgre increasesqualy. At t4, the body diode
Dg2 is conducting at zero voltadeysAts)]. Ci1, Cr» andL,, again resonate ne&ywhile

Ci1 andC,, store the transient energy1 andve, increasesinusoidally until they reach
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the maximumvalue at ts. L,y stores the energy from the input source apdinearly
increaseso its initial value
At t5: Dgz turns off, followed by turning onQy,, both at zero voltage and zero

current. Tha, thecircuit returns to the original state.
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= T T oI 3 Ny T F B B NBR AT
Va2V “’IQ}}ZIZS“()(\'"“I'”‘I'(_,_‘Z]".Y(TF‘I-‘”‘] v g, zvsont ",';y;';q‘(;‘p',:-”“{ U QEZVSONV YIZVSOFF
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Time ( f,’<}\'< 1) Time (f >f;)
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Figure2.4. (a) Simplified topology of Type 1 converter with a positive input voltage; (b)
The voltage and current waveforms of Type 1 converter with a positive input voltage and

different switching frequencies.

L2, C1 andC;, serve asalossless low draito-source impdancebranch across
Qr2 nearthe switching frequency. The fundamental componentygfpasseshroughthe

L».C1Cr2 network, and then it isectified toa dc voltage byD,. The tuned networktops

54



resonating irStagell due to zercstate ofve; andver,. The input energy is fitstored in

L during Stage |, 1l, and V. Afterwards, the transient energylef is releasedo the
tuned networlduring Stage Il and IV. The LC network transfers the energy to the load
through the rectifiediodeD, during Stages Il and III.

Whenf<f,§ Q. is turned off after, drops to zero. The circuit returns tstagel
after Stagell; in other words,L,;, C;1 andC,, begin to resonate agaatter i, drops to
zero. As soon a®y, is tuned off, no current freewheels throughand the circuit jumps
into StagelV instead ofStagelll. For the case of>f;, Q. is turned off at the end of
Stagel, while v¢1 andvg,, drop to zeo, thereby eliminatingtagell.

During the negative voltage input source, the operational circuit of saeh
intervalis similar to thatin Fig. 2.2. The direction of;; is reversedQ, is conducting in
the entire switching cyclewhile Qy; is switching analogues t®), during positive input
voltage cycleIn other wordsQy1 changests role with Q... Meanwhile,C,; switchesits
role with Cp.

Type 2 converter has a modifieapologyin terms ofD,, L, and transistor body
diodes, which consequently changes the transienssiébgeration Eachswitchingsub
intervalof Type 2 convertefor f,6< f<f, with a positive voltage input sourgsee Fig2.3)

is presented below.
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Figure2.5. (a) Simplified topology of Type 2 converter with a positive input voltéigk;

The voltage and current waveforms of Type 2 converter with a positive input voltage and

different switching frequencies.

At to@ (Circuit initial stat§ Assume that;; has an initial value anig; is equal to
zero. Initially, ver1 andver, have the sae maximumnegative valueQy, is conducting in
the entire switching cycleluring a positive input voltage Fig. 2.5 (a) depicts the
simplified topology of Type 2 converter widpositive input voltage.

Stagel (to6-110: At to@ Q1 Is turned on at zerovoltage [vysi(to®] (equal to
[Ver2(toO-Veri(tod]) and zero currenfigsi(tod]. L begins to store energy, therelby

increases linearlyC1, C» andL,, resonateat a frequency close tfy, while C; andC,,
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release the transient energylig. vcr1 andvg, are equal angary sinusoidally until they
are equal to/, a t;0

Stagell (t1:6-t,0: Fromt;8 V1 andvg,, are equalto V. D, turns on at zero voltage
[Var(t10], allowingi,, to freewheel througB, (ig:=ir2).

Stagelll (t26-1:09: At t2G Qn is turnedoff at zero voltagévysi(t20]. ir2 reverses the
direction and linearly increases, but it is less thanThe current freewheels through
(iar=111-i,2>0) to compensatahe difference between; andir. L;; and C;; begin to
resonateC;; releases the enert¢y C, andvg; decreases; howevery; is still equal tov,.

Stage IV (t36-,0: From t30 to 148 i1 is less thani,, leaving no current to
freewheel througli,. D, turns off at both zero voltaggvy (t:0] and zero currerig (tz0]
attsa L, andC,, resonate unti,, is equal to/.; att,Q

StageV (4L6-t:0: From t4,0to tsG Vo1 and v, are negative and equally increase
until they reach the maximundt t,§ the body diodeDg; is conducting at zero voltage
[Vasi(ta9].-

At 50 Dg: turns off, followed by turring on Q;; both at zero voltage and zero
current. Tha thecircuit returns to the original state.

During the negative voltage input sourtiee direction ofi;; is reversedQy Iis
conducting inthe entire switching cyclavhile Q;, is switchinganalogues t®;; duringa
positive input voltage cycleThe LC network in Type 2 converter serves the same
functionality asthat in Type lconverter However,v;1 and v, are alternating which

leads to smaller roaneansquarg RMS) value than those in Typednverter
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2.2  Circuit Analyses of Resonant AGCDC Converters
2.2.1 Steadystate Operating Characteristics

The analyses of the steadtate characteristics are based on equivalent circuit
models corresponding to different switchisigivintervals illustrated in Fig2.6. All the
analyses are based on Type 1 converntdhe operating regiof<f<f, (see Fig.2.4),
while similar procedure can be amted for Type 2 converterC, has much smaller
impedance at switchinigequencyin comparisorto Rag, thereby it performsimilar toa
voltage sourcé/,. The values oC;; andC,, are set equal t€; for thesymmety of the

configuration. The transient waveforms and time intervals are inspected froB¥Fig.

Typel - Model &V Type2 - Model & V
L” Lrl
y @ i | valher i
in' C”/'[\_CI:I:
(a2)
Type 1 - Mode I1 Type 2 - Mode 11
lArl LrZ Lrl sz
l/i“ l/" '/i“ l/”
(b1) (b2)
Type 1 - Mode 111 Type 2 - Mode I11
=
L. L. L. _C"+ L.
- |4 — g =
i 2 Iy v I
l/m Crz = ‘/u '/,,, L l/u
(c1) (c2)
Type 1 - Mode IV Type 2 - Mode IV
l4r| — ]\ i '
= N, a7
FalT) gl R
ARLEA i

Figure2.6. The equivalent circuit models of Type 1 converter: (al) corresponding to
Staged and V; (b1)Stagell; (c1) Stagelll; (d1) StagelV. The equivalent circuit models
of Type 2 converter: (a2) correspondingStaged and V; (b2)Stagell; (c2) Stagelll;
(d2) StagelV.
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In Staged and V, L,; is directly connected ¥, while the networld_,C,1Cy, is
connectedo V, (see Fig.2.6(al)). C;; and C,, release the energy to the load during

resonace The governing equations in termsi@fir,, Ver1 andvg, are presented as

edi,(t) _ Vi (2-1)

Lodt L

:I: dlrz(t) - Vcrl(t) _\/o (2_2)

it L,

’:‘ dvcrl(t) - Irz(t) (2'3)

T dt 2C

Vera (8 = Vira (9 (2-4)
Applying the initial condition»(to)=0, the transienstates can be written as

é. V,, .

;Irll(t) = L, t t,) ik, (2-5)

T _Ven(t) -V, 1

() =-"**~~—~—>—2° \/5 Sin—= W/ 1 -

,:\ 2 () . \/5 1€ ) (2-6)

1 1

Ve () = Vo () Fva(t)  Mlcos—=w,(t t) (2-7)

i V2

where, ¥1=1/ 0 O is the angular resonant frequency bfC.; network, and

Z1= 0 70 isthe characteristic impedancelefC;; network.
During Stagell (see Fig.2.6(b1)), the voltage acrosk;; is Vi, and the voltage

acrosd.r, is V,. The governing equations can be written as

edi, (1) _ Vi, (2-8)
fode L,

pdi® _ Y, 29)
[ dt L.

The transient states are calculated as
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Te ; O =T Vi (t 1,) Akt (2-10)
i

i) = t’ ¢ ) i) (2-1)
| r2

’:" Crl(t) IrZ(t) D (2'12)
|

During Stagelll (see Fig.2.6(cl1)), C» stores the energy frorh,, while Ly,

releases the enerdyy the load. The governing equations are presented as

€di; (1) _ Vi - Vo (D) (2-13)
;odt L,

Tdi,® _ v, (2-14)
pod L,

':,: cr2 ( t) rl (t ) (2- 15)
{ dt C

r

Therefore,i, decreases linearlio zero and v, linearly increases, with the boundary

conditionvg2(t2)=0, yielding

& Vv (2-16)
il (t)_lrl(tz)COS ,U 1) AZ&S”“WZK ts)
! v 2 (2-17)
o= > &) i)
T r2 (2-28)
é'r'l(t) 0
(I:Irlz(t)_ cosw, t &) i#,)Z ,sinw, € t,) (2-19)

where, ¥,=1/ 0 0 is the angular resonant frequency bfC., network, and

Z,= 0 70 isthe characteristic impedancelefC;, network.

In StagelV, Ly is resonating withC,; and C,, while L, is resonating withC,,

(see Fig2.6(d1)), yielding
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Aedlrl(t) ' Vcrl(t) -Vch(t)

Lodt L, (2-20)
1 dlrz(t) — Vcrl(t) - Vo

} a L, (2-21)
FAL() | ia®)+,00) .
T dt C

% dv, (9 _ i) (2-23)
f o dt C

By applying boundary conditiong,1(t3)=0, Vcra(ts)=Vo, ir1(t3)+i r2(t3)=0, one can find that

V. -V, 2-24
Ee t) =i,,t)cosw ,{ ;) 4?5|n w1 t5) (24
i "’ (2-25)
T @) =i, ) cosm, € 1,) ~ sinp( ty)
| Zun (2-26)

[0 = Yyoosw, € 8) Vi
crz(t) [V, 'Vin]COSM/rz(t t) 1Kt)Z sinw,t t) Y, (2-27)

L1 andL,, are set equal tb, for ease of calculatio(w =% =%, andZ1=2Z,=Z,).
The analysis is valid wheln is slighty different fromL,,. However, the switching sub
intervak and analyses can be different wher»>L (», whichis discussed in Chapter 3.
In steadystate operation, the integral of the resonant inductor voltagg ¢ver one

switchingperiod must be zerayhichyields

~otTs b X
rt! VLrl(t)dt: . n[\érl(t) '\érz(b \K\] dt O (2-28)
By setting the resonant peritg=t4-t3=T»/4="/2¥, one can find that
I:[\/in' \/o' irl(tz)] =0 (2'29)
On the other hand, the integral of the output capacitor curirgftdver one switching
period béng zero, yield

+T,

A i)t = ﬁ[idr(t

0

(2-30)
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Applying the boundary condition,»(t3)=V,, one can find another relationship that

GV, Vi» i(B), R, £]1=0 (2-31)
Solving Ec. (2-29)~(2-31) yields
CaLizp SN9) , P-4
iijZWr ) Ao B
tA@- cosxg, ) -A Z sing &

where the ratio of input voltage to input current As=Vi./i1(t2), the ratio of output

- 2-32
2 Z gcos q- 2) 0 (2-32)
fS RL rW

(2-33)

voltage to input current i8,=V/i;1(t2), andd=2¥ V/fsR in(t2). ThereforeusingEq. (2
32) and Eq. (83), the dedc instantaneousoltage gain (A=A,/Ay) of the converter in

steady state can be calculated as

A=1 + 1
1. , 8-p .. 1 (2-34)
E[l \/(1 2Q) 8Q@ ?g)] 5

where Q=Z,/R_is the characteristic impedance of muisonant networky=f¢/f, denotes
the normalizedswitching frequency. The voltage ratio is ledependent; meanwhile, it
increasesas the switching frequencgecreases shown in Fig.2.7. The steadystate

analyses are valid for Type 2 converter, even though their transient states are different.
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Figure2.7. Voltage gain characteristics of the resonant converter.

By applying boundary conditioi(tp)=0 andsetting the transistor twon period
to ton=t1-te=T¢2 in Eq. @-6) and Eq. 2-7), one can find that=c f,@ The switching

period should be larger than addition of the resbpanods, corresponding fpandf,a

!
< (2-35)

S

Therefore, the sofswitching frequency range can be presented as

= <g 4 (2-36)
V2
According to Eq. Z-34), the load impedance should match the network impedande

satisfyEq. @-37).

Q<§ f%’g —;\/(1 %‘7” ¥ 1 (2-37)

At wide range ofloads and input voltage output voltage can be regulatatia

constant valudy adjusting the switching frequency. The range of voltage gain may be
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limited by the switching frequency region; however, it can be increased by using module

on/off contro| whichis discussed in Section 2.3.2.

2.2.2 Electrical Stresss
For Type 1 converter, the maximum values of voltages across the resonant
capacitorsatty, are equalandby applying the boundary conditiog1(t;)=0 into Eq. @-

7), one can find that

{1 eos'Z Ay, (2-38)

J2g

Vert, max@Nd Verz max@re close to twice o¥, if ais close tal/Mic. Sincethe transistor€):

V =V

crl,max — Ver 2,max

and Q. are in parallel with two resonant capacitors, dnainto-sourcevoltage across
each transistongs) is equal to the voltage compensation between two capacitors,

Vs (1) = Ve (9 -V (9 (2-39)
The transistor voltage reaches its maximuatue during StagelV. By applying the
boundary conditionvei(ts)-Ver2(t2)=0 into Eq. @-26) and Eg. 2-27), one can find the
maximum voltagestresson the transistor fronthe differential equation[ven'" (t)-Vero ¥
(t] &=0:

Veerae = K2 iA) @ —:‘\)mvm

(2-40)

Vds maxiS close taV,, which is half 0f-Ver1 max Note thatver: maxandverz maxincrease as the
switching frequency increases whigs maxremains nearly constangincethe rectifier
diode is in parallel with one resonant capacitbe, maximum voltage stress on diode is
equal to the maximum voltage stress on the resonant capacitor

=V

Vdr,max — Ver 1, max (2-41)

For Type 2 converter, thmaximumvoltagestresses on resonaapacitos are
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V, =V

crl,max — Ver 2,max

<cos —Z)AV, (2-42)

V2g

Vert, max@NdVer2 maxare close toV, if ais close tdl/Vig. However vgs maxiS the same as that
in Type 1 converter. Therefore, Type 2 converter has less voltage saessesresonant
capacitors and rectifiediode in comparison to Type 1 converter; nevertheless, the
voltage stressescross transistors are equal. In additlmoth converters have less voltage
stresse®n the transistordue to existence afvo split resonant capacitors.

For both two converters, when the convertasratingn steadystate condition,

one carobtainfrom the input/output power balance that

2

V
\/in Iin = (2-43)
R
Therefore, the average current in a switching period carriégh lman be obtaineds

. A?
Irl,avg = Evin (2_44)

Since the peak curremy p« carried bylL,, appears at, it can be calculated by solving

Egs. (2-5), (2-30) and @-44):

] (2-45)

irl,pk = I rl(t 2)

V. A1 1 \/AZ 1 1., 4A
[— +— —— (= —= )
2'R2Lf 8Lf \'R 2Lf 8.f fLR

Due to the fact thdt,, is in series with the load, the average current in a switching period

carried byl is equal to that carried by, therefore

. A
Ir2,avg = Evin (2'46)
The peak current, yeacarried byl,, appears durinGtagel wherei(t) satisfiesEq. @-
4), yielding
. Ve (1) - V, P 1
iy =200 = 2R cos—— ) AV, 2-47
2,0k R R 20 ) (2-47)
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According to the analyses i@hapter 2.2.1the current through the transistors

would be

. . 1
s(t) =1, () E o) (2-48)
Thereby, the average current and the peak current through the transistors can be acquired

from Ecp. (2-5), (2-6), (2-10) and @-11) as

e 1 . 1 _p Ag 4

o= = Afi,t) +=it)d [F2— —+Z@1 cos'—=HV, (2-49)
flaon ™, IO 508 170 25 NP

7. . 1.

'II‘Ids, pk EI 11, pk -'ZI r2, pk (2-50)

Moreover, the average current and the peak current through the diodeecqmdssed as

i A (2-51)

< = =V.

! dr,avg r2,avg in

| R

|l idr,pk © maX( r1, pk ’ r2,pk) (2_52)

Note that the current stress on the diode is much less than those on the transistors. The
diode is conducting forectification during a very short period in comparison to guasi
resonant topologies.

In summary, the electrical stresses of active components and passive components
are loaddependent. They can be adjusted through a vargaitehing frequency. One
can reluce the stresses by either increasing the switching frequency or reducing the load
resistance. Furthermore, the voltage stresses across the transistors and the current stress

on the diode arkess tharother resonant topologi¢89]-[91], [97]-[99].

2.3  Gate Drive and Controller
2.3.1 Resonant Gate Drive

The effect of gate drive on overall performance and efficiency of the converter is
critical, especiallyin high switching frequency operation. Large amount of energy is
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dissipated by using conventional square voltage-baitthed gating, since there is no
energy recovery 135], [136]. At high switching frequency, resonant gating can
significantly reduce th gate drive logs by recovering gate charge energy each cycle.
Many of efforts focus on designing active RGD circuithich consist of auxiliary switch
bridges and passive components39-[140]. In these circuits the turningon and
turning-off times are controllable, which makes them suitable to adjust daty or
switching frequencyHowever, the auxiliary switch bridges require additional drivers,
which consequently increase the circuit size and losses. Furthermore, at high switching
frequency, itbecomes difficult to catch zero voltage and zero curresgsingby using

anactive bridge drive.

Ve S On/Off Logic ~Yas Varan
Voltage Bias |LC Tank MOSFET)| Gate
(1 C. |
=V -V ; ' 5 ,
dd ~Va L, G
im
ETIN
'iTCu
s s

Figure2.8. Resonant gate drive circuit for Type 1 converter.

To reduce driver complexity, passive RGD circuits are investigated for fixed
frequencyand fixed duty ratio gate drive[97]-[99]. Such drive circuits utilize LC
resonant tank to generatapezoidabr sinusoidal voltage gating. The gate signals, which
are generated by relaxation oscillators, pass through LC resonant tanks. The LC networks
behave as pass filters to acquire the demanded harmonics of gate signals, which cause no

mutation in gating voltage. Passive RGD circuits generate gating signals with fixed
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frequency and fixed duty ratio. They are suitable for converters where fixed switching
operation is demanded to acquire maximum efficiency, i.e. the proposed converter in this
dissertation The power control strategy can be achieved by using simpthile on/off
control, which has advantages in terms of fast response, easy implementétioighan
stability.

A low-loss passive RGD circuit is adopted in the proposedgles achieve
resonant gating (sekig. 2.8). A tuned LCtank sets the transfer function from the
oscillator to the transistor gate. The resonant tank is designed to ex¢rdéichdamental
component of the gate signal, which consequently generates a sinusoidal gating. The
input capacitolCs is resonant with the shunt inductioyto perform as a higpass filter.

Ly is selected to resonate with the parasitic gafeacitorCy for a sinusoidal gating at
fundamental component of switching frequency. Second res@re@uencyapparent in

the transfer function is damped byand the gate resistanBg, in order to avoid higher
frequency oscillation. The frequency response of thestea function is depicted in Fig.

2.9. By properly adjustindCs and Ls, one can set the magnitude and the bandwidth of

oscillation.
Magnitude and Phase of the Transfer Function V/V g
e e e 80
—_ 90
S 3
S~ o
= 0 &
g z
?in 90 -
S J
-180
10° 10° 10’ 108

Frequency (Hz)

Figure2.9. Frequency response of the transfer function of the resonant tank.
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A blocking capacitoCpiss is connectedo Ls in the shunt legChias is charged by a
voltage follower, therebynaintaininga bias voltage close to MOSFET threshold voltage
at its gate. By adjusting the resist&, of the voltage divider, the bias voltage of the
resonant gating can be regulated, which in turn sets the switching duty ratio. The
damping resistoRy; is located betweeQi,s and the voltage follower in order to block
high-order harmonic feedback. In @ton, R and Cyias should be carefully selected to

acquire fast transient response.

2.3.2 Module On/Off Control Strategy

The converter is intended to operate at fixed switching frequency and fixed
switching duty ratido achievehigh efficiency operabn, though the voltage gain can be
regulated by variable switching frequency. On the other hand, module on/off control
strategy realizes the advantages in terms of easy implementation, fast transient response,
wide load rangeand higher efficiency 97], [140]. The output voltage regulatiofis
achieved through enablirthe converter module and deliireg power when the output
voltage falls below a demanded threshold. When the output voltage rises above the
threshold, the module is disabled, leaving the wiutppacitor to feed the load.

This control schemseparate the control and the power processing, which in turn
increases the circuit efficiency and operation accuracy. When the module is enabled, the
converter operates at a fixed higfficiency point; vihen disabled, no power is delivered
through the circuit, which consequently removes additional loss. A module hysteretic
on/off control is a varieanodulefrequency control and dependent on feedback sampling
frequency. In comparison to hysteretic contrabdule PWM on/off control is a fixed

modulefrequency control and is superior in terms of faster response and more accuracy
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[141]. Functionally, the converter module is enabled and disabled at a dixfexdf
frequency and an adjustabde/off duty ratio. The load power is regulated by adjusting
the module on/off duty ratio.

To achieve théWM on/off control strategy, a logical on/off module is added on
the gate drivefor Type 1lconverter as demonstrated in Fig.8. Thedirectiors of BJTF
diode bridges areeversed in the case of Typec®nverter The PWM comparator
delivers the enabling signed, o to T1, according to the controller feedback. Wheris
turned on, the MOSFET gate is pulled to ground and disabled. High output resistance of
D, and T; blocks the highfrequency oscillating signal from the Ltank WhenT; is
turned off, the voltage follower starts to chaf@gs thereby the biased resonant gating is
recovered at MOSFET gate. The valuesRafand Cyiss determine the charging time,
correspading to the transient resportsesnabé energyrecovery.

s Bridgeless 3
3 Resonant AC/DC ¥

Converter

E m llload

vxgl vng

s .Y.*.’:., Resonant |Vowor| PWM
Eeocapl b Gate Driver | Module

A

L Ve | 7AVAVAY Oscillator

Figure2.10. Block diagram of module on/off control and polarity identification for

resonant switching and gating.

Another logical bridgeincluding T, and D, is added on the gate driver to
implement input polaritydentification Based on the polarity of input, the comparator

deliversvy,. to T, with choiceof either leaving the gate resonant or enabling the gate all
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the time. Fig2.10 presents thélock diagam of thecontrol system. The resonant gating
signals, generated by the gate driver and control scheme, consist of three main frequency
components(see Fig. 2.11). During each half cycle of vi;, one ofthe MOSFETSs is
enabled all the time whiléhe otheroneis disabled durinWM moduleoff time. During

the moduleon time,oneMOSFET gate is resonantaswitching frequency much higher

than orfoff modulation frequency.

vin
orl1
V.. TZQ’ T OFF 2er ON ﬁ"
Or2
Yo TZ ON T?” OFF
vz(l-)r:/lnj]' 5 BB Tler OFF
T]er ‘-TIQrI f
0r2 OFF: iON on'of
Vit T?” OFF ' N ...
TlQrZ ~._TlQr2
orl Y OF F ON
vgalc
Sic
oo -
v.grl AV J{A\U{A\‘vh .;. * 'Q"' ON
Q‘:'(I)N Vhias
v | Q. ON it i
Qr;ON Vhias

Figure2.11. Resonant gating signal corresponding to on/off control signapalagiity

identification signal, in the case of Type 1 converter.

The closé-loop simulation witha low-frequencyalternatinginput voltage is
demonstrated in Fig2.12. The resultsconfirm the fast transient response midule
PWM on/off control scheme asell as good performance of the power converter at low

amplitudeinput voltags. Increasing the on/off modulation frequency can decrease the
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size of output capacitor. However, the driver efficiency decreases as the modulation
frequency increases, which bgs the tradeoff between the driver efficiency and
capacitor size. In spite of this, most of main power components are based on high soft

switching frequency, enabling miniaturization and high efficieoygration

PWM Module On/Off

il -
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Lo b ow

30
Ver1(V)
0

30
Ver(V)

ir2(A)

ias2(A)

o Lo Lo o

vd.\'.’(v)
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2
irlr(A) 1
0
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Figure2.12. Simulation waveforms of Tge 1 converter with-2rms alternating input

voltage, using module on/off control.
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2.4  Testing and Discussion
2.4.1 Prototypesand Experimental Results

Experimental tests are presented in this section to elaborate performance of the
proposed convertgrarticularlyunder lightload condition and limited footprint. A-Bim

€ 6-mm, 100mg prototype of power stage, illustrated in F&yl3, is developed to

validate 2MHz resonant operation of Type 1 converter. Tablelists parameters of all

the components adopted in resonant power stage and resonant gate driver. The resonant
switching frequency is sebb 2 MHz with consideration of gate charge speed and
miniature packagef the commercidy available transistors. Higin switching frequency

can beachievedhrough radio frequency transistavith larger package sigzeAccording

to the input energy sources referrecCimapterl.1.], the input voltage is séb a range of

0.253 Vs While the maximum average current rees up to 300mA. A power

amplifier circuit is fabricated to emulate the alternating input energy source.

TABLE 2.1

COMPONENTPARAMETERS INRESONANTCONVERTER ANDDRIVER
Circuit
Component Nominal Value Part Number
Li1 0.68nH Coilcraft PFL1609681
Lr2 0.68nH Coilcraft PFL1609681
Cu.Co 4.7 nF MLCC Array, 50V
Co 22 nF X7R Ceramic, 10V
Qr1,Qr2 AOC2411 (Pchannel)
D, CDBERO0130L
Ls 4.7 nmH Coilcraft PFL1609472
Lg 4.7 mH Coilcraft PFL1609472
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Cs 3.3nF COG Ceramic, 10V
Chias 10 nF COG CeramicloV

R 100 kq Standard SMD

R, 22 kq Standard SMD

Ris 10 q Standard SMD
Ro1,R2 100 q Standard SMD

T, T2 EMZ1T2RCT-ND (NPN/PNP)
D;,D; DSF01S30SC

Resonant
Converter

Digital
Controller

Front Back

Figure2.13. Front (1, Ci1, Cr2, Q1 andQy,) and backl(», D; andC,) views of 106mg,
2-MHz experimental prototype of the proposed Type 1 resonamt aonverter, as well

as its resonant driver and digital contraller
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In the majority of tinyelectromagnetic (EMA) or electroactive polym&AP)
generatordow output impedancand low seHinductance isicquired 8], [11]. Therefore,
a discrete inductoL,; is required in the convertefhe PEI design in this section is
specified forEMA generatorshowever, the converters are adaptable for [gaRerators
with alternating output voltage

An 8mg chip inductor (Coilcraft PFL166881), with 680 nH at 0.9Aga; IS
selected as the resonanductorL,; (or the seHinductancel, of an EMA generator due
to its low dc resistance, small footprint and good EMI performance. The ferrite shield of
the inductor keeps the magnetic field within the package, thereby reducing the EMI
noises.The sameinductor is chosen ak;,. A 4.7-nF/50V ceramic capacitor array
(MLCC Array) is used as resonant capacitGrs and C,, while a 22nF/10-V ceramic
capacitor is selected as the output capa€itor

The transistors and diode are selected based on the stress analgéeptier
2.2.2 The p-channel enhancement mode MOSFET (AOC2411) with-dvaltarray
(BGA) surfacemount package is selected due to its fast transient response and
compactness. The trastwor has capability of handlin®0-V drainto-source breakdown
voltage and 3-A continuous current. Its 5&q excellent orresistance (tested at.5V
Vg9, owing to the advanced trench technology, brings benefits in low conduction losses.
The low gatecharge and low gate voltage (as low2% V) cause fast transient response
and low driver power dissipation. ArBg schottky barrier diodeCOBER0130L) with
0503 package is selected as the rectifier digddue to its low forward voltage and small

footprint.
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Type 1 converter waveforms duringV@Hz switchingwith +3-V dcinput voltage
are presented in Fi@.14 and Fig.2.15. According to the experimental waveforms, the
topology provides good ZVS and ZCS characteristics with resonant gate driéHa 2
switching frequency. Both transistor and diode achieve ZVSdaorand ZVS turroff. In
addition, ZCS is achievediuring transistor turn-on and diode turn-off. An 8.1-V
maximum output voltage is acquired through a-§j0@esistive load, with 66.3% open
loop dc-dc conversion efficiencyThe voltage gain tested at different resistive load

conditionis illustrated in Fig2.16.
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Figure2.14. Experimental waveforms of Type 1 converter operating Wjth3 V (dc),
V5=8.1V (dc),Ro0ac=100q,, during 2MHz switching: (alVgate @andvgs (b) iin @andVo.
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Figure2.15. Experimental waveforms illustrating resonant switching of Type 1 converter,

during 2MHz switching: (a)dszandvgsz (b) igr andvg;.
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Figure2.16. Voltage gairof Type 1 converteat +3Vy. input under different load

conditions

A power amplifer circuit in conjunction withL, is utilized to emulate the EM
generatar The operdoop converter waveformat a 20-Hz alternatinginput voltagewith
high-order harmonic distortions presented in Fig2.17. The polarity identification
module is adopted ithe operloop testing to achievacdc conversion. The 261z
frequency corresponding to low mechanical vibration frequenan®&MA generatoiis
selected to investigate the case of ambient energy harvesting. The converter shows good
performance on rectificatioof a wide range oflternatinginput voltage. Theacdc

conversion efficiency is above 603adervery-low input voltags.
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Figure2.17. Openrloop experimental waveforms of Type 1 converter operating with (a)
V,=0.55V (dc),Roag=100q, during 2MHz switching:iin, vin and V.
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Figure2.18. Closedloop experimental waveforms of Type 1 converter operating with (a)
voltage regulation fo¥/,=5 V, Roai=100q ; (b) module on/off control at 2kHz

modulation frequency.
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Figure2.19. Closal-loop dynamic response of Type 1 converter operating with voltage
regulation foVo=5V, Rpa=100q .

The closé-loop experimental waveforms with output voltage regulation are

illustrated in Fig.2.18. The output voltage is regulated av¥3hrough the module on/off
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control strategy. Whew, exceed 5 V, the gate driver pulls the transistor gate to ground
and thereby the module is disahl®dhenV, is below 5V, the gate driver returns to the
resonant gatingonditionand the converter starto transfer energy.herefore, the input
current and power are discontinuous with the module on/off coifinelmodule PWM
on/off frequencyis setto 20 kHz. The closé-loop voltage regulation indicates a fast

dynamic response with amstantaneoustg change of input voltage (see Fidl9).

2.4.2 Efficiency Analyses

Fig. 2.20 shows the opefoop efficiency (including power stage and gate driver)
and the output power at different input voltagéhe output power is nearly proportional
to the square of the input voltage, which thereby matches the stieddyanalyses. The
conversion efficiency atery-low input voltags is above 60%and increases as the input
voltage increases. In the casevefy-low alternatinginput voltags, the converter has
large dead zone where the input voltage is close tq aebthe fundamental resonant
component (much higher than the input voltage) is smaller thafovard voltage of
the rectifier diode. The réfication of the converter fails at dead zone even though the
converter is enabled, which in turn degrades the efficiency. On the other hand, the
efficiency decreases after the output power exceeds certain value. The conduction losses
and inductor core losses increase and become dominant as the current increases.
Furthermore, the lighbad efficiency is higher than the fuflad efficiency at high input
voltages, due to the dominant conduction losses and inductor core losses; however, they

are clse at low input voltages.
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Figure2.20. Openrloop output power and efficiency over input voltage of Type 1
converter at (alRoa¢=100(q ; and (b)Rac=500q .
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Figure2.21. Closead-loop efficiency over (a) input voltage @,=0.25 W); and (b)
output power (a¥in=3 Vimg).

The closd-loop efficienciesat various input voltage(at P,,=0.25 W) and output
powess (atVin=3 Vime are illustrated in Fig2.21. At a constant output power, the average
current decreases as the input voltage increases when the converter is enabled. When the
converter is disabled, it consumes no power. Thergfre conduction losses and
inductor core losses decrease, which consequeatises highezfficiencyin comparison

to open loop at the same output powkr a constant input voltage, higher efficiency is
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acquired at lower output power. The average ctigdenreases as output power decreases,
which leads to lower conductidassesand inductor core losses.
The conduction losse®4,n), including transistor turon conduction losse$¢),

inductor copper losse®|() and dioddorward power lossesHy,), are represented as

Pon = PQ R 2:%, OQ[ IQ rm@ Re IZI':Q, ms Odr fw o T (2-53)
where, Roon IS the dainto-source onstate resistancef two transistors,lq ms iS root
meansquare RMS) value of the transistor curren®., is the coil resistanceof the
resonant inductok,, I rms IS RMS value of the resonant inductor curréhg,, is the
forward voltage drop of the output diodmnd |4 avg is the average value of the diode
current. The total loss of the convertels 97 mW at 250 mW output power. Tabl&.2
summarizes theoks breakdown associated with each comporenter stage loss g4

mW (76.3% of total loss) and controller lossa8 mW (23.7%6 of total loss).

TABLE 1.2
POWERLOSSESTIMATION OF PEI

COMPONENT POWER Loss Loss
BREAKDOWN

Power Stage 74 mW 76.3%
Transistor(Pgs, Pg?) 6 mW 6.2%
Diode (Pq) 18 mw 18.6%
Inductor @r2) 40mwW 41.2%
PCB 10mw 10.3%

Controller 23 mw 23. 70
Microcontroller 5mw 5.2%
Others 18 mw 18.9%

The efficiency analys reveal the fact that the conduction losses and inductor

core losses dominatever other losses such as switching losses and gating losses.
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Moreover, he case becomes worse with a smaller size of converter tisarenduction
resistance is higher aride inductor core is smaller. Despite of this, the topology shows
promising performancevhile minimizing the tradeoffbetween switching losses and

miniatuiization.

25  Summary

This chapterhas outlined two novel bridgeless resonamtic stepup converters
suitable for higkfrequency operationand low-voltage lowpower acdc power
conversion. Thee singlestage topologies provide direat-dc power conversion with
much less number of components, in comparison to other resonant topologies. Both types
of converters utilize sofswitched LC networks to convert lefrequencylow-amplitude
alternatinginput voltags into a high-frequencyhigh-amplitude alternatingoltage. The
high-frequencyalternatingsignal is then rectified into @ output voltage through a seft
switched diode. Sizeniniaturizationand high lightload efficiency are achieved through
high-frequency sofswitching, resonant gatiranda simple control scheme.

The performance of the circug verified through a 100ng, 2MHz prototype,
which converts 3/ alternatinginput voltage into7.6-V dc output voltage at 65tW
maximum output power. The circuis desigred to acquire high performance and
miniature size. In addition to the size miniaturization, the circuit efficiently addresses the
low-amplitudevoltage rectification with fast transient responghe topology achieves
higher than 70%closedloop efficiency a&ross wide range of input voltagand load
conditiors. As thischapterhas elaborated, the topological concept can be adapted into

other higher voltage and higher power applications.
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CHAPTER3
MINIATURIZED PEIDESIGNFORMULTI-CHANNEL KINETIC ENERGY
HARVESTING SYSTEMS
Based on the resonant topological concept proposed in Chapter 2, this chapter
outlines a novel design of mulnput resonant adc topology for multichannel

electromagnetic energy harvesting systems.

3.1  Electrical Model of Electromagneticreed Generators

Wind energy is considered as one of the most promising alternative sources.
Flapping electromagnetieed (EMR) generatorsuitable toenergize standalorsmalt
size and lowpower electrical loadsuch as light poles and wirelessnsorscanharvest
energy from windinduced vibration 3]. The EMR generators, such as wirghergy
harvestingcell, are suitable for virtually any wind conditions including turbulent wind
found in many reaWorld settingq142]-[144].

In comparison toelectroactive polymer HAP) generators EMR generators
outperform in terms ohigh output current, high efficienagnd high power density[ 3],
[14]-[16]. The illustrative scheme and electrical model of a permanent magnet linear
generatomare depicted in Fig3.1, wherek is the spring stiffness constanty is the proof
mass;Dp represert theparasitic damperKe denotes the generated voltage coeffigient
and z is the relative movement. The detailed analyses and modeling of tie EM
generatorsre presented if8], [16]. Typically, the extrinsic vibrationgtroduce internal
spinning or linear oscillation between the electrical damper (an armature with coll

winding) and the proefmass (a stator with permanent magnets). The internal movement
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results ina periodically variable magnetic flux in the cwaiinding, which in turn induces

a orresponding alternating electromotive force (EME]]

"J-‘Dp

remr Lewmr

[

-/ +
LEMR
Vemf VEMR

E> Vmech

Mechanical 5 Electrical

[@] [@]

Figure3.1 Equivalent circuit of one EMR generatar{:; mechanical velocitym: proof
massk: spring stiffnessD,: mechanical dampingmag magnetic forceVemi EMF; rems:
coil resistancelgvr seltinductancejgvr: generatoterminal currentyguwgr: generator

terminal voltage)

The electrical model of aBMR generatocan be represented as iaducedEMF
Vemf IN Series with a selihductancelguyr and an iternal resistorrguygr of the electrical
damper (see Fig3.1). In comparison to typical electromagnetic generat®@b|R
generatorsnay havehigh output impedanceéue to high number okinding with high-
permeability core.With purpose of circuit integrationthe inputinductanceof the
converter can be replaced byur of the EMR generatarTherefore, the selhductance
of the dampecan be used as part of the inductamcehe circuit design and operation. In
such caseghe circuit design and operation will be diet from those in Chapter 2.

Most of theseEMR generatorsshare the same characteristics as electrical
generators. However, their output voltage and power are erratic and low, which brings
challengesin efficient PEI design. The PEIs are required gmcessthe small and

irregular voltagepower fromEMR generatorand then feed the load with a constant
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voltage/powerThe miniaturization of PEI ian important aspect of the designincrease

the power density due to the limited spacsemajority of tre systemsThe proposed
resonant aclc converters are intended to convert and step up the alternating low voltage
into a dc voltagen the casef low-voltageenergy harvesting. The switching frequency

of the converter is required to Isggnificantly highe than the vibratig frequency of

generators

3.2  Multi -channelEnergy Harvesting Systems

In a multichannel energy harvesting systelRE| are requiredto condition the
output power of multiple energy harvesters areffectively deliver power to the loads
[54], [56], [76], as shown in Fig3.2a). Power density and efficiencgt low power
conversionare important performance metrics of power convertergoferspeed wind
energy harvestingOne of the main challenges toward fabricating efficient conveiders
multi-channel systemss the efficientconditioning of multiple and independerow-
amplitude voltagesf generatorsDue tothe mutual interference of different channels
large number of components and controll@rsrequiredthat may increaseize losses
and complexityof PEL Therefore, an integrated muitiput power electronic converter is

necessary as power stage of miniature PEI, as shown in Fig. 3.2(b).
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Figure3.2. Multiple EMR generators and PEI system: (a) conventional PEI; and (b)

proposed multinput PEI

Conventionally the multi-channelEMR generatos are interfaced with diode
bridges for rectification[54]. Due to the rectification, the equivalent op@rcuit voltage
(IVemi) is equal to the absolute value efectromotive fore EMF), as shown in Fig.
3.3(a). First, since the load is connected in senigls the generatorthe loadrootmean
square (rmsyoltage is lower thafiRMS value of generatoEMF. However, in most of
cases, a load voltage higher thiaMF is required (i.efor battery charging). As a result, a
switching power converter capable of stepping upBEMF is necessarySecondly, in

order to extract the maximum power from a sourcegth@valent inputmpedance4,)
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of the circuitshould beset equal to theptimalimpedancgZ,) for impedancenatching
[17]. However, with a wide range of loaR{, it is difficult and impractical to adjust the
input impedance to the optimal value by using a diode bridgswitching power
convertershould be usetb adjustthe impedance 4;) andregulatethe input impedance
(Zn) for optimal impedancenatching asillustrated in Fig.3.3(b).

EMR Generator

Femr Liyr Fewr  Lewr
: — ;
Levr
H Vi >
(a)
EMR Generator
Femr Ly Fenr  Levr
> :

i i| Resonant

EMR
v('mf Vemr A C-DC > Z r R L

I Converter

Figure3.3. Impedance network oiheEMR generatomterfacedwith (a) a diode bridge;
and (b) a singlenput resonant adc converter4;: characteristic impedancBj,q: load

resistancezZ,: equivalent input impedance)

3.3  Design ofMulti -channel Energy Harvesting Power Stage
3.3.1 Multi -input BridgelessResonant AC-DC Converter

Fig. 3.4 illustratesthe proposednulti-input singlestage bridgeless resonanta
converter The topolog is capable of operating witmultiple inductive sourcesn this

caseEMR generatarEach inductive sourceyhich can be dow-frequency alternating
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source with higkorder harmonic distortigns numbered with=1,2,..,N. The multiinput
circuit is formed byone resonantinductor, one diode and multipl®MOSFET-capacitor
bridges Each input source is connected to two MOSH&ERacitor bridges @”,,, C,,

andQ",,, C.,), whichshare a resonant inductor and a diode.

Multi-input Resonant AC-DC Converter

é (1) (1) :
EMR Generator #1 o Crzl % D, :
U S . P~ T~ ’
(1) ) : (1) : +
reve Lpwr — er :
R B
: (1) : g
} 7] : D,; ECu R,
LEMR P 2 7 : —
(1 : :
Vems @ Vemr| § i E
: () :
: - | Qr2
A i1
| (1)
D,;

; (N) (N !
EMR Generator #N | Cli rj_
o - : s

C
o oA~ ~ s
) ) : 7
rese Lemr : ﬁ% er
_/\/\/\I_MY\ 2 A

— i | ¢ (N,
~(N) i Dq;

LEMR :

) Vi) |

Figure3.4. lllustrative schemef the proposednulti-input converte(M?emi EMF of #i
channel rYyx coil resistancet ey selfinductancej”zvr channekerminal current;
Wenr channeterminal voltageC®,,= C¥,: resonant capacitork;: resonant inductor;

QY, @Y,: MOSFETsD;: output diodeC,: output capacitor)

The resonant inductdit,) is tuned with resonant capacitqi@®,; and C%),) to
resonateat the resonant frequenci)(near the switching frequendys). Ideally, the

resonant components(L;, C"; and C%,) present a lossless low draimsource
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impedance branch acroBOSFETsnearfs. The LC network ampliés the EMF.C%,;
andCY, are in parallel wititMOSFETsand the diode to ensure ZVS at turniomg and
turning-off. Switching losses are eliminated through the oscillating voltage and current,
while the input energy is stored and released to the loadgihritie active LC network.
Furthermore, the tuned networks eliminate overvoltage spikes as well as diode reverse
recovery issues while simultaneously maintaining low peak voltage stresses on
MOSFETs

MOSFETs(Q",; andQ®,,) are actively turned on andfafith duty cycle close to
0.5in order to generate drato-source pulse voltage 4s1 andviqs) at the input of LC
network. The amplitude of draito-source pulse voltage is higher thag, due to the
energy stored i ”gyr. The fundamental conoment ofvys; and v ys, passthrough the
LC network and generate an amplified oscillating voltage fa@aross the rectifier diode
D. ZVS and ZCS operation 6§,; andQ®,, provide energy recovery to draio-source
MOSFET parasitic capacitofCqys), Which in turn increases the efficiency. The ditan
source overvoltage spike is eliminatéaereby no snubber circuit is required. Theput
diode (Dy) rectifies the amplified oscillating voltage after the tuned network into a dc
output voltage.tlgenerates freewheeling path for the resonant inductor current as well as

charging path fothe resonant capacitors

3.3.2 Principle of Operation

In a switchingcycle oneEMR generatocan beassumeas a current source if the
generatohas a large selfiductance. In this casér simplicity of analysis,eachEMR
generatois assumeds a current sourd€’;,) during a switching period. In a mechanical

vibration cycle |, is positive at positiveubcycle and is negative at neiyatsubcycle.
Yy Y
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There are three switching subtervals(Stage I~ Stage II) during one switching cyclat
either positivesubcycle or negativeubcycle For simplicity, the switching sulmtervals

of a dualinput topology with a positive input and a negative input, as illustrated in Fig.
3.5, arepresentedn steady state. The analyses carabalogouslyextended to the mutti
input topology. For positive inpu(l®;,), Q%,, is conducting irthe entire positive sub
cycle while Q¥ is switching; fora negativeinput (1%;,), Q@ is conducting inthe
entire negative subycle while Q®,, is switching Therefore, the rectification of each
alternatingsource is achieved by conducti@y;, while switchingQ®,; at positivesub

cycle; or conductin@®®,, while switchingQ®,, at negativesubcycle.
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Figure3.5. (a) Simplified topology of duahput resonant converter with a positive input

and a negative input; (b)~(d) switching sabervalsduring a switching cycle

The simulation waveforms @ duaichannel systenduring one switching cycle
are demonstrated in Fig.6. Theswitching frequency is close to the resonant frequency

(f) of L,C1Cr, network and the switching duty cycle is close to (Relative to the
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resonant capacitor§,, has very small impedancefgtthereby it acts as a voltage source
and can be considered as a constant vatudhecapacitance€®;; andC®, (i=1,2) are

set equal te&, for the impedance matching.
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Figure3.6. Simulationwaveforms ofduatchannelystemduring a switching cycle
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At to: (Circuit initial state) It is assumed th&fewr andl @y have initial values.
e, Vg0 V@ and V@, have the same negative initial valueg,(to). Q%1 and
Q®@,, arebothoff beforet.

Stagel (to~ty): At to, as shown in Fig3.5b), body diodes of)®,; andQ?,, are
turned on at zero voltagePy(to) andvi@q.(to)] (equal tove-Ve1). As soon as the
currents through body diodes reduce to z&,; andQ®,, areturned on at zero voltage
[VBg(to) and v@qa(to)] (equal tov®e-vMer) and zero currerfi g (to) andi@gea(to)].
The selfinductance®f generatos startto getcharged by the inplEMFs, therebyl Yeyr
and|@gyr increasdinearly. c®,,, c®,,, C?,; andC®,, begin to resonateith L, at .
VBeq, Vp, V1 andvi?,,, are equal and increase sinusoidally until they are equél to

att;. The governing equations in termsw8t,1, V.2 and i, are:

di (t) _vii() L

[ odt L L, (3-1)
| . )

TAE() _ dh() _ i @)

[ dt ~ dt  2NG (3-2)

where,N=2 is the number of input sourcddence, the transient stateipaindv; can

be expressed as:

B0 = tacosw € 1,) %2 sin( 1) (33)
| r
OO =vL() A (cosw (¢ &) (402 sinwt t,) (3-4)

where, ¥,=(2NL,C,)*? is the angular resonance frequency ot network; and

Z.=(L,/2NC,)*? is the characteristic impedance IoE network. Assuming;(to) is very

small, the first component @ft) and the second component®.1(t) can be neglected.
Stagell (t;~t): At t, Q¥ andQ®,, areturned off at zero voltage/Py.(t1) and

v(z)qrz(tl)], as depicted in Fig3.5(c). The energy stored ithe generatorseltinductance
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begins to bdransferred td.,. D, turns on at zero voltage[(t1)], allowing thecurrent
(equal tol Pgyrtl Penrtic) to freewheel througb,. i, decreasebnearly due toV, across
L,. In this interval V¥, andV®,,, decreas; however ¥, and ., remainequal to

Vo. The governing equations are

&di (t) _V,
; = Yo
R (35)
TV _ 18
St C &9
SOVHM _ 1k (3-7)
7 dt C
Wei andvi@y, decrease linearly frortheir boundary condition g (ty)= V@gra(t1)=Vo,
yielding
--. V
0= 4) i) &9
: 1)
PEO= SR 0 v =
i T
T )
A= SgRE Y =
| v
NACEGORY (49

Stagelll (to~t3): At tp, igr drops to zero, leaving no current to freewheel through
D.. D, turns off at both zero voltagegf(t,)] and zero currenfiq (ty)] at t.. Cy,, CPy,
andL, begin to resonate, untif., andv®®,,, arerespectivelyequal tovi¥; andvi?,, at

ts. Thegoverning equations @&tagelll can be represented as

di, (t) _ vi () V()

‘% dt L LrN (3-12)
| N

Ty _aey & 'ae 1O (313
ot dt NG
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The governing equations ufY.; andvi@., are similar to those iStagell. By applying
boundary Conditiony(l)ch(tZ):V(Z)crl(tz):Vo andir(tZ):'I(l)EMR'I(z)EMRa ir, V(l)ch and V(Z)crl

can be presented as

Ir(t)—a I {mcosV 2w, ( 4,) IFF_ sind 2w t( t,-) al+EMR (3-14)

-.-> = ==

V(M) = V() A cosV 2w ¢ b)) ;‘r w22, sinf 20 € - (315
At t3: the body diodes of)™,; andQ®;, turn on, both at zero voltage, aul,
andv, becomeequal Consequently, the circuit returns to the original state.

Since the integral of the current throuGh over one switching period at steady
state equals to zero;Q 0 Q0 wXY "Q Using the boundary condition(t1)= idrpeal2
the following equation can be obtainasl

1

W=Vt

(3-16)

On the other handhe integral of the current througb, over one switching
period at steady state equals to z&fB(to))=vVe(ts). Using the boundary condition
v.41(t)=V, the following equation can be obtained from E43), Eq. (3-4), Eq. (3-9)
and Eq. 8-16).

wZ, t i
vo[l-,/zaf sinw, (4 t,) eosw i ty)] ng_llém (3-17)

By setting the transistor twon time to=t1-t5=3T,/4=3" 2¥, and R >>Z,, V, can be

represented in terms tife sum ot Vgyras

0)
Vo NC a IEMR (3'18)
where, tos=ts-t1=T 1oy IS the turroff time interval. By introducing the ratio of angular

resonance frequency to switching frequermys(f) and the coefficient) 4o-3, Eq. G-

18) can be written as
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N
_ N 3-19
V,=a Za 19 (3-19)

i=1

The switching frequencify) is slightly higher than the resonance freque(igy

WhenR >>Z,, the convertecan be considered as a curreantrolled voltagesource

Theimpedance networkf anN-channel systerduring one switching period is shown in

Fig. 3.7. V, is determined by thsum of thechannelcurrens (I”zvr), through setting the

network impedancé€Z;) to a desired valuéit the sameZ; and load conditiongonnecting

moreEMR generatorsesuls in a higher output voltage. Furthermptiee output voltage

regulation can be achieved througlattime pulse frequency modulation (PEM)

34

1)
EMR

N
(i)
anZ, 'ZI:I EMR v,
i=

(N)
VIE MR

A
o—

Figure3.7. Switching average model of afrchannekystem

Optimal Impedance Matching

To extract the maximum power from ahchannel system, it is necessary to

acquire the equivalent input impedance ofNaimput converter depicted in Fi§.8(a) In

the case o resistive loadR ) comparable t&;, in one switching periogdncludingR in

V, yields:

Vo __aik

. -
s (i 1+ c
a e VPQ: €
=1

(3-20)
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where, Q;=Z,/R_ denotes the quality factoAccording to Eq. §20) andV,=I,R_, the

outputto-input current ratio can be represented as

l, _ am
. =
210 1+pQ ¢ (3-21)

i=1

EMR Generator

) )
Femr Liyr

() 7}
remr Leve

[

= Multi-input
4 Resonant
Switching o L
EMR Generator ® AC-DC R, o L% P
réiie Lr Converter ¢

ol

—
EMR
Vemr

(a) (b)

Figure3.8. (a) AnN-channeEMR generator systegonnected with alN-input resonant
acdc converterand (b) impedance network of Alkchannekystem

In a vibration cycle, @nsideringthe conversion efficiency(dy), the generated

power (PYzwr) from eachchanneland the output power(P,) of the converter should

satisfy
€5a) M 1O 05 po
T |:>EMR :VEMRI EMR :|<1 a I:>EMF (3-22)
~ i=1
% 0) H A O
1 lemr =K27A | Bur (3-23)
i=1
i y
’I‘ _ .. (I)
T Po _Vo Io :hff g.l PEMR (3_24)
T i - i
10 = Vewr - Pele
T T (3-25)
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where, Vg is the averageerminal voltage of the i channelduring one switching
period, KV, is the percentage value 8t channels generatechower over total power,
KY, is the percentage value i8fchanneis terminalcurrent over total currenz;, is the
equivalent input impedanasf thei" input connected to thé" channel In a swiching
period, K”; and K", can be assumed constant due to the assumption thahaheel
current (evr) andthe channelpower PUgyr) are constant. HoweveK®; andK®; are
variable in a vibration cycle, since theneratocurrentandthe generatopoweroscillate
at vibration frequency.

Based on Eq.325), the equivalentinput impedanceonnected to thé" channel

canbe expressed as

70 = K" R K
" TIKOP h U a@ +1)? KPP (3-26)

where,Z, is the equivalent input impedanoéthei™ input connected to thé' channel

while other channe$ are disconnected?’;, is constant during a switching period;
however, it changes in a vibration cycle du¢h® variable coefficient&”; andk®,. The
impedance network of aN-channelsystemduring one vibration cycle is illustrated in

Fig. 3.8(b). The characteristic impedance of the converter and load impedance are
different for eachchannel and they change during a vibration cyclde total input

power of the circuit is given by

N N | NN N
aPRue= dlad’Zy Z, &1 &d° Z[ 18k (3-27)
i=1 P2 i = i 1= i1=

According to thegeneral modedf EMR generatorghe maximum power of th&
channelconnected to thé" input can be extracted when the input impedance of'the

input equals to the optimal input impedan(ZéDi,(:Zom). However, for anN-channel
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system connected to &kinput converter, the maximum power of tRechannelsystem
is extracted as

N "
Pevrmax = ZinlAl 15 (3-28)

i=1 Zin =Z;pt

where,Z opt O Zop. EQ. 3-28) reveals the fact that the total maximum power ofNan
channelsystem is extracted through achieving optimal impedance matching &f-the
input converter Zin:Z*opt) rather than optimal impedance matching of each input
(Z",=Zop). The optimal impedance can be acauliby settingcharacteristic impedance

(Z) of LC network.

PI

MPPT Control and Gate Drive

Figure 39. lllustrative schemef the MPPT control strategy and gate drive

In addition to the impedance matching through LC network design, the input
impedancecan be further regulated in real tiny PFM Increasing the switching
frequency ) reduces the equivalent input impedangg).( A closedloop PI control is
used to acquire the optimal switching frequerfgy) (corresponding t&,: fs is increased

when both derivations of the total input power &rtthve the same polgr, on the other
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hand, it is decreased when the derivation polarities of the total input powes amed
different. The maximum power point tracking (MPPT) control and gate drive system is
demonstrated in Fig3.9. Zeracrossing comparators are used enerate pulse signals
synchronousvith the generatowibration. Demultiplexer switches are controlled by pulse
signals to produce MOSFET gating signals. B4O illustrates the simulation of a six

input resonant converter with six individual ENj@neratorseeding a resistive load

(l)

mlf

VaUV) «22» {>\ \/%&7@0@’ 7@0%(%\)0(\)/ B WJ

(4) (()
me un!

o Wﬂﬂﬂﬂ &W&T\yfﬂ?x’%
N N W W I
ST W W W W W

0 0.04 0.08 0.12 0.16 0.2
Time(s)

Figure 310. Simulation waveformsf a sixinput converter connected to a resistive load
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3.5 Testing and Discussion

3.5.1 Prototypes andDesign Specification
A 5cmeé 3cm, sixinput prototype of the proposed resonant converter, illustrated

in Fig. 3.11, is fabricated for power conditioning of six EMR generators. Components

and design parameters of {wtotypePEl are listed in Tabld.1

Six-Input Bridgeless AC-DC Converter Voltage Regulator Pushbottun
Front Side ‘

Back Side |

]
'yuq- lﬂ'o

Controller & Gate Drive Start-up Battery
Figure 3.1.. Six-input standalone prototype of the proposed resonadtamnverter for

a sixEMR-generator system

TABLE 3.1

COMPONENTPARAMETERS OFEMR GENERATOR ANDPEI

PARAMETER DESCRIPTION | QUANTITY PART NUMBER

Power Converter

Resonant capacit 2.2 nF, 50 V, Array 6 | CKCM25X8R1H222
(CaD®), C, M) MOGOAK

Resonant induor (L) 470 OH, O. 1 MSS1048474KL
Output dc capacitqiC,) 100F, 10V 1 EEE1AA101WR
Transistor 20 V, 1. ¢ 12| IRLML2030TRPBF
(er(lHG), Q2(1)~(6))

Diode (Dy) 20V, 0.5A,0.3V 1 DB2J20900L

Control Board
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Microcontroller 3V, 144 1A, 2 PWM,3 1| ATTINY13V-10SSU
ADC

OpAmp 0.04 V/is, 3V, 3 TS27L2CDT
14 pA

Resistor 100 12 MCRO1MRTJ104

Capacitor 1nF 10V 6 | C1005JB1H102K05(

In order to achieve optimal impedance matchioga six-channelsystem, the
characteristic impedancé&,] is set equal to 13§ . For a more powerful sourcg; and
Zin can be reduced through either reducing the resonant inductance or increasing resonant
capacitance. Moreover, the natural frequerfgyig setto 45 kHz with consideration of
resonant losses and size miniaturization. Higher resonant frequency lead$l¢o Srea
of passive components; however, it results in higher resonant lodseswitching
frequency(fy) is chosento be48 kHz, slightly higherthanf,. Theresonant inductoand

resonant capacitoese determined as

Z

,\e|_ = r

P =28 @29
|

< 1

lc =— — _

i " 4pNfzZ (3-30)

In order to reduce the resonant losses at low powefQaH inductorwith ferrite
powder core antbw dc resistancé selected as the resonant indugter much smaller
thanthe selfinductanceof the EMR generatdr2.2-nF/50V ceramiccapacitor arrayare
used as resonant capacitofthe MOSFEF with high compactnessfast transient
response andow orresistance are selected to reduoenduction lossesThese
MOSFETs havdow gate charge and low gate voltage (as lo& ¥3. Hence, thesircuit

can operate withow supply voltageandwill have low gatingpower dissipatioras well
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asfast transient responsé&he rectifier diodgD;) is selected based dhe low forward
voltage andow onresistanceLow-power components are selected in the control board
to enhance the standalone capability. ATTINY13V is used as the controller due to its low
profile package, low power consumption and minimum required functiom’Smpg and

demultiplexer switches are gated to detect the input polarity and provide gating signals.

3.5.2 Energy Harvesting Testbed

The prototype is tested with different sources to evaluate the operational
performance at low powerhe summary of circuiperformancas listed in Table3.2 A
1-V dc source corresponding to\V1 EMF of the EMR generator is first applied to
demonstrate the circdit switching operation. A 1.8H inductor corresponding to the
selfinductance of the EMR generator pdacedin conjunction with each inputThe
expeimentalwaveformsat 48-kHz switchingfrequencyare presented in Fi§.12(a) and
(b). High switching frequency can be achieved by tuning the network, illustrated in Fig.
3.12c). According to theswitchingwaveforms, theMlOSFETs and the diodeaveZVS
turnron and turroff characteristicsat the switching frequency close to the resonant
frequency A 2.4V maximum output voltage is acquired through-kegldc resistive load,

with 94.8% dc-dc conversion efficiency.
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TABLE 3.2
ELECTRICAL PERFORMANCE OFPEIFORMULTI-CHANNEL ENERGY HARVESTING

PARAMETER

NOMINAL VALUE

Power Amplifier

Input frequency(fi,) 20~50Hz

Opencircuit voltage(Vem) 0.5-3V (rms)

Terminal voltageVemr) 2.5~7V (peak)
Total input powerRevr) 1.8~34 mW
EMR Generator

Input frequency(fi,) 15Hz

Opencircuit voltage(Vemy)

0.52.5V (rms)

Generatoterminal voltage emr)

2.5~5V (peak)

Total input powerRevr) 1~4.5mW
PEI
Switchingfrequency(fy) 48 kHz
Resonant frequency 45 kHz
Characteristic impedance 133q
Output wltage 1.2~5.5vV
Output pwer 1.5~30 mW
Efficiency 85~91%
Gate voltage of Q,;
promes| | e -
: - . | E
(i E---w—-—-"'—'l
v D,ZVSON ! E ! Diode voltage (v,) of D,
: . ‘
i 3 A <==DZVS OFF
E E : E Drain-to-source
E 0,1 ZVS OFF :/;\\ Evoltage V1) on,,/\\
1 Nl b\ L ¥
KJ——-M—-—-—-H'.' : W -
' I T om N
! 0,ZVSON
e - 6000 (lakpeims | ® 7 Y
(a)
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Gate voltage of O,
.‘E H i Output voltage|(V,) l
3  EOR————
: £ s P
. :' s E Input current (Izyp) of
F o, DS ‘ one reed
[ M [ .
: PN ;
.
e
i E ! . Capacitor voltage
21 o : (ver2) of C.2
Bl D ' ¢
of A ‘ o,
L H : : i
ks I A0 | B | | B
] ;
| I
i 2.00V 2 @ 200mA @ 500V ) {-Loﬂus ] [25&\15/5 ] @ 7 156V

10k points |

(b)

Gate voltage of @,;

7 -

Diode voltage (v;) of D,

Capaciti)r voltage )
(vcrl)f Of CrZ )

© Drain-to-source
voltage (v,,;) of O,

@ 200V o 250V @ 5.00v MEI W 1.25GS/s @ 5 156V
@ 500V 800ns )] 10k points

(©

Figure3.12. Experimental waveformsf switching operationVems= 1 V, fs= 48 kHz; X-
axis: 4us/div; Y-axis: (a)Chl =gate voltage o€, 2 V/div; Ch3 =drainto-source
voltage {qr1) of Qr1, 2.5V/div; ChM = diode voltage\) of D, 5V/div; and (b)Chl =
gate voltage o1, 2 V/div; Ch2 = output voltage\(,), 2 V/div; Ch3 = input current
(Iemr) Of one input20 mA/div; Ch4 = inductor voltage\}), 5V/div; and(c) fs = 200 kHz,
Ch1 =gate voltage 0Q1, 2 V/div; Ch3 =drainto-source voltagev{1) of Q1, 2.5V/div,
Ch4 = inductor voltagey}), 5V/div; ChM = diode voltage\() of D, 5V/div.

A power amplifer circuit in conjunction withl.5mH inductors at each input is

utilized to emulate the inductive ac sourcksthis case, the overall input power is evenly
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split betweensix channes. The rms voltage of the power amplifier is seD&-3 V
corresponding to the EMFoltage, Vem; Of EMR generators20~50Hz ac frequency
corresponding to low mechanical vibration frequencyEMR generatotis selected to
investigate the case of ambient energy harvesiiihg. measureadutput powervaries
from 1.5 mW to 30 mW a20-Hz ac input power, apresented in Fig3.13(a) andFig.
3.13(b), respectivelyThe converter shows good performance on rectificaiiom wide
range ofEMF voltages(from 0.5 V to 3 V) Furthermore, experimental waveforms with
step change of input ac power and input ac frequame illustrated in Fig3.14(a) and
Fig. 3.14(b), respectivelyThe acdc conversion efficiency is abov&% evenat very-

low input voltageand power

Output voltage (V,)

[ et b 1 ~——

Terminal voltage (vgyg)
of reed #1

" Input current (izyz)

| of six reeds

(@ 250V @ 100V @ 50.0mA ]jlo.oms J 100KS/s H @ 7 200mv)
{ J {10k points

(@)
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Output voltage (V,)

upratboss

Terminal voltage (viyz)

of reed #1
W

Input current (izyr)
1 of six reeds
@ soomv ® 500V @ 20.0mA lelﬁo:oms J[mokS/s ] @ s 200mv

10k points

(b)

Figure 3.B. Experimental waveformsf power amplifiersfi, = 20 Hz; Xaxis: 10 m&iv;
Y-axis: (a)vemi= 3 Vimg Ch1 =output voltage\,), 2.5V/div; Ch2 = terminal voltage
(vemr) of channel#1, 10 V/div; Ch3 = input currentigwgr) of six channet, 50mA/div;

and (b)vems= 0.5 Vims Ch1 =output voltage\,), 0.5V/div; Ch2 = terminal voltage
(vemr) of channel#1, 5 V/div; Ch3 = sum of thanput currens (igmr) of six channes, 10
mA/div.

Output voltage (V,)

Terminal voltage (viyg)
of reed #1

Input current (igyg)
of six reeds

(@ 100V @ 500V @ 50.0mA )Iwo-ns ][Io.kokSIIs || @ 7 200mv
10k points
(a)



Output voltage (V,) Terminal voltage (vyz)

of reed #1
e
FyyY .

@ 7 200mV

(@ S00mv @ 500V @ 50.0mA 'w‘-w,oms h H2S.0k5/s ‘\
10k points | |

(b)

Figure 3.4. Experimental waveformasf power amplifiers with step change:axis: 40
ms/div; Y-axis: (a)Vems= from 1V sto 2V g Chl =output voltage\,), 1 V/div; Ch2
= terminal voltage\gmg) Oof channekl, 5 V/div; Ch3 = input currentigmg) of Six
channed, 50mA/div; and (b)fi, = from 20Hz to 50 Hz;Ch1 =output voltage\,), 0.5
V/div; Ch2 = terminal voltageewvr) of channel#1, 5 V/div; Ch3 = input current igur)
of six channe$, 50mA/div.

There are two types of losses: (1) power stage losses and (2) controller losses.
Since he switching losses are eliminated through the resonant opethggmwer stage
losses can be categorizedtls transistor conduction losses and the inductor lo$ées.
controler stagelossesinclude losses associate witthe microcontroller, operational
amplifiersand demultiplexer switches

The conduction losse®4,n), includingtransistor turron conduction losse$),

inductor copper losse®|() and dioddorwardpower lossesHy,), are represented as

12
— — i) i)A\12 =
Pcon - PQ +PLr I%r a= Fgg,on [ rQ 91 RLr +|2Lr rms C)\/dr fw I-(*j_,r avi (3-33)
i=1
where, RV, is the dainto-source orstate resistancef the transistorat i channe|
104, ms is rootmeansquare RMS) value of the transistor curreati™ channel R, is the
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coil resistanceof the resonant inductof,,ms iS RMS value of the resonant inductor
current,Vy: nw is the forward voltage drop of the output dioded 4 avg is the average
value of the diode current. bBddition sinceeddy current losss very small due to the
powder corehysteresis lossalculated using equations in [14&¢comes the majority of

the inductor ferritecoreloss

The total loss of the converteat 23 mW output power is 3.96 mW. Talde3
summarizes the loss breakdown associated with each component. According to this table,
power stage loss is 2.21 mW (55.8% of total loss) and controller loss is 1.75 mW (44.2%
of total loss). The power conversion efficiency at different output powerels is

presented in Fig3.15

TABLE 3.3
POWERLOSSESTIMATION OF PEIFORMULTI-CHANNEL ENERGY HARVESTING
COMPONENT POWER LOsSs Loss

BREAKDOWN
Power Stage 2.21 mW 55.8%
Transistor(Pq™ ) 0.25 mW 6.3%
Diode (Pqr) 0.96 mW 24.2%
Inductor coil @) 0.7 mW 17.7%
Inductor core Rre) 0.3 mwW 7.6%
Controller 1.75 mW 44.2%
Microcontroller 1.2 mwW 30.3%
OpAmp 0.126 mW 3.2%
Demultiplexer 0.18 mW 4.6%
Gating 0.2 mW 5.1%
Sensing resistor 0.04 mw 1.0%
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Fig. 3.15 Power conversion efficiency of the power stage and the entirériRitlding

controller lossesat different output power

To verify the circuit performance with EMR generators, the prototype is
connected tdhe six-channelwind panel. e generatos are driven by a lovspeed fan
and vibrate around 15 Hz. In this case, eéaMR generatogenerates a unique EMF and
power. The érminal voltagesvewvr) of channektl andchannel2 and the input current
(iemr) Of channell are measured, as depicted in Big6. Very low power (as low as 1
mW) can be extracted at low eoff wind speed (as low as 3m/s). The converter,
connectedo a 1-kq resistor, is capable of converting low EMFs (as low as Q.5 df
six individual generators to a common dc output voltage (as high as 1.2 V), which make

it suitable to charge a 2 rechargeablbattery.
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(@)

(b)

Figure 3.5. Experimental waveformsf EMR generators: axis: (a) 20 ms/div; (b)00
ms/div; Y-axis: (a) constant wind speed; (b) wind speed step ch@mdesterminal
voltage Yemr) Of channel#2, 5V/div; Ch2 = output voltage\,), 1 V/div; Ch3 = terminal
voltage ¥emr) Of channel#l, 10V/div; Ch4 = input currentigmg) of channel#1, 10
mA/div.
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