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Abstract

The development of energy technoldgs stimulated the application of lepower wireless
electronic devicesBatteries areommonlyused tosupply powerfor these devices, however, the
limited lifespan andexpensivereplacement cost necessitate the development of gewerat
electriaty from waste energyEnergy generation, whictollects wasted energy from external
sources, has become a popular research topic. Over the past ddead®s, cost and eadyp-
apply characteristics of piezoelectric matehale spurredarious researcandeavorsiming at
developng piezoelectric energy geneoat based on different energy sources.

This thesis aims to develguezoelectric energy generators (PE@sjler various working
conditions using high frequency excitation, validate the accuracy afatiespondingnodels,
investigate thie dynamic behaviorsand evaluate their energy generation performafsaehicle
brake pad with embedded PEGs is developed by utilizing-¢pgled rotation of vehicle brake
rotor. Charge dissipation from the measuring device is considered to accurately calculate the
generated voltage from the piezoelectric patohng operationlnspired by frictional contact
during the brakig procesbetween the rotor and frictional layer, a shear mode PEG is proposed
to explore its performance under seXcited friction-induced vibration EIV). The dynamic
voltage responses from experiment, closely matched with the analytical results, demonstrate the
great performancigom vibrations close ttheresonant frequency of the systeimodified PEG
employing bilinear and impact techniqudas then proposed modeled, and tested through
experimentto examine the improve@erformanceand verify tle continuous FIV under these
conditions.To understand the mechanism and dynamic responses of nonlinear PEGs considering
different connections between magnetic spring and piezoelectric element, mathematical models
are proposed and solved through numerical iteratidme results from parameter studies
demonstrateenhancedfrequency bandwidth and operating velocity rangeing harmonic

excitation and FIV, respectivelfturthermore, PEG using FIV has been extended to continuum



structures, an@ piezoelectric coupledontinuumbeamusing FIV is modeled, described, and
studied for the first time to characterizedynamic response and energy generation performance.
Following that, giezoelectriccoupled stepped beasimodeled using a modified method, tested

through experiment, andilized as a case study of geometric optimization.
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Chapter lintroduction

1.1Research background

For centuries, humans have relied on renewable energy sources such as windmills, watermills,
and solar poweiThese naturatnergy sourcelave provided a sustainable andaiele means of
power generationompared taraditionalfossil fuel reserves. Energyeneratiortechnologies can
be broadly categorized into macro and micro energy technologies. The former refers to systems
capable of generating kilowatts (kW) or megawatts (MW) of podesigned for higipower
applications.In contrastthe latter focuss on mi |l | i watt (mW) or micr
generationtargeting lowpower applicationgOver the past two decades, the scientific community
has beemctivelyengaged in discussions about regenerative enfergysingon portable devices
and microelectromechanical systems (MEM®)e goal is to explore and develop innovative
approaches toapturerenewablévastedenergy for powering these devices and systems, thereby
reducing reliance on traditional energy sources and promoting sustain&labpte theachieved
progress there are still substantialremaining work, challenges and opportunities for
improvementind exploration in this area.

Energy generatiors a prominent tehnology that involves harvestirenergy from external
sources and storing it fautilization. This field has attracted significant attention due to its-cost
effectiveness, simplicity, and portability. The key advantage of engemeratorsis their
capability toharness and utilizezasted or available energy from the ambient surroundimys.
non-regenerative power supplies, such as battexieish have served as tipgimarypower source
for operating lowpower portablelectronicdevices They arereadily available in thenarket and

demonstrate satisfactory reliabilitfdowever, their environmentaéffect for disposal and
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replacement costs present limitations that hinder their suitability for powering wireless devices.
Moreover the device can be mounted in haoereach locations in some apgatiors. It is difficult

to replacehebattery Alternative solutiongre required to solve these issuesuch cases, energy
harvestingrom the environmens a promising approacGompaedto devices usingonventiomal

energy sourceself-powered devices demonstratevironmental friendliness.

Energy generation includesreecommonsources: mechanical energy, thermal energy, and
light energy. Mechanical energy is derived from vibrations, mechanical stress, and strain occurring
in the environment. Thermal energy is obtained from waste heat generated by fanchesders
Light energy is captured through photo sensors, photodiodes, or solar panels, allowing for the
conversion of sunlight or room light into usable electrical energy. These diverse energy sources
provide opportunities for efficigrenergygenerationn various applications.

Electromagnetic, piezoelectric, and electrostatie the three main transduction mechanisms
for mechanical energy, whichave gained widespread adoption due to their effectiveness in
converting mechanical energy into electrical ener§gnong various methods, piezoelectric
energy generator (PEGps garnered significant attentiorom researchemdue to its higkpower
density and relatively saightforward structural desidt], [2]. The abundanmechanical energy
source isalso presented in various settings, including industrial plants, machinery, aerial and
ground vehicles, and construction structures, to offer opportunities for capturing mechanical
energy for various applications under differeanditions

The piezoelectric energy generation process comptlse® main elements: energy source,
energytransducerand regulatory circuit and storage apparailighree elements play a pivotal
role in determining the overall performance REG Therefore it is imperative to carefully
evaluate each of these elemeatslensure accurate analysis of theerall systemTheir interplay
and optimization are crucial for efficient energy conversion, system stability, andddesire
operational characteristicstimeenergy generatioprocessAnd thereremainchallenges in energy
generation that require further exploration.

Energy generation ia dynamigprocess thatan be described mathematicalyathematical
modeling ofPEGprovides a precise and quantitative representatibtine system, allowa deeper
understanding of the underlying dynamiesable parameter optimizatigrand helps making

predictions about the performance under different operating conditOrsrall, proper
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mathematical modeling of PEGan enhance theenergy generatiorapability through design
optimization.

The operation frequency BEG als@lays a crucial role in the energy generation performance.
A high-frequency operatioEG hasthe potentialto enhancesnergy generation performance.
High-frequency operation allows for faster energy conversion cycles, leading to admgingy
generation ratevithin a given time framdt is essential to understand and consider the influence
of the operational frequency ah energy generator to increase its performafoe.vibration
based PEG, the performance is influaed by the alignment between the frequency of the energy
source and the resonant frequency of the PEG. When these frequencies are closely matched, the
PEG can operate at optimal efficiency, maximizing the energy harvested from the vibrations. If
there's asignificant mismatch, the energy conversion efficiency drops, resulting in lower power
output. The operationabandwidth ofPEGis anothermportantaspecthat needs$o be analyzel
and optimize to have better Iéxibility when facing different energy sawes and varying
environmental conditiongnaximize overall energy generation performance, adapt to dynamic
conditions,and possess betteobustness towardsterference

This study primarily aims to design and azayEGsin different operating modes and
conditions. The key focus lies in developing dynamic mathematical models that accurately predict
the performance oPEGs By establishing these models, the study seeks to provide valuable
insights into the behavior dPEGsunder various operating conditions and identify potential
solutions to enhance their overall energy generation performance. Through a comprehensive
examination of different operating modes and conditions, coupledaedhratemathematical
modeling techniques, thisusty contributs to thedevelopmenbf energy generation technologies
and the development dfficient and effective energy generatofs literature reviewwill be
presentedn the next sectioto provide an overview gbiezoelectric energy generation

1.2 Literature review

The dynamic behaviors and energy generation performances of RP&@sdepending on
operating modestructural design, excitation source, and operating condition. The forthcoming

review will concentrate othese aspects
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1.2.1PEGswith longitudinal mod€dss)

There are three common modes for piezoelectric energy generation, transvers@mpode (
longitudinal mode'Q@ ) and shear modé&) ). The schematic of the different modes of operation
is shownin Figurel-1. IN'Q mode, a compressive load is applied in direction 3 with the poling
direction along direction 3. WitR mode, the load is along direction 1 with the poling direction
in direction 3. FoiQ mode, a shear force is applied in direction 2, resulting in shear deformation
in direction 5 and electrical potential along direction 1, while the poling direction remains in

direction 3.
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Figure 1-1 Deformation of PEGs under different operating modes.

Xie and Wang developed@ mode dualmass piezoelectric bar harvester, which can collect
vibration energy from vehicle suspension system subjected to different road corjdjti@ao et
al. proposed & mode haneheld piezoelectric energyarvesting structure for humamotion
energy harvesting4]. Zhang et al. proposed’ @ mode energy harvester based on annular
piezoelectric stack$s]. Li et al. proposed a 2DOR mode stacked piezoelectric energy
harvester (SPEH) incorporated a frequencycopversion mechanism through a mechanical
limiter [6]. Min et al. proposed a piezoelectric stack energy harvester operalihgrimodefor
railway system energy harvestifig]. Wang et al. designed@ mode piezoelectric energy
harvester to harness energy from traffic loadd field tests were conducteb assess its
performance under various traffic conditidB$. Xiao et al. developed'@ modepiezoelectric
energy generator embedded in vehicle brake pads and excited by magnetic r¢plulkiom et
al. integrated piezoelectric energy harvesters into a pen to capture energy during writing in both
Q andQ modeg[10]. Li et al. developed a piezoelectric energy harvester operating @ the

mode based on a sprimgassspring oscillator[11]. Sheng et al.proposed aQ mode
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piezoelectric energy harvester incorporating a dynamic amplifier as well as several composite
piezoelectric transducer celis capture vibration energy of railway bridgd®]. Narolia et al.
developed &2 moderotarytype energy harvester to harvest the energy from rotary motion
system[13].

1.2.2PEGswith transverse modgls;)

Wu et al. designed’@ mode piezoelectric coupled buoy energy harvester by converting the
transverse ocean wave energy to electrical enédjy Gibus et al. designed a tunalfle mode
piezoelectric energy harvesters utilizing electrical methods to extend the frequency bandwidth and
the electromechanical coupling coefficigib]. Bao et al. proposed@ mode piezoelectric
cantilever nonlinear magnetic pendulum structure to investigate the coupling effects between the
internal resonance and nonlinear magnetic interadi@j Li et al. presented & mode
piezoelectric and electromagnetic hybrid energy harvester to harvest energy frérmgoancy
vibration[17]. Sadikbasha et al. presentegiezoelectric coupleduxetic hexachiral cantilever to
collect vibration energy undérr ans v er s e piean gpatch undenabk thetehanced in
plane stress when the auxetic hexachiral structure was under uniaxial tension and compression
[18]. Liu et al. proposed’Q modevibration energy harvestein which the amplified inertial
force of a mass acts on two clamped piezoelectric beamduocelargeamplitudevibrationsand
generatdarge output$19]. Xiao et al. proposed a piezoelectric beam to harvest energy from FIV
[20]. Shi et al. developed’Q modepiezoelectric energy harvestier capture vibration energy
from multi-directional and ultrdow frequency waveR1]. Egbe et alreporedahybrid rotational
energy harvester comprising piezoelectric, triboelectric, and electromagnetic generators for energy
harvesting from lowwind speedswherein PVDF strips operated under modeare used for
piezoelectricenergy generatiof22]. Haldkar et al. analyzed the energy generation performance
of porauspiezoelectric ceramiagperated undeéR mode[23]. Xie et al.designed a special brick

consisting of a doublstoreypiezoelectric coupled beam to harvest footstep erj@djy

1.2.3PEGswith shear modéd;s)

Narolia et al. developed’Q mode piezoelectric energy harvester based on rotary motion,

which converted kinetic energy of rotation into electrical en¢2§y. Wang and Liu put forward
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a’Q mode energy harvester using piezoelectric film for collecting energy from watej2&dw
Zhao proposed ® mode piezoelectric energy harvester with two elements in series connection
and compared the output voltage with the prevatudy usingingle element harvestg@7]. Xiao

et al. proposed amagnetengaged sheanode piezoelectric energy generator with two
configurationsand investigated théynamic responses considering different connections between
magnetic spring and piezoelectric elem¢d8]. Berik compared the sensing capability of
piezoelectrigpatchesoperated undéR modein both inparallel andn seriesconnecions [29].
Trindade and Benjeddou proposedirate element homogenization methtal characterize the
properties 0a’Q modepiezoelectrionacrefibre compositg30]. Xiao et al.proposé a shear
mode piezoelectric energy generator, whithzes thefriction-induced vibrationK1V) andhigh

shear mode piezoelectric coefficient to improve the energy o{@glitLi et al. proposed an
asymmetric cruciformpiezoelectric harvester operating in‘Q mode and compared its
performance with that of @ modepiezoelectricharvestehaving equal total mag82]. Apart

from the traditional piezoelectric materials, relaxor piezoelectric single crystals, such as
Pb(MguaNb23)Oz-PbTiO:  (PMN-PT) and Pb(ln2Nb1/2)Os-Pb(MauasNb2/3)O3-PbTiO:  (PIN-
PMN-PT), have also been studied and investigated for their energy generatior{ 2®Jilif$5].

1.2.4PEGswith structural modification

Keshmiri and Wu proposed laroadband piezoelectric energy harvestsing a group of
nonlinearly tapered cantilevers arranged in an arfa§]. Wang et al. proposed an
electromechanical steeduction method, considering both the structural continuity and parallel
circuit factors, to depict the coupling behaviors of variagetion piezoelectric composite beams
[37]. Sriramdas et al. proposed a mugitep piezoelectric cantilever design configuration with
partial coverage of piezoelectric material in steps along the length of a cantilever beam to improve
energy generation performar{@8]. Zhang et al. developedjallopingbased piezoelectric energy
harvester usin@g stepped cantilever beaand optimized its performance throughquential
guadratic programming (SQP) and evolution strategy (BS). Usharani et al. proposed
piezoelectric cantilevewith step design and compared its energy generation performance under
tip-excitation, and an electromagnetic exciter was used in the expefddgriRahimzadeh et al.

designedan unimorph cantilever beamwith different configurations and simulated its energy
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generation performance under different paraméddris Usharani et al. proposedvaulti-stepped
piezoelectriccantilever with rectangular cavitiesmd analyzed its performance in broadening the
bandwidth during operatigd?2]. Shi et al. investigated the dynamic characteristics and vibration
transmission behavior of single and coupled oscillators using bilinear stiffness and damping
elements[43]. HernandeMonteset al. investigated the energy response of siuggreeof-
freedom systems with a range of hysteretic relationships that exhibit stiffness degrading inelastic
and bilinear elastic behavior when subjected to earthquake ground miotithres presence or
absence of felta effectd44]. Balasubramanian et al. studied thieration responses of beams

with nonlinear boundary conditions interpreted using-Bnleiar spring modelanda piecewise

linear stiffness function with additional switching poimtasintroduced to describe the tinear
behavior[45]. Shan and Zhu presented a piezo stack energy harvester with a frequency up
conversion method to achieve higbwer generation using the impact between the inertial mass
system and the piezo stack transducer sy$déj Fang et al. demonstrated a rotational impact
energy harvester using the centrifugal softening effect of an inverted driving beam to improve the
energy harvesting performance of two piezoelectric beams at low rotational freqUénfLiSsi

et al. analytically studieda hybrid electromagnetic energy harvesting systeonsidering
mechanical impact, Coulomb friction, harmonic excitation, and Gaussian white[48]s&u
proposed a novel impadriven twodegreeof-freedom piezoelectric energy harvester to capture
vibration energy harvesting in a wide frequency range that includes its two resonant frequencies
[49]. Li et al. proposed &equency upconverting generatarsinga piezoelectric stackhat can
scawenge vibration energy frolmuman motion at ultriow frequencie$s0]. An equivalent spring

mass systemincluding a collision mechanism between the proof mass and spring lirmiser
desigred to describe thefrequency upconverting process. Zhang and Qimtroduced a
piezoelectric vibration energy harvester with a hybrid mechanism of impact andriapg that

enables tunable frequency-apnversion across a widebaftd ).

1.2.5PEGsunderdifferent extations

Piezoelectric energy generation under rotating motion involves converting energy from
rotational movement into electrical energy using piezoelectric mateHalset al. proposed a
piezoelectric energy generation device vattvind turbine structure under rotating motion and

investigated the effects of the number of wind turbine fan blades and blade shapes on energy
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generation performang¢b2]. Micek and Grzybek presented an experimental analysis of the arrays
of three Macro Fiber Composite (MFC) patches for energy harvesting from a rotatingp3haft
Rizal et al. developed a magnetically impelled piezoelectric rotating energy generator integrated
into a rotating spindi§4]. Gao et al. designeadhauxeticstructure piezoelectrienergy harvester
utilizing rotational motior{55]. Kan et al.developed a drurtike piezoelectric energy harvester
using rotation, in which the external excitation is transmitted to the piezoelectric transducer
through an air chambgs6]. He et al. proposed a hybrid energy harvester utilizing rotation, which
combines piezoelectric and electromagnetic mechanfEmMxNin et al. developed a triboelectric
piezoelectric squirrel cage with sekénsing and seffowering capabilities, enabling energy
harvesting from the relative motion of the resbator structure and the vibration of elastic support
[58]. Chand and Tyagi investigated the energy generation performance of an exponentially
tapering width piezoelectric beam under rotafta®.

An energy harvester can perform well if the energy source frequency matches with the resonant
frequency of the harvesters, and deviation between these two frequencies may affect the energy
harvesting performandé0]. To solve this problem, FIV, a new approach utilizing friction as an
excitation source independent of the ambient frequency, can achieexa@tdtl highfrequency
vibration. Some research works have been conducted to study friction afféH|\[62]. Carlos
Canudaset al. proposed a new dynamic moietiepictfriction, which included the Stribeck effect,
hysteresis, sprinfike characteristics for stiction, and varying breakay force[63]. Zong et al.
proposed a new modeling method considering the surface fractal feature and normal load to better
describe the tangential frictional stiskp behaviors of contact interfaces, experimental studies
were conducted to prove the accuracy of thedeh[64]. Leine et al. presented a simple and
efficient alternate friction model to simulate stislip vibrations, which has the advantage of
proper integration with an ODB8&olver and is more efficient for computati@3]. Liu et al. studied
and compared five friction models for micro stiglgp motion systems, including the Coulomb
friction model, Stribeck friction model, Dahl model, LuGre model, and the elastoplastic friction
model, with experimental testirj§6]. Wei et al. established a dynamic model of a vehicle braking
system and studied the stiskp vibration characteristics of the syst¢@7]. Al-Bender et al.
proposed a novel multistate friction model based on the Masielimodel by replacing the
Coulomb law at the slip state with a ratate law{68]. Wang et al. performed an experimental

and theoretical study investigating frictiomduced stickslip vibration with a duapin-on-disc
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model[69]. Anons moot h Coul ombdéds | aw of friction was
solved by the Switch Model method. Hu et al. conducted research oroa-@gisc to study the

effect of FIV on the corrugation of sliding surfa¢é]. Based on the FIV phenomenon, different
studies have been conducted to analyze the source of frictiothangethod for eliminating

friction. Kérner and Mayer analyzed the friction at the contact surfaces of a vehicle body vibration
dampei71]. The friction properties were characterized, and the effect of the internal pressure of

the damper on its friction behavior was studied. Chen et al. proposed a new mechafim for

and noise, and the partial detachment and reattachment of the contact surfaces were studied to help

control friction and noise in daily lifgr2]. Lin et al. presented a novel brake pad to reduce disc
brake squeal with FEA and experiment tesfif@]. Triches et al. used modal analysis techniques

to minimize braking squeal by optimizing brake damper param¢i@is Hammerstromand
Jacobson presented a spshhped modification of the brake disc surface to reduce squeal noise
during braking75]. Zhao et al. investigated the origin of the FIV phenomenon, and piezoceramic
actuators were designed to suppress sigkvibrations[76]. FIV has some negative effects in
some cases; it will be helpful to either harvest the wasted vibration energy or use FIV. Wang et al.
designed a novel piezoelectric actuator with sslgg motion [77]. The dynamic model was
established, and simulations were performed with experimental verification to evaluate the
performance. Tadokoro et al. performed experiments and numerical analy§ls amde
piezoelectric energy generation under frictj@8]. Wang et al. studie® mode piezoelectric
energy harvesting utilizinglV through experiment and ABAQUS simulatipff]. Xiang et al.
studied the energy harvesting performance by installing a piezoelectric cantilever beam on the
braking system of a train, and they found that FIV can be reduced by the piezoelectric cantilever
beam[80]. Helseth described the stiskp motion using a hook and loop system which can
generate force fluctuationand compared the voltage generation characteristics of a piezoelectric

macro fiber composite and a triboelectric generator excited bysipknotion[81].

1.2.6PEGsunder nonlinear operating conditions

To improve the operatingange researchers tried different metho@&®r linear generators,
generator arrayf82] and combined eigenmodg3] are the two popular approaches to increasing
the operatingrange For nonlinear generators, applying external magnetic force to create
generators with more than one stable equilibrium posj8dh setting vibration impact systems
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that limit the vibration amplitude but widen tlgeratingrange[85], and using active resonant
tuning by setting preload, stiffness and mass adagi@@jsare the three main techniquésaong

these techniquest is common to mourppermanent magnebn piezoelectristructures to achieve
magnetic couplingwhich can increase the operating bandwigltidl enhancesnergy generation
performanceAbdelmoula et al. conducted research veittaccurate electromechanical model of

a piezoelectric energy harvester for nequency excitation purposé®4]. The result showed

that the hardening behaviors occurred with dual attractive magnets compared to softening
behaviors usin@ single magnet, while both configurations lead to broadband resonance regions.
Upadrashta and Yang proposed an innovative method to model the magnetic interaction without
including the magnetic module using the nonlinear spring element in ANSYS finite element
analysis (FEA) packag¢87]. Their successful modeling of magnetic force simplified the
simulation as an electromechanically coupled problemoilinear monostablearvester witha
cantilever configuration and al2OF nonlinearenergy harvester were used as case stualies

the simulation results were validateglusingexperimentainethods Alomari et al. experimentally
compared the energy harvesting performance of a single piezoelectric cantilever beam with tip
mass with the effect of applying an external magnetic force and thermal energy[88lirGae
external magnetic forgewhich created a nonlinear coupling energy harvesting system
demonstratedhe improvement of output voltage in different configuratiomke thermal source

further boosted the output voltagedifferent temperatures. Abdelkefi and Barsallo introduced an
enhanced broadband leinequency piezenagneteelastic energy harvester using a cantilever
beam with a fixedip magnet massThe incorporation ofttractive magnetiforce resulted in a
decrease in the natural frequency véthtrong softening behaviavhich benefitslow-frequency
broadband energy harvestif@p]. Their model was validated with previous experiment result

and parameter studies were conducted to seek the optimal configuration. Upadrashta and Yang
designed an array of nonlinear monostable energy harvesters to scavenge energy from broadband
vibrations with low amplitudes under harmonic and random excitai¢@jsThey combined two
energy harvestersne withanattractive configuration and the other watrepulsive configuration

to achieve broadband energy harvesting. Firoozy et al. investigated the behavior of a piezoelectric
cantilever beam with a tip magnet and nonlinear boundary conditions under a harmonic base
excitation for broadband energy harvestiaj]. The curvature and inertia terms were modeled to

be nonlinear due to large amplitude vibrations. Rui et al. presented a magnetic coupled
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piezoelectric energy harvester to increase the output and bandwidth, and they used a lumped
parameter model for calculation withparametric study92]. Macro Fiber Composite (MFC)
material vasutilized for experiment, and the results revealed the polsitocerelated relationship
between the optimal spacing and the different magnetic flux cesngian et al. introduced a
monostable piezoelectric energy harvester with stoppers folelsl excitationd93]. Dhote et
al. proposed a nonlinear muitiode piezoelectric vibratiebased energy harvester using
geometric nonlinearit{@4]. A lumped parameter model was derived andhericallysolved The
experimental and simulation results showedtinlege of bothwide bandwidth and higlioltage
output in frequency sweepsgang et aldeveloped a broadband vibrational energy harvester with
a strong softening effect using a soft magrsansitive elastomg®5]. The fabricated prototypes
were tested to be capable of providing power over a wide frequency fdogle-Jimenez et al.
presented a cantilever based piezoelectric magnetoelastic vibration energy harvester with
enhanced mechanical robustn@g. KOH etching was used to kmathe cantilever, and the proof
mass was fabricated using micromachined Fe foils with a pair of miniature magnets attached. Yang
and Towfighian proposed a parametric resonator for vibration energy harvesitayJumped
parameter model coupleslith the magnetic force was used to analyze the performance of the
systen{97]. Zhang et al. investigated the distance of magnet, noise spectrum dersdamping
on the dynamic response of the proposed HAfieliil coupled piezoelectric energy harvester under
random excitatiof98]. The results indicated that reducitig system damping ratio, narrowing
magnetic distang®r increasing excitation spectral densibuldenhance vibration amplitude and
increase the average power of the system. The abovementioned literature focused-staini®no
energy generatorsvhich can be achiedewith a simple design and wider bandwidtBi-stable
[99]1 [101] and multistable[102]i [104] generators are also investigated by researchers. However,
as mentioned irthe literature, the performance of the-diable and themulti-stable energy
generators depends on the excitation amplitude and the shape of the potential f{b@%pns
Mono-stable energy harvester, on the other hand, usuallysaffémpler and less complex design,
which can result in lower manufacturing costs and easier optimization for specific frequency or
deformation amplitude condition$ntegrating multiple monstable energy generatorgito a
single devicecan alsdurtherexpand the working frequency rand€©6].

The selectionof operaing mode for aPEG depends on specific application requirements,

availableenergy source, andbrationdirection Each mode has its ovataracteristicandscope
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of applications Though he shear mode piezoelectric charge coeffidignthas a higher value
compared to the compression mdde and’Q in common piezoelectric material, the actual
performance still depends warious factor$107]i [L09]. Certainenergy sourcesay align better
with transverse mode&) ) andlongitudinal mode'@ ) rather than shear mod® (), leading to
higher energy conversion efficiencythe piezoelectric mterial properties other thanthe
piezoelectric charge coefficientsyich as mechanical stiffness (Young's modulasylifferent
directions mayalsoaffectthe overall performance offaezoelectric energy harvest&herefore,
it is important tanvestigate th@EGdesignunder different modes and their proper applications.
Theexistingstudies considerintpestructural modificatiomndnonlinearoperatingconditions
have contributed to the advancemenP&iG designwvith special characteristicshe introduction
of FIV can become a new possibilftyr piezoelectrienergygenerationn scenarios where friction
is presergd However the research wordn PEGunderhigh frequency excitatiors limited. And
there is almost no research wankestigatingFI\V undernonlinear conditiondlt is important to
initiate the researchvith different structures texplore theirdynamic characteristiognder high
frequency excitation and nonlinear conditions. Furthermore, it is worthgetatify proper
parameter$or enhanang energy generation performance.

1.3 Research objectivemdthesisoutline

1.3.1Research objectives

The main objectivef this researcls to develop mathematical models for PEGs under various
working conditions using high frequency excitation, validate the accuracy of the models through
experiments, and conduct parameter studies to investigate the dynamic behaviors of PEGs and
evaluate theirenergy generation performand@eveloping mathematical models fdifferent
PEGsis beneficialto gain a comprehensive understanding of tlgmamic behavios under
complex working conditionsv/alidating these modglthrough experiments is essential to ensure
their accuracy and reliability, which can also provide empirical evidence for further anBihess.
models enable the simulation of PEG performance, reducing the need for protalyfgErent
designsand thus saving time and resources. Conducting parameter stanliesp to identify the
important factors affecting PEG performancBy systematically investigating the dynamic

behaviors othesePEGs, optimal values for parametarghin certain ranges can bdentified
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leading to more efficient and effectiREG designs.The researcis carried out in the following

perspectives.

1. Design and analysis ai PEG for vehicle braking systerd novel piezoelectric energy
generator embedded &vehicle brake pad and excited by magnetic repulsion is developed.

2. Design and analysis & shear mod®EG using FIV.A shear mode piezoelectric energy
generatothatutilizes FIV and high shear mode piezoelectric coefficignleveloped.

3. Analysis ofaPEGunder linearbi-linear, and impact conditions using FI¥A. novelPEGwith
linear, btlinear, and impact design configurations is proposed.

4. Analysis of a magnetngaged PEG using harmonic excitatidttimagnetengaged sheanode
piezoelectric energy generator with two nonlinear vibration system configuretnaposed
The dynamic responses thie PEGsconsidering the different connections between magnetic
spring and piezoelectric elemerdseanalyzed

5. Analysis of a magnetngaged PE@sing FIV.This study investigated the characteristics of a
magnetengaged nonlinear piezoelectric energy genetatderFIV.

6. Analysis of a PEG witlcontinuum beanusing FIV. A piezoelectric coupleadontinuum
structureunder FIV is modeled, described, and studied for the first time to charadterize
dynamic response and energy generation performance.

7. Modeling and optimization of a PEG with stepped continuum beam using\FiMzoelectric
coupled stepped beam is developed to capture vibrational energy induced by, #&NN-
LSTM network is trained with simulation datnd servesas the fitness function in GA

optimization

1.3.2Thesisoutline

The thesis online is described as follows, and the linkages of different chapters are summarized
in Figurel1-2.

38



PEG under high fr

v

ChapBaclkground an

'

Ch a pF u n2d a nmeondteal |i meat ha

———— N

Pi ezoe Cont i

; Fric 1DO 2DO Tr an:
consti Beam
equat mo d € PEG PEG PEG char:
Chap. Cha$. Chap. Chap.
PEG f or Shear m ¢ PEG usi PEG usi
braking systamder undelri rbd continuunm
under hi i mpact stepped b
rotati ¢ FI V
Chao.
PEG using
excitati.
under nonlinear
condi ti
\ 4 Y l A\ 4

v

ChapSummary and fu
Figure 1-2 Linkages of different chapters.

Chapter 1
An overview ofpiezoelectricenergygeneraion is introduced in this chapteffter reviewing
the existing researcipiezoelectric energy generatiovith high frequencyrotation and FIVis

proposed
Chapter 2
The piezoelectric constitutive equatiprfsiction mode] and mathematical odeling of

different piezoelectric coupled systems described in this chapter.

Chapter 3
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The design and analysis af ambeddedEG for vehicle braking syamis illustrated in this

chapter

Chapter 4
The design and analysis afinear shear mode PE®ystemundernonlinearF1V is depicted

in this chapter

Chapter 5andChapter 6

Different types of nonlinear PEG systems were modelled and studied in chapters Flaad 6.
modeling and analysis afPEG considering Hinearand impact conditionsndernonlinearFIV
is introduced inChapter 5The dynamic behavior of a magrexigaged PEG under harmonic
excitation is explored in the first section@fapter 6The dynamic behavior @magnetengaged
PEG under FIV is investigated in the second sectidbhaipter 6

Chapter 7

The modeling andanalysis ofa piezoelectric coupled continuum structuneder FIV is
depicted inthe first section ofChapter 7 The modeling and geometric optimization of a
piezoelectric coupled stepped continuum structure under FIV is introduced in the second section
of Chapter 7

Chapter 8

A summary of this thesis given in this chaptefollowed by an outline ofuture works.
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Chapter Z2undamental rodeling andmethods
for research tasks

In this chapterthe fundamental modeling and methods for research tasks are introduced. The
piezoelectric constitutive equations, which aredamental in thelectromechanical behavior of
piezoelectric materials, are first introduced in Secfdhto elucidate their role in piezoelectric
energy generation. The friction model, which depicts the frictional behaviors, is then described in
Section2.2to provide insightén understanding the variation of friction. The modeling of a single
degreeof-freedom (SDOF) piezoelectrmpupled energy generation system under friction is
depicted in Sectiof.3to explain the interplay between mechanical motion, piezoelectric effect,
and nonlinear friction. After introducing the SDG¥stem under friction, the modeling of a two
degreeof-freedom (2DOF) piezoelectrmoupled energy generation system under friction is
demonstrated in Secti@to describe the effect of friction on the system dynamics. Furthermore,
the modeling of a piezoelectreamupled continuum beam under frictisrpresented in Sectidhb.

Finally, the transient charging method, utilized for energy generation evaluation, is described in

Section2.6.
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2.1 Piezoelectric constitutive equations

The constitutive relations for piezoelectric materials are formulated as,
Y iy oy P
o Q¥ -off Q<
where"Yis the strain vector (m/mj;is the elastic compliance coefficient matrix’(M); 4is the
stress componenector (N/nf); Qand'Q" are pigoelectric coupling coefficiersnd it transpose
matrix (Coulomb/N)Qyis the electric field vector (N/Coulomb or V/n(),is the electric charge
density displacement vector (CoulomBJand- is the dielectric permittivitymatrix (Farad/m)
[110].
Eq.(2.2) is fromthedirect piezoelectric effect, which converts mechanical stress to electrical
charge. Eg.(2.1) is based on the reverse piezoelectric effect thats electrical input into
mechanical deformation

The elastic compliance coefficient mattixan be expressed as,

i i i m o m T,
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The transpose of stress component veg¢gman be expressed as,
4 Y Y Y Y Y “Yh c8
where™Y, Y, a¥ad e the nor mal str es;andd, Yo n @g¥adier etchtei o |
shear stress in direction #%zhH, d&@vhhdi c6h, raenpd etshe
the shear stress in plane 23, plane 13, and p
The piezoelectric coupling coefficient matixcan be presented as,

m T T m Q ™
Q T T m Q T T8 ®
Q Q Q m T T
The dielectric permittivity matrix can be written as,
- m T
- m - m 38 CH
m T -

42



This research focuses dhe direct piezoelectric effectilizing Eq. (2.2), which transforms

mechanical energyto electrical energy.

2.2 Friction model for dynamic analysis

Liu et al. conducted an experimental stadfive friction models including Coulomb friction
model, Stribeck friction model, Dahl model, LuGre model, and the elastoplastic friction model
[66]. The study concluded th#te Stribeck model, Dahl modehnd LuGre model alinatched
with experimentThe Coulomb friction model and elastoplastic model domatch very well

The discrepancy between the Coulomb friction model and experimental results can be
attributed to the sticklip motion, wherein the sliding speed encompasses both stick and slip
components. The Coulomb friction modiescribes the slidinfyiction force dependent solely on
the sign of the sliding speed and the friction coefficient. However, in-sligkscenarios, the
required friction coefficient may vary between stick and slip motion. This disparity between the
required coefficients can cauge Coulomidfriction modelto beinadequate.

The mismatctbetween the elastoplastic friction model and experimental results arises from
themo d einadequate represeion ofthe slip motion period. Although the friction force and
sliding speed predicted by the elastoplastic model exhibit similarities to the LuGre model, the
predicted displacement fails toapture the observed slip motion period accuratdligis
discrepancy can be attributed tdeagerstatic friction force in the elastoplastic model, leading to
the absence of relative motion dgithe slip motion period.

Several specific drawbacks can be identified when comparing the Dahl and LuGre friction
modek to the Stribeck friction modeFirstly, the Dahl and LuGre modetxhibit a higher level
of complexity by accounting for a wider range of frictional phenomena, includinesipfing
displacement and varying levels of st&lip motion,compared to the Stribeck mod&he detailed
modeling involve more parameters and sophisticated equations, requiring more processing power
and time to simulate accurately. Howevershould be noted thahese nuanced frictional
phenomena are naomiversal, and they may occur in specific situations with particular friction
materials. Secondly, the parameters in thealD and LuGre modsllack direct physical
interpretations, in contrast to the Stribeck model which provides a more intuitive understanding of
friction behavior, particularlgoncerninghe influence of velocity. Thirdly, the Dahl and LuGre

modek primarily focuses on dynamic friction behavior and may not adequatelyreagttatic
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friction or stiction effects. Lastly, the applicability of the Dahl and LuGre nsoatelarious
operating conditions may be limited. Consequeritig, Strbeck friction modeis usedfor our
researchHowever, the selection of an appropriate friction model should be contingent upon the
specific requirements and characteristics of the research
The friction force usinghe Stribeckmodelcan be expressed as,
"0 “ 0 Oh <
o ' Q *20Ch h ca

where' 0 is the friction coefficientwhich is related to relative velocity ; "O is the normal

force applied to the structure. In the expressioh ob ,‘ stands for the dynamic friction

coefficient, * is the static friction coefficient, is the exponential decay factofhe
relationship among , * , and'Oareshown inFigure2-1.
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Figure 2-1 Friction forceas a function of relative velocitfa)* 0 . (b)"Q

However, when considering the Dahl, LuGre, and Stribeck friction rmatishould benoted
that these models have limitations in accurately capturing the static behavior of friciion.
overcome this diffiulty, Karnopporoposed a model thtterelativevelocity 0 is considered zero
for a specified range, and the static behavior can be depigteoh this interval[111]. The
Karnopp model can be expressed as,

o0 hds O

0 | EROF@0i0001 s Q

c®o
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where(Q, is the toleance for zero velocityOu is a given function for the friction force tside
the tolerance velocityQOrepresents the resultant of the external forces acdiinthe reference
body;"Q .i$ the magnitude of static friction

In Figure2-1(b), it is evident that the static behavior of friction manifegten the relative
velocity U approaches zero. However, achieving an exact zero velociipgdaumerical
computations iglifficult. It is necessary to introduce a "zero" relative velocity region. Within this
region, tte friction force™O is determined by considering other forces present in the
system. Tk resultantorce contribute to thestaticbehaviorof friction. By accounting for these
forces, the model can accurately simulate thgcsbehavior of frictionwhen the relative velocity
remains within the "zero" regiomncluding the "zero" relative velocity region in the numerical
computation ensures a more realistic representafithe friction dynamicsA combination of the
Karnopp model and Stribeck modsl hence introduced imy research anaill be used for
calculation, and it can be written as,
O ‘ © Q $:0Ch h9s

[ EBEQfIQoac@@] hs O

The friction force can be shown as,

0 T

=0.4

static

F=20N z,=02 4

8.50

-4.00 -2.00 0.00 2.00 4.00

\—,3:4---- R 528‘
Figure 2-2 Friction forceof the Karnopp and Stribeck model

2.3Singledegreeof-freedom (SDOF) piezoelectrmoupled energy generation
system

The equation of motion fa singledegreeof-freedom (SDOF}$ystem under friction is given

by,
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The constitutive equation of the piezoelectric matddaldirect piezoelectric effeds given

as,
r;:((ll
T T T m Q T I,!Yn’-
mn nm m Q nm m'In
0 Q Q Q T T T 1Y
O 1Y e <P ¢

0 uyw

- m 1w O

m - nm O

mT T - (0]

Taking the shear mode as an example,(E@2) can be written as,

O Q'Y - 08 ¢ o

The strength of the electric field on the piezoelectric patch is determined by the voltage
difference across the piezoelectric layer, th@is @WI'Qwherewis the output voltage between
the two ends of the piezoelectric layandQis the thickness of the piezoelectric shear pdich.

(2.13) can be written as,
O QY - -8 P T
where'Y Q® 6 j av :Q Wb 60 wjp Q ;6 a0 .

"Q s the stiffness constant of the piezoelectric patch and can be calculated from the elastic
constant at constant electric displacementof the piezoelectric material in shear mode, the
crosssection ared and the thickness of the piezoelectric materiad) is theelastic constant
at a constant electric field is the electromechanical coupling factér;0 are the length and
width of the PZT patch, respectively; o is the piezoelectric patch shear deformation at time
Considering Q and Q in series connection;Q can be determined byQ

0 jO 1

The deformation of the piezoelectric shear pabchan be derived as,
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Differentiating Eq.(2.14) with respect to time, yields,

® Yoo YQ Qw0 mh P g
wheYies el ectrdcsrebestapaeitance of the piezo
cans dleveéd -bygjo.

] is defined as the force factor calculated from the piezoelectric coeffiRignthe stiffness
constant of piezoelectric materi® , to evaluate the electromechanical coupling effect
between the mechanical system andpieeoelectric material

I —QQ h P X

For the sake of representing the actual performanpeénbelectric materiak tuning factor,

—, is added to the force factor expresgiomeflectthe influence of the neperfect bonding and

connection between mechanical structure and piezoelectric patch, and the possible imperfect
fabrication of piezoelectric material

The mechanical and piezoelectric coupling equation of the systetherabe written as,

a OO0 WO Qoo | w o 00

h Py

w o Yow o Y| wo T

wherew is the output voltage from the piezoelectric material after considering the charging
dissipation in electric resistancgonsideringthe electromechanical coupling effect induced by

the piezoelectric patch, an iterative process is applied to solve the response. The total calculation
time"Yis divided into small discrete time segmentsvhere the subscriffindicates the iteration
number ancdo 0 0 is the corresponding period of calculatiéior the first iteration step

(6 msandQ p), we asamed that the system is at rest amelinitial condition is,

wo mh
wo 0 h P «
w o mh

wherew 0 is the initial displacement of the mass block at the equilibrium posiion; is the
initial voltage across the electric resistance. Based on the relative sliding veloeitlyich is
equaltob W 0, the friction system has two states: slip staies (1) and stick state®)( ).

For the convenience of computation, the friction states changing conditians fatandv 1t
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ares Q and s 'Q, respectively, an, represents a close to zero threshold value for
judging friction state change.

We assume that the mass blacknitially moves with friction plate at a velocity in the
periodo 0, the stick state friction force applied on the top of the mass should be considered.
The displacement of the mass blockbin 6 0 is,

WO U8 c& m
In the stick statethe friction force’ O 0 is determined by the maximum static friction force

'O 0 and the applied forcéO 0 on the mass blockO o ino0 o0 0 is

represented as,

o o "0OOCb h 8 p
The applied forcéO 0 is expressed as,
0 6 Qwo o | w0 8 c& C

& OinO O O can be written as,
I,:Q WO G O

.. . hO o ‘0
"0 06 o | w O 8 cq O
VAN "00GCb hO 6 ‘0
Ino o6 0,ifs Q,the systemis still in stick statQ 0 is equal to,
0 6o Qwd wad | —v» o8 C& T
"O 0 can be expressed as,
.':Q wo Gan O 3
" O 0 0
"0 6 . | W O 8 c& v
VN "00GCb h'O 6 ‘0

However, if©0 s 'Q,, the system is in the sliding stal®,06 in6 o 0 is,
06 * '00Ccho U 8 & ¢
where' is the fricton coefficient inthe sliding stateand it is described in E@2.8). The
vibration and voltage response frég.(2.18)ino 0 0 is,
wo Q 6 AN 6 O0ETo 5
ot o @ OBT o o t At C8 X
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wherg is the natural frequency of the linear systemjands the damping frequency solved by

S S p B ;0 andd are determinedbgp o andwo
wo Q OAN G 6 O0ETo h & «
wo Q AT G 67 6-1 OElIo 6371 671 h C& M
reorganizingeq. (2.29) andEg. (2.30), yields,
o) h ¢®p
5 —— 00 Q 6 OETo 8 & g
Following thesimilar idea, when the time is in the peridd 0 0
wo Q 6 Al G 6 OFETo 5
ot 0@ o081 o o t At & o
o wo'Q S —TOwnoQ Ath T
whered0 and0 are determined by the initial conditioob 6 andw o
o) h Co U
0 wo Q 6 OET0 8 ® ¢

2.4Two-degreeof-freedom (2DOF) piezoelectrmoupled energy generation

system

The equation of motion fax 2degreeof-freedom (2DOF¥yystem under friction is given by,
a wo ® OO0 OO0 Qwo Qoo
O = C® X
Owo Wwo wo Q wo wo Oo
Also, taking the shear mode as an example, the piezoeleatrstitutive equatiors the same
as Eq.(2.13). Considering theelectromechanical effect of the systethe mechanical and

piezoelectric coupling equations of tsystemsunder friction can be written as follew
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Eq. (2.38) demonstrate a twodegreeof-freedom piezoelectriecoupled systems, and the

solution is found using a combination of the modal superposition methobwdrainel integral.
Expressingeg. (2.38) in a matrix form, it yields,

d m wo O O ® OO0 Q Q Q wo

1L
T4 o & O 6o 90

©o 008 @

where™O 0 is the external force, which includes the friction foi©e® and the piezoelectric
coupling termiO 6 Qo 0] Q Q in Eq. (2.38). After simplifying Eq. (2.39), it
canbe writtenin matrix form
a wo 0 Q0O Qwo "00 8 ¢g8 n
To solve Eq(2.40) by modal analysis, it is necessary to solve the eigenvalue problem and find
the natural frequengy andj

1 a4 ® Q8

The det®rgf@ nantsof the coeffici
sodagll 2]

8 p
elnfanhatami emus

j
Th -— —V — T c8 ¢

Prreul t i pl(R4 by QEg.i t Ogpi v@s] & &. Repl awiadget he
withEg.the mode shapesaref othi af ecent Tlhnede@or ma

can be cal culat eda nibdy axs,s uamidn ge xipnr etsess ms amfd i t
can be expressed as, B
R T @ @
() . . . x . g o
® ™ §g— § —

Based on the orthonormalization, thenstantoand®can be determined by normalizing
as,

O a ® "Ch g 1
and ® can be solved as,
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According to the expansion theorem, the solution vecboof Eq.(2.40) can be expressed by

a linear combination of the normal modes,

w ®n, 8 ¢
where 1] is the timedependent generalized coordinate vector, and can be expressed as,
f 2 2 : 8 X
Substituting Eq(2.46) into Eq.(2.40), it gives,
a wno 0RO Qdno "00 . c8 |
Multiplying Eq. (2.48) by & * leads to,
O*a G nRo AREORANINS O* Qoo 00, 8 «
where 0 0 is the vector of generalized forces associated Wjith
0 o g g ®»* 00 . C® m

According to the vi br at(249 can beosonelifiesl todhe brieo g o n a
describing the vibration correspondingheindividual vibration mode. For th&h vibration mode,
we can have,

no ¢1 /o 1 no 0 ohQ pl, c® p

Since the two equations represented by(E§1) are uncoupled. The response of tiemode
is similar to a singledegreeof-freedom system, and can be expeéess,
n o Q NAT1g:0 nOEFIz0
no Q NATI0 nOBIL0
O t 60 OBl 0 0 t Qt SN

no

o
—, 0 1t 00 OBTs 0 o 1 Qf
A
wheregl is the natural frequency dh mode;— is the damping ratio ofth mode] is the
damping frequency ofth mode and the relationship betwgen and] can be expressed as
1 P — 1 M,Nn.n,3 canbedetermined by the initial conditions of the time domain

response, and at 0, it yields,
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wherer] 6 andr O can be solved by,
17 O
o 10T 9t oo
Ni O
Cr Nk O ' @ T
. n o . Wra 0 o
w Np O
The vibration response> 0 and w0 can be expressed as,
" W o ® o ® n
wo 4 ~ o r,] \ o r,] ' CEE)U
w o ® o W no
" W o ® no ® no
o o 2o e @ ¢
w o ® o W no

From Eq.(2.39), it indicates that the voltage response is relatedoto and it can be

expressed as,
WO o S —0 w0 woQ Af, ¢® X

wherew 0 is the voltage from the previous time step and determined hyittad condition.

Following the similar iteration concept in Sectid3, it is assumd that the initial condition at
0=0sis known. The period of calculation, denotedas 0 0, corresponds to the subscript
“Quhich indicates the iteration number. For the first iteration siepQ(s and'(x 1), we make the
assumption that there is no external force acting on the system. Additionally, we assume the initial
velocity of & equals to the sliding speed of the friction plate and the voltage on the

piezoelectric patch is O,
LW o0 m
"vQ 0 T
.wo L. ¢d
vy
w0 )
rw o T
The response® 0,w 0 andw O during the time period 0% 0 can be expressed as

follows,
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wheren ,n ,n , R can be calculated as,
w N O Q Nh 0 —1 Np O Ah%b
> 1 ae 0 OBT0 T 4
n o Np 0 Q n o OEAS jATI100 @
Pho Q Ngo-1 Ao AlGo
R 1 s 0 OBId T i
wn o Np 0 Q n o OEAO jATIOW0
andfq 0 andn O can be solved from the vibration response of the last iteration step,
2o "
vy o R O4a wo  wta @9
Ng O W o
. . o ®o
r, . Nr O o4 2 s w4 . WO
.no , 0W*a Wo (N "
o Ng O W o
and 0 T 0O can be expressed as,
. ‘ ot o 4 T
VT O 5+ o5 @0t o OF o BT

Following the similar idea, when the time is in the pedodox 6 h OEA OEAC
O1 1 OACA cabodprdssedas,
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2.5Piezoelectriecoupled beanfor energy generation

Based on thdzuleii Bernoulli beam theory, the vibration governing equation of a uniform

cantilever beam can be expressed as:

"o — — 0 —" 80w "0Gfd | @ |

wherewis the position variable alonghe length of the beamjis the time variable,” is the
equivalent mass density, & is crosssectional ared) G is the displacement functio@is the
equivalent elastic modulu®w is the second moment of arég,is the strain rate damping
coefficient, "O afp is the friction.

It is notedthat the piezoelectric cantileves partially coated with piezoelectric patch.
Therefore, the distributed stiffness, mass per length, and the second moment of area are different
at the coating regioandcan be written asO ‘@ & & and “@hleading to the following governing

equation for the piezoelectramated section,

h

=

a — o@—" %0 "0 6iD . B o

Defining the elastic modulus of the aluminum and piezoelectric material (PZT) asQ O ;
the distance from the top of PZT to the neutral axis &
MQ ¢i O i O <¢Q ¢ 0O;the distance from the bottom of the aluminum beam to

the neutral axis a8 M O I O cdQ ¢i 'O;thedistance from the center of the
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PZT layer to the neutral axis &3 i O 1 0 ¢Q ¢i 'O;the equivalent stiffness
as 00 ‘00 'O'O ;the mass per lengthds " "O®” "@; the second moment of area
‘O ‘O "0 ; and the moment of inertia of the aluminum bé@mand piezoelectric materi@ ¢

can be expressed Hd 3],

0 , C& T

O > h X P

where’Oand Qare the thickness of aluminum beam and piezoelectric mat@aaddy are the

width of thealuminum beam and piezoelectric materiaand” ®are the density of aluminum and
piezoelectric material, respectively.

0 O in Eq.(2.68) can be decomposed into two parts using the mode superposition method,

Vofd B w R o, & ¢

and the subscrigt  phghot8 hHb denotes the mode shape numibey. & is thes th mode shape
function, andy, 0 is referred to as the generalized coordinate. As the system is proportionally
damped, eigenfunctiom; @ are the normal mode eigenfunction of the corresponding undamped
free vibration problenfil13]. To properly solve the dynamic response of the piezoeleaxitipled
cantilever,0 ofp , the displacement function of the beam in Ej72) is divided into three
sections: a piezoelectrmated section in the middlg,( @ 0.), and two norcoated sections
(m @ 0 andd, w 0). The detailed mode shape functions of the separated beam sections
and the boundary conditions are providedppendixA. This method can be expanded to model
a continuum beam with multiple sections and piezoelectric patches.

It should be pted that the bendingnomentD 4 induced by the piezoelectric patch, which is
related to the voltagey, across the piezoelectric material along its poling direction, can be

obtained by the following equatigh14],

0 , ¢ o
wheref 0Q 0Q,ands @.'Q isthe piezoelectric coefficient.
To model the piezoelectric coupling effect on the mechanical vibration response of the beam,
the bending momernt 4 is simulated as two point loads with opposite directions ath and
@ 0 . The amplitudes of the loads are the same and can be calculated Ky wSubstituting

Eq.(2.72) into Eq.(2.68) and add the coupling terms, K8.68) can be written as,
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where'Qp, @0, @ WD, '@y @D, and'Qy; 1 represent the equivalent point loads
The constitutive relation fquiezoelectrianaterialcan be expressed as follows:
O wd QYap - 0 0. ¢ v

Rearranging Eq(2.75) to express axial streS¥ in terms of bending straity and Youngs

modulus of PZTQ pji ), the permittivity component must be replaced by permittivity at
constant strain, which is given by - ‘Q 'O.ReplacingdD 0 with @y 0] 'QEQ.(2.75)
can be written as,

O dd QOYdad - —. X ¢

The bending straifiy ofd at position x and time t in the PZT layer can be expressed as a
function of the distance of the center of the PZT layer in the thickness direction to the neutral axis

and curvature of the beam at positioand timeo:

j=x

Y ofd 0

C& X
Eq. (2.76) can be written as,

O dd Q00 h

- — q- Q!
The electric charggé 0 developed in the PZT and collected by the electrode can be obtained

by integrating the electric displacement over the electrode area as,

U O . Q0oQ®

- —Qw & &
Then, the current generated by the PZT can be given by,

h Q . ¢ m

N6 —— . Q0Q®
The voltage is also related to the equivalent resistaffoem the measuring device. Then, the

voltage is expressed as,

0oy . cap

wo 0O0Y Y. Q00

Eq.(2.75) can be written as,
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Coupling Eqgs(2.74) and(2.82), the transient vibration response of the beam and the dynamic
voltage output can be solved through modal analysis and an iteration calculation process, which is
described in detail ik\ppendixB. Egs.(B.14) and(B.15) show the solutions of mechanical and

electrical dynamics responses.

2.6 Energy generation evaluation transienicharging

To evaluate theenergy generation process, a transient charging simulation that has been
experimentally validated is us¢il15]. The piezoelectric transient charging circuit depidted
Figure 2-3, consists of an equivalent resistor connected in parallel with the piezoelectric patch,
four Schottky diodes, a toggle switch, and a storage capagjtén example of dynamic output

during charging is shown iRigure2-4.

p
Pi e T
pat (G R
e — L A
Figure 2-3 Charging circuit.
221 : . 2.20
2 0.00 2
) 1.10
;Q. ;m
-2.21 : : 0.00 : ! 0.00
0.00 10.00 20.00 0.00 10.00 20.00 0.00 10.00 20.00
Time [s] Time [s] Time [s]
(a) (b) (c)

Figure 2-4 Dynamic output during charging. (a}. (b) ¢ (C) 0 4
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At the beginning of the process, ttoggle switch is open, dnthe voltage eross the storage

capacitorw = 0. The voltage aass the piezoelectric patchis equal to the voltage across the
equivalent esistorw . Once the toggle switch is closed, the Schottky diodes allowent b pass
through only if @ 0 @ 0 . To prevent current from flowing back to the piezoelectric
material, an ideal diode bridge circuit is used as a logic switch to allow current to flowe in
direction only. If ® 0 w 0 , the diodes do not conduand the charge stored in the

capacitoris maintained, resulting i® 0 remaining equato its previous value> 6 . To

simulate the charging process of the storage capacitor, an iterative calculation is used and solved

by,

06 wd wodh o
0 0 0 6 DOaxoh T
06 0 0 D0 8 cu

At 0 0, the total charge generated on the piezoelectric material, taking into account charging
dissipation in electric resistance, is denotedby . 0 o and0ee 6 represent the charge on

the piezoelectric material and the newly added charge to the storage capacitor, respectively. The

variabled 0 represents the accumulated charge onstbeage capacitor until thie 6. The
term 0 O indicates the rectification of the diode bridge circuit. The voltages acessoitage
capacitory 0 and the pieoelectric materiado 0 arecalculatedas follows

First, the voltage on the piezoelectric material at the tinreeassumed to be equaldo 0 ,

andcan be expressed as,
wo —38 & q

Judging the charging state by comparing the value with , then, the charges on the

piezoelectric patch and the storage c#paduring thecharging statean be obtained as:

0 0o h & X

~

6o 0o Dwd 0o 8 cay

For the norcharging statethe charges on the piezoelectric patch and the storageitoapac

during the charging statan be obtained as:
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The voltageso ; andwy, are as follows,

wo —h CBom

o) —38 cBop

The circuit will not be charging if the voltage on the storage capacitor is higher than 95% of
the peak steadgtate voltage of the piezoelectric patch. Then, the electrical power output during

the charging process, 0 , can be solved by,

0 o _oyo 8 B¢

The RMS (Root mean square value) of the charging power from timé/3 iven as:

0 - 0o Q8 & o

2.7 Summary of modeling methed

The fundamental modeling and methostsudying piezoelectric energy generation are
introduced in this chapter. The piezoelectric constitutive equations introduced in SQettoe
employed to illustrate the electromechanical behavior of piezoelectric materials under linear elastic
deformation.The friction model described in Sectiéh?2 is utilized to depicts the dynamic
frictional behaviorsunder FIV. Precise modeling of both stick state and slip state frictional
behaviors is considerading the Karnopp and Stribeckiction models

The modeling of a singldegreeof-freedom (SDOF) piezoelectrmupled energy generation
system under friction is depicted in Sectidr8, based on whiclan extendedwo-degreeof-
freedom (2DOF) piezoelectrimoupled energy generation system under friction is then
demonstrated in Sectiéh4. These models are used to studydizpamics mechanical responses
and piezoelectric charging of discrete systems under Fixthermore, thelynamicmodel of a
piezoelectriecoupled continuumbeam under frictiorwith continuouslyvarying responses in
spacadomainis presented in Sectidh5. The transient charging method described in Se@ién
which is originated from previous literature, is utilized for piezoelectric energy generation

evaluation.
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However, the abovementioned modeling process is based on optimal environmental conditions
and does not account for the effects of temperature and humidity. These environmental factors can
possibly affect the performance of PEGs. Variations in temperaturdvamidity can alter the
material properties of the PEG, which in turn can affect its performance. To simulate the effects
of temperature and humidity on PEGs, varying material properties based on temperature
dependent equations and humidity effects rnteelde considered for analytical modeling. Finite
Element Analysis (FEA) allow for thermatechanical and thermalectricstructural coupling,
enabling analysis of how environmental changes impact the PEG's perforifbacsfects of
environment will be considered in my future study.

The inclusion of nonlinear friction introduces complexities that affect the energy generation
capabilities and overall performance of different piezoelectigled systemsExploring the
interplay among mechanical motion, piezoelectric effect, and nonlinear friction in different
systems is crucial for gaining valuable insights into the design and operation of such Skiséems.
experimentalalidations of these modetsxd parameter studies based theith be presented in

the following chapters.

60



Chapter 3iezoelectric energy generatioof
vehicle braking system

In this chapter, a novel piezoelectric energy generator embedded in vehicle brake pads and
excited by magnetic repulsion is developed. Parameter study considering the dimensional and
material properties of the piezoelectric stack and braking conditiomshidle is performed to
optimize thedesign.The modelingmethods depicted in Sectiofsl and2.6 are utilized in this

chapter.
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3.1System design

Figure 3-1 illustrates theschematic design of an integrated vehidbraking system
incorporatingpiezoelectric energy generator. The assembly of the braking system, the slotted
brake rotor, the brake pad assembly, and the piezoelectric energy geswerafepicted ifrigure
3-1(a)(d), respectively. The slotted rotor, chosen for this study, is specifically designed to
dissipate friction heat and gas, ensuring consistent braking performance. The brake pad comprises
three layers: a backing plate, a bonding adhesive, and a friottiok. The energy generators are
embeddedn the brake padas shown irFigure 3-1(c). The piezo stack ends are affixed to the
backing plate, while magnets are attached to the piezo stack. The top holes in the friction block
havethe same diameter as thglindrical magnetFigure 3-1(d) provides an illustration of the
piezoelectric energy generator, which consists of a piezo stack and a ngngirevious
literature studied the life time of piezoelectric stack by evaluating the degradatadiess than
5% ofdegradation was found within the first 10 billion cyc]&&6]. It proved thepossibility of
using piezoelectric stacfor energy generatioin practical operationThe purposed energy
generator for vehicle braking system is still under conceptual and preliminary desigrlstage.
ensure the actual application of the proposed sysispecial protection layer, likethin rubber
between the piezoelectric material and the neighbor mechanicalnesds to be designed during
the prototype manufacturing stages the rotor rotates, a magnetic repulsion is generatec:bet
the embedded magnets in the brake rotor and the brake [pawisg the braking process, the
braking performance is mainly affected by the coefficient of friction of brake pads and the
clamping force. The coefficient of friction of brake pads ranges fror.®.3The clamping force
from a single caliper can easilgach 5000L0000 N and performance braking system such as
Brembo can achieve even higher clamping force using multiple p{dtbnl [118] The clamping
force generated from the hydraulic braking system during the braking process is much higher than
the magnetic repulsion in our designed energy generBterefore it will not affect the braking

performance o&vehicle.
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Figure 3-1 Schematic diagram and geometries of the novel braking syggrisk brake
assembly(b) Brake rotor. (c) Brake pad assembly. (d) Piezoelectric energy generator.

3.2Voltage generation

3.2.1Energy generation using magnetic repulsion during vehicle braking process

A mathematical model is developed to explain the principle of the energy harvesting system
using magnetic repulsiatturingthe vehicle braking procesgigure3-2(a) demonstrates how the
magnets in the brake pad and brake rotor move close to each othetleibiraking process. The
magnet embedded in the brake rotor acts as the actuator. The magnetic repulsion increases
exponentially while the brake pad and the actuator move close to eacWbthelynamic rotation
of thebrake rotor, the forcehangep er i odi cal ly with the change of
which induces dynamic tension and compression deformation on the piezoelectritesidiok)

to thegeneration of electric charge.

63



+—back
Lo - PZT
VI N [N ma g n
N
) N S —— rotor
| N embed
“es s magn
(a)
positive
d 3 L
— po —
Fzir & ek Cpzdd
A=p* @/ 2 . grou

(b)
Figure 3-2 Principle of the energy harvesting system using magnetic repudsiomg the vehicle
braking procesga) Vertical displacement dhe cylindrical magnet(b) Poling direction and

terminals of PZT

During the braking process, we assume that the brake pad makes contact with the smooth
surface of the brake rotolorming a separation gap of 1 mm between the rotor and brake pad
magnets. We also assume the rotor moves at speltk horizontal relative displaceménof
the cylindrical magnet in the brake rotor is,

Y 08 oP

Following the method ifil19], the magnetic repulsic® between two cylindrical magnets

as a function of their separation gap can be written as:

O w > 8 og

However, for small values of the result fronkqg. (3.2) becomes inaccurate and lafd&0].

Most of the theoretical magnetic repulsion calculation models are simplified with different
assumptions and the results often fail to match with experimentally measured data. In this study,

"O is calculated using the magnetic repelling force calculator based on experiment data which
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provide us with an accurate res{iR1]. The reaction force on the piezoelectric stack can be

expressed in a piecewise function with respect to the overlapping area of the two fi&fjets

¢ - wEl — —— p — O hm Y -

00 . . — . . h o
:,I'jc - weEi — — p — O h- Y O
w O Y 6°7Y

whereQis the diameter of the magnét;"¥ the arc length between two slots in the rotbhe
reaction forcéOo is a piecewise periodic functionWe expanded it in thEourier series for our
calculation to improve the calculation efficiency because the iteration calculation in Matlab using

the analytical expression is faster than numerical integration. The Fourier series expansion is,

"0 — B HAI'@® oB »OEQD ho for:
O -, 00 AT® @h'Q nphgiBh oR
® - 00 OEQ ©bQ phciBh oD

wheret is the periodfd and® are the Fourier coefficients, respectively.

In this work, we consider a piezoelectric patch vétpoling direction along its thickness
(direction 3)Figure3-2(b). The PZT is under tension or compression deformation subjected to
normal stress along the poling direction. The electrodes are located adoig & the top and
bottom surfaces of each piezoelectric layer. gbrerated voltagen thepiezoelectric material

can be expressed as,
w6 Q — QO —Qb o
where"Y is thenormal stress along directioni8can besolved by'Y "0 6 70p38nd0  isthe

crosssectionalarea of the piezoelectrianaterial. The transient generated changje can be

calculated with Eq(2.83).

3.2.2Experimental verification of voltage output

In order to verify the output voltage frothe numerical method, experimental teststio#
voltage output froma piezoelectric patch are performaging an impact hammerFhe excitation
force from the impact hammer is to simuldtereaction force on the piezoelectric stack when the

magnetic repulsion changes rapidly as a result of the changing overlappinghereac length
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betweerthetwo slots is around 2.6 cm with 20 slots in the rotor and the distance from the rotor
center to the actuator cent&f ¢ 0) of 82.5 mm. At 80 km/h (22.2 m/s) and a tire radius of 35 cm,

the angular speed of the rotormi®und 63.5 rad/sind the speed at théo 0 af 82.5 mm is 5.24

m/s. It takes around 0.00496 s to pass the arc length between two slots and 0.0015 s to pass the
embedded magnet. While the impact period in the experiment is betweers@®01003, the
experiment result should be valid to verify the voltage output in our mathematical model under
different conditions. The experimental test setup is showrigare 3-3. The data acquisition
system is a fouchannel Siemens LMS SCADAS mobile integrated with LMS TesfLaB]. An

impact hammer with a force sensor (208C01) attached to its tip is used to apply the impact force
on the piezoelectric pat¢h24]. The material properties and dimensions of the piezoelectric patch
used in the experimentai® Tt mmmpm C/N,O0 O p & mmandQ pmm[125]. The
comparison of output voltage versus time from experiments and simulations under different
excitations is shown iRigure3-4, Figure3-5,  &igude3-6. In thesimulation, gpiecewise cubic

hermite interpolating polynomia applied for curve fitting the experimental discrete input force,

and the corresponding output voltagealculated using E€3.7). The resistanc&'in Eq.(3.7) is

used to simulate the charge dissipation of the piezoelsgttiem connecting the voltage meter.

From the experimental results, it can be seen that the-patame output does not follow the
mechanical inputprecisdy due to the charge/potential dissipation in the piezoelectric material
and the measuring devicEigure 3-4 illustrates different values and excitation periods of the
reaction forces on the single piezoelectric patch. To further prove the model accuracy, two more
voltage output validation experiments by connecting two and three patches in series are conducted
to verify the output voltage frorthe numerical method. The theoretical voltage output model can
hence be validated with experiments using different nusdégriezoelectric patche$he voltage
variations obtained from simulations and experiments match well with each otheY with8

MY, which is the equivalent resistance of t

accuracy and effectiveness of thatage output from E(3.7).
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Figure 3-3 Experimental test setuffa) Piezoelectric single patch dimensi¢in) Piezoelectric
patch connected in serigs) Experimental setup
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Figure 3-4 Comparison of curves alutput voltage versus time from experiments and simulations
under different impulse excitations with one pafef 24.876 N input and voltage output with one
patch (b) 30.190 N input and voltage output with one patch30.105 N input and voltage output

with one patch
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Figure 3-5 Comparison of curves of output voltage versus time from experiments and simulations
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Figure 3-6 Comparison of curves of output voltage versus time from experiments and simulations
under different impulse excitations with three pattonnect in seriega) 14.61 N input and
voltage output with three patch stackseries (b) 16.47 N input and voltage output with three
patch stack irseries

3.3Parameter studies and discussion

In this section, we investigate the influences of the dimensional and material properties of the
piezoelectric patch, the vehicle speed, the magnetic force, the diameter of the cylindrical magnet,
the capacitance of the storage capacitor, and the didtahweertherotor center and the energy
generatorcentern t he c hadahgiamg ipeconvterc.harging si®ubati ol
wi | | b evaluastkecenetgpgeneration processh e di mensi ons and mat e
t he piezoel ect r iTableB-& Focrmhateaal PAMNAI-B,dhe foltbveirdy material
property values will be used in calculations: = 600Q°Q = 30Q

A piezoelectric stack connected in parallel is considered in the study. Gampiin a
piezoelectric stack connected in seriefich offers larger voltage output and less currant,
piezoelectric stack connected in parallel provides much larger electrode area with higher electric
current which is beneficial for charging capacitfi26]. The piezoelectric stack connected in
parallel system decreases the voltage but increases the dorrehtargingthe capacitor. The
experiment study with different numisaf patches is for verifying the voltage output model. The
piezoelectric stack connected in parallel will be used for parameter study and simulation to

evaluate the performance of the purposed energy generator.
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Tab3ldMat er i al properttihpeceeaadl|l dcmensi pas
APC 850 (PZ PMNPIB ( P T0=03 33

0 1900 55@6® 00
Q ( I'6C/ N) 400 20@B®O0O0
- ( I'6F/ m) 8. 85 8.85
00 Q mm) 812 812

" mm) 0.P56 0.P56
n (number of 80 80

3.3.1Parameter studies

Figure3-7 displays the RMS charging power versus the vehicle speed under different magnetic
repulsion conditions while charging a storage capaoiter 100uF. The abbreviations used in the
parameter studies are defined as follows¥or vehicle speed) "Gor magnetic forceYda 0
slot number in rotqrd “Yor piezo layer thicknes® Clor actuator diameted ¢ wf@rinumber of
layers 0 O @r piezo layer diametemnd’Y 6 6 fér rotor center to actuator cent€onsidering
practical vehicle operation condition, the parameters in this simulation are sebt®b& mm,

"= 0.25 mmg = 80,0 O= 8 mm andY 6 0 ©82.5 mm withw “¢hanging from 80 km/h to 160

km/h under different magnetic repulsion conditions. It can be observed that the RMS charging
power increaselinearly with the increase in vehicle speed under the same magnetic force
condition. The RMS values also increase with the increase of magnetic force under the same
vehicle speed conditiolit.is easy to find from Eq3.1) and Eq(3.3) that the higher vehicle speed

leads to a higher excitation frequency of the magnetic force applied to the piezoelecttic stack
resulting in an increase in the output charge. The higher magnetic force ledudglter reaction

force to the piezoelectric stack and the deformation of the piezoelectric matkithl contributes

to the higher power output. It is found that the RMS charging power from a singleggieemtor
increases from 0.00028 W to 0.00050 W when the vehicle speed changes from 80 km/h to 160
km/h with the magnetic force of 15.48 While the RMS value from a single piegenerator
increases from 0.00028 W to 0.00032 W when the magnetic force changes from 15.48 N to 16.73
N at a vehicle speed &0 km/h. The total RMS power of one brake caliper with tksiky
piezoelectric generators under 160 km/h and 40 N magnetic force conditions is 0.0908 W. Of the
thirty-six generators, eight are locatedYad OpQ sixteen aty 0 oo@nd twelve aty 6 ot The

RMS charging power of generators at differ&nd 0 Iocations are shown ifiable3-2. As a result,

increases in the vehicle speed and magnetic force leadreasedpower output. However, it
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should be noted that all outputs from our parameter studies are limited by physical dimensions and
magnetic material constants. Higher output can be achieved by using more piezoelectric materials,

stronger magnet, and an increasthaphysical dimensions of the system.

%10

—— MF=15.48 N
—— MF=16.01 N t
541 | |—— MF=16.73 N >

6.49

RMS Power [W]
b
W
o

3.26

2.19° : : ‘
80 100 120 140 160

Vehicle Speed [km/h]
Figure 3-7 RMS charging power by a single piezoelectric energy harvester versus vehicle speed
under different magneticepulsion conditions(d ‘O= 0.008m; 0 "¥ 0.00025m; 0 & w80
0 0 '®0.008m;Y 6 690.0825m;"Yda & 20)

Tab32RMS charging power

compar i-BlBnubde:
magneticarep20skmhh and 160

k m/ h.
120 km/h 160 km/h
APC 8! PMN 1B APC 85 PMN B
(PZT4 (PT=0..83 (PZT4 (PT=0.3
Y6&& 82.5 mm O0.001 O0.030f! 0.002< O0.039;
Y606 94.5 mm 0.001 0.030¢ 0.002: 0.0309¢
Y6606 105 mm ( 0.001 0.031¢ 0.002! 0.0309(
Yé66t& 114.5 mn 0.002 0.031: 0.002f! 0.0400(
RMS Tot al 0.071 1.122 0.090 1.262:

Figure 3-8 investigates the influences of the dimension of the piezoelectric material, the
dimension of the actuator (cylindrical mageetbedded in the brake rotpand the location of
the energy generator on the charging pomigite charging a storage capacitor= 100pF.
Figure3-8(a) shows the RMS charging power versus the diameterf®@k can be found that
the RMS charging power changes nonlinearly with the increa8e®Under the same vehicle
speed and magnetic repulsion condition, the increase@ficreasethe overlapping area, and
the stress changes slower the piezoelectric material per unit time. At 80 km/h antagnetic

force of 15.48 N, it is found that the RMS charging power from a single-gezerator decreases
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from 0.00028 W to 0.00018 W whdime diameter of the actuator changes from 8 mm to 12 mm.
Hence, an increase the actuator diameter causes a decrgatfee power output.
Figure 3-8(b) shows the RMS charging power versus the piezoelectric layer thicknkss
can be seen that the RMS power increases with the increase in piezoelectric layer thickness. When
the magnetic force is 15.48 N, the RMS charging power from a single-gesmyator increases
from 0.00028 W to 0.00067 W when the piezoelectric layiektiess is increased from 0.25 mm
to 0.6 mm.A thicker piezoelectric layer leads to a lower capacitance of the piezoelectric stack
Therefore, more charge can flow to the storage capacitor under the same charging condition
Figure3-8(c) describes the RMS charging power versus the piezoelectric layer diameter
It can be seen that the RMS power decreases with the increase of piezoelectric layer diameter.
When the magnetic force is 15.48 N, the RMS charging power of a single-gaeeoator
decreases from 0.00028 W to 0.00012 W when the piezoelectric layeteliasnacreased from
8 mm to 12 mmThe larger piezoelectric layer diameter leads to a bigger surface area of the
piezoelectric layer, which results in a higher capacitance. This causes less charge flow to the
storage capacitpresulting inlower power output.
Figure 3-8(d) shows the RMS charging power versus the distance betiveestor center
and the actuator cent&f 0 0.06lhe result indicates that the increaseYad O leéads to slight
variation of output power while the actuator size stays the sanwvdiiicle speed of 80 km/h
anda magnetic force of 15.48 N, the simulation shows that the RMS power from a single piezo
generator fluctuates between 0.00028 W and 0.00029 W Witen echanges from 70 mm to 150
mm. Asthere is no obvious correlation between them, the charnyeob dbes not have too much

effect tocharging power.
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Figure 3-8 Effect of actuator diameter, piezoelectric patch layer thickness, piezoelectric layer
diameter and rotor center to actuator center on RMS charging power by a single piezoelectric
energy harvester at constant vehicle velocity VS=80 kfajhActuator diametefd ¥ 0.00025

m; 0 & we80;0 U @ 0.008 MY S 6950.0825 m*Yd & P0). (b) Piezo layer thickneg® O=

0.008 m:) & wA80;0 U @ 0.008 MY S 6H0.0825 mYd & B0). (c) Piezo layer diameter

(6 'O=0.008 m¥ "¥ 0.00025 mp & HE80;'Y 6 650.0825 m'Y& & 20). (d) Rotor center to
actuator centef® ‘O= 0.008 mD "¥ 0.00025 mp & w¥80;0 § '@ 0.008 M"Yd & 20).

Figure3-9 displays the RMS charging power for different storage capacitance wale¥
80 km/handw ™¥ 160 km/h. The storage capacitorcapacitance is varied from 80 to 200 pF.
The results indicate that the output power fluctuatiggtly with the changén capacitance. The
capacitance of the piezoelectric stack is much smaller than the capacitance of the storage capacitor
Therefore most of the charge flows to the storage capacitor during the charging picigess.
3-9 clearly shows thahe capacitance of the storage capacitor does not have a significant impact

on the RMS charging power.
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Figure 3-9 RMS charging power by a single piezoelectric energy harvester at constant vehicle
velocities of VS=80 km/h and VS=1@&@/h versus different storage capacitor capacitaage0

km/h (6 O= 0.008 mD "¥ 0.00025 mj) & ©E80;0 U ' 0.008 MY 6 6H0.0825 MIYd & O

20). (b) 160 km/H6 ‘O=0.008 mD "¥ 0.00025 mp & ®H™0;0 U G 0.008 m:Y & 6 $0.0825
m;“Ya & 20)).

Figure3-10, Figure3-11,a nkigure3-12di s pl ay t he RMS charging po
speedsing different pifeeentdoeatioastyto 0)idTbe RV&S thargingal s af
power increases with the increase of vehicle speed. It is found that the RMS charging power from
a single piezagyenerator using APC 850 reaches 0.00193 W when the vehicle speed is 120 km/h,

0 "O 40 N and théYy 6 0i6 82.5 mm; while the RMS charging power using PIAIRB, under

the same conditions, is 0.03058 W. This is because the piezoelectric charge co€ffictnt
PMN-PT-B in direction 3 is much higher than that of APC 850, which results in a much higher
output power. The RMS charging power comparison between APC 850 andPFMN s h o wn

i Mable3-22 The tot al RMS charging power is calcul
s h o w Riguie®1( c ) .assénmbly consists of two brake pads (inner and outer) in the brake
caliper, and each of the brake pads costhéhgenerators. Four generatarslocated atY 6 0p9

eight atY 6 oopand six atyY 6 ot6The peak transient charging power comparison between APC
850 and PMNPT-B at 120 km/h is shown imable3-3. The corresponding voltage of the peak
transient charging power is close to the saturation state voltage of the storage capacitance. The
saturation state voltage is slightly different with differand 0 values due tdhereduction of the

duration of the reaction force ¢imepiezoelectric stack 8¢ 6 0 \@lues increase. The peak voltage
generated from the piezoelectric material changes a bit, and the saturation state voltage varies a

little bit as well. This phenomenon can be observed from the experimentafesoltage output
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in Figure3-4. The peak voltage output igure3-4(b), withalonger excitation period, is slightly

lower than the output iRigure3-4(c), where the excitation period is shorter.
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Figure 3-10 RMS charging power of differergiezoelectric material by a single piezoelectric
energy generator with MF=20 N at different locations versus vehicle s@gedPC 8500 O=
0.012 m;0 "¥ 0.00025 mp & wH80;0 U S 0.008 M"Y& & 20). (b) PMN-PT-B (6 'O=0.012
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Figure 3-11 RMS charging power of different piezoelectric material by a single piezoelectric
energy generator with MF=30 at different locations versus vehicle spe@) APC 85000 'O=
0.012 m;D "¥ 0.00025 mp) & wH80;0 U '@ 0.008 M Y& & 20). (b) PMN-PT-B (6 'O= 0.012

m; 0 "¥ 0.00025 mp & w¥80;0 § ' 0.008 m"Ya & 20).
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Figure 3-12 RMS charging power of different piezoelectric material by a single piezoelectric
energy generator with MF=40 N at different locations versus vehicle sfage®lPC 85000 ‘O=
0.012 m;0 "¥ 0.00025 mp & ®H80;0 U S 0.008 M"Y& & 20). (b) PMN-PT-B (6 'O=0.012
m; 0 "¥ 0.00025 mp & w¥80;0 § ' 0.008 m"Ya & 20).

Tab33Peak transi enftr ocnh aar gs-QnegQ kpeoavpeire z c o m
APC850 aR® RMMer 40 N magnet.ic repul si

Peak power Satur at
Power Vol t age voltage
APC 85
YOop&E 82.5 m 0.01389 3.165¢ 3.2827
Yoot 94.5 m 0.0145 3.226° 3.3377
YOooo& 105 mm 0.0153 3. 396 3.5037
Yoo 114.5 0.0159 3.4509! 3.5841
P MNP 1B
YOop&E 82.5 m 0.2235 6. 545¢ 6. 7788
Yoo 94.5 m 0.23014 6. 847 7.0720
Y600 105 mm 0.24114 7.171( 7.3922
Yoot 114.5 0.2501 7. 433" 7.6439

3.3.2Summary and discussion

A novel vehicle brake pabased piezoelectric energy generator has been developed,
incorporating a magnetic repulsion mechanism. A mathematical model hagdiaeblished to
accurately calculate the output power generated by the piezoelectricBtaaknique design of
the perforated brake pad, combined with the high excitation frequencies induced by the reaction
forces at high vehicle speeds, enables efficient engegegratiorwith aW level RMS charging

power
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The study investigates the influences of various parameters on the RMS charging power,
including the dimensions and material properties of the piezoelectric material, vehicleospreed
magnetic forc&) "Q actuator diametdr ‘Q storage capacitan@g and the distance between the
rotor cente and the actuator centd 0 0. dhe results indicate that increasing the thickinésise
piezoelectric layed "Yvehicle speed “Yand magnetic forcé "Qeads to higher RM$harging
power.Conversely, an increase in thepbelectric patch diametér() ‘@nd actuator diametér O
results in a decrease in tRMS value. The capacitanégand the distance between the rotor
center andhe actuator centéY 0 0 db not exert a significant influence on the RMS charging
power.At a vehicle speed of 120 km/h, each caliper of the generator made of APC850 (PZT4)
material produces a total RMS power of 0.0710 W, while generators made oPAFNBNPT=0.3
0.33) material generate a total RMS power of 1.1226 W. Furthermore, at theed@iole speed,

a single piezayenerator using APC850 (PZT4) material generates a peak transient charging power
of 0.01593 W, while using PMNPT-B (PT=0.30.33) material results in a peak transient charging
power of 0.25014 W.

Compared to some existing reseatieht integrate cantileverbased PEGs in vehicle wheel
and utilizes centrifugal force during rotation to harness vibration endtggy/unique design of the
perforated brake pad enables installation of PEGs inside the brake pad in a limitedl'space.
findingsfrom parameter studguggesthat this novel generator design holds potential for energy
generation during vehicle braking processes. To further enhance the energy harvesting
performance and meet the demands of chgrgehicle batteries and powering wireless electrical
devices, improvements can be mademndifying the brake caliper and brake pad design.
Additionally, integrating the energy generator into the brake rotor, employaggets with higher
magnetic flux density, and implementing a boosted par@il (Synchronized Switch
Harvesting on Inductor) circuit catsoenhancehe performance.
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Chapter 4Shear mode gzoelectric energy
generationunderFIV

In this chaptera shear mode piezoelectric energy generator, which utilizes the FIV and high
shear mode piezoelectric coefficient to improve the energy output, is introduced. Parameter studies
have been conducted to investigate the influences of the piezoelectric paehsidnal
parameters, vibration system parameters, friction model parameters, methods of electrical
connections, and different piezoelectric materials on the energy generation perfornguide to
better dsign. The modeling methods depect in Section2.1, 2.2, 2.3 and2.6 are utilized in this

chapter.
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4.1 Testing system design

In this work, a singlalegreeof-freedom piezoelectric shear mode energy generation device is
mounted on a sellesigned test setup. The schematic of the system is shduguimre4-1. In the
test setup, the DC motor provides power to the rotating shaft, and the coupling connects the motor
and the shaft. The motor controller is used to control the speed of the motor. The energy generator
is installed on a mounting structure which iefi on the base plate, and the mounting structure is
made from 3D printing using poly lactic acid (PLA) material. The detail of the energy generation
system is depicted on thettom leftin Figure4-1. It contains a load cell installed in the channel
of the mounting structure, a compression spring to provide a normal load, and -@legrglkeof-
freedom piezoelectric shear mode energy generator. The bolt on the back of the mounting structure
can move drward or backward to press the compression spring to provide a normal load. A signal
acquisition system is used to measure the generated voltage from the piezoelectric patch. A
tachometer is mounted on the right side of the test setup to measure thg spetd of the friction
plate.

The design irFigure4-1 can be regarded as a composite patch, which is designed for shear
mode energy generatiomhe diagram of thegaiivalent 2DOF friction system is displayeatthe
bottom right corner irFigure 4-1. It containsthree parts: the piezoelectric material, the elastic
shear deformation layer, and the friction layEne sliding plate is contacting with the friction
layer and moving at a constant velocity. Due to the high stiffoiege elastic shear deformation
layerandtherelatively small equivalent mass of the friction layer, the composite patch deforms
and vibrates along the horizontal direction with small deformation, and the piezoelectric material
is under dynamic shear deformatisimultaneouslyThe elastic shear deformation layer and the
piezoelectric materiaan be considered as two springs connecteeriess making the mechanism
a singledegreeof-freedom springnass system. It is easy to realize energy harvesting with this
simple mechanispand using the shear piezoelectric mode is relatively simple without introducing
other mechanical parts. It is noteworthy that surface conditions of the PZT affect the interface
bonding and, consequently, the electromechanical coupling effect, and d blecahsideredor

practical application.
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Figure 4-1 Schematic of the testing system design.

4.2 Energy generation

4.2.1Mechanical angiezoelectriecoupling of SDOF vibration system

The mechanical and piezoelectric coupling equation of the system can then be written as,
A OO0 o Qo | Q © o6 "Ooh
|’| (L) #

Q Q
. P

WO YOO Yem——no 1
] | Q Q
fl
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stiffness constant of theiezoelectric patchQis thelinear springstifiness& Oi s t he fr i ct
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4.2.2Experimental verification of voltage output

Our initial design of the energy generator and the corresponding experiment test are shown in

Figure4-2. Theinitial idea is to introduce a simple piezoelectric energy harvester that is easy to
operate in practical applications arhs no complex mechanical structur@he possible
application scenarios are showrFigure4-3. The dynamiaeformation of the structure is shown
atthetop right corner ofFigure4-2. While the sliding surface moves horizontally, the composite
patch deforms and vibrates along the horizontal direction, and the piezoelectric material is under
dynamic shear deformatiohe shear piezoelectric coefficient is usually higher thamdmnmal
ones leading to more efficient piezoelectricity generation. With the advantage of the simple and
compact design, piezoelectric energy harvesting can be easily realized by pushing the piezoelectric
shear patch against any moving surfaces, which can be radétksy cylinders, or running belts.
For example, the technique can be incorporated into the vehicle braking system and utilize the
wasted energy. It can also be combined with the rotating structure of the wind turbine to harvest
the wind energySome rotating fitness equipment can also be adopted to collect released energy
during the workout. In summary, energy from any kinematic motions with ddtwa operation

frequency can generate piezoelectric power due to the high fregaBhcy
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Figure 4-2 lllustration of the shear mode piezoelectric composite energy generator.

Exerci s

Figure 4-3 Applicationscenario®f the shear mode piezoelectric composite energy generator.

Figure 4-4(a)(d) shows the dynamic voltage responses of the initial design under different

conditions.The high frequency dynamic response can be observed due to the stiffnesheathe

rubber. However, the shear modulus of the rubber we used in the experiment is unknown and close
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to linear under’ certain small strain range, whichdifficult to control by regular test setup. In
addition, the piezoelectric material we used in the experimengeneral d33 mode piezoelectric

patch with original electrodes arranged perpendicularly to its polling direction. The electrodes
along direction 1 are made by coating a thin layer of conductive paste, while the original electrodes
are covered by elaital tape to isolate it from the electrode along directionhk dccurate shear
piezoeleatic constant is also unknown. As a result, it is difficult to perfarmaccurate simulation

study of this initial design at the current stage.describe and study the influence of different
parameters on shear patch energy generation with a linear elastic part, a representative spring mass
setup shown inFigure 4-5(a) is applied in the study, and the experimental verification is
demonstrated in the next sectiéntheoreticalstudy of the compact composite patch considering

the possible material nonlinearity will be conducted in our future work.
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Figure 4-4 Experimental result frorahear mode piezoelectric composite energy genefatoD
=0.5N andv =1.9792m/s.(b) 'O = 0.5N andb =5.9376m/s.(c) 'O =2.5N andb =1.9792
m/s.(d) 'O = 2.5N andv =5.9376m/s.

It can be seen fromigure4-5(a) thatthe piezoelectric patch is mounted on a small rigid block.

On the left side of the piezoelectric patch, another rigid block is attached and used to connect with
the linear tension spring. A mass block with a friction layer on one end is connected with the
tension spring. The sliding plate is contacting with the friction layer of the mass block and moving
at a constant velocity. In order to verify the output voltage from the mechanical and piezoelectric
coupled model with the designed test setup, experimedts of the voltage output from the
piezoelectric shear patch under different normal forces and the rotating speeds of the friction plate
are performed. The piezoelectric shear patch is showigure4-5(b), and the left and right sides

show the overall width and thickness, respectively. A piezoelectric shear patch (PL5FBP3) with
flat end plates and electrodes on both ends, which has an overall dimenSx&xbB8 mm, is

used for the experimenthe actual dimension of the piezoelectric materi&xsx0.5 mm. The
material properties of the piezoelectric patch &e:= 590¢2 C/N, & = 21.8€ Pa, andQ =
0.68[30].

To integrate the piezoelectric shear patch into the test setup, two small rigid blocks are used
asseen inFigure4-5(c). The two small rigid blocks, which are 3D printed using Polyactic Acid
(PLA) with 100% infill, clamp the flat end plates of the piezoelectric shear patch. The other two
ends of the small rigid blocks are connected to the linear spring and the fixedreagpondingly.

Resin adhesive is used to ensure each of thesagsetaurely attached. A linear spring CQ47-
032 with™Q = 4553.3\/m is used to connect the left side rigid block on the piezoelectric patch and
the mass blockl27].

The data acquisition system is a falmannel Siemens LMS SCBAS mobile integrated with
LMS TestLab. A rotor kit with a 0.1 horsepower DC motor and a motor speed controller
manufactured by Bently Nevada corp. is used to supply power and control thepimpat the
rotating shaft. A DT2234C+ digital tachometer is used to measure the actual output rpm of the
friction plate.

In the test, the distance between the center of the friction layer of the mass block and the shaft
is 31.5 mm. The velocity during the FIV process is calculated tode= 0.1040DA |, where

U is the rotating speed of the shaft in revolutions per minute (idm), is the distance between
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the center of the friction layer of the mass block and the shaft, and 0.1047 is calcula@d ®bm
= 2' /60, which converts rpm to rad/s. The contact interfaces of the rotating friction plate and the
friction layer of the mass block are cleaned before each test.

The influence of the bonding between these parts and the bonding during the 3D printing
process is difficult to reflect in the theoretical modeling. In the theoretical modeling process, these
parts are assumed to be rigid for simplificatiemd the effect of structural vibration is also ignored.

In order to match the experiment result with theoretical modeling, a tuningfadatoused in Eq.

(2.17) and selected to be 0.05 for the current test setup based on the experiment results. The
comparison of output voltage versus time from experiments and simulations under different
normal forces and rotating speeds is displayedigure 4-6. And the following parameters are
used:d = 0.0062kg, —= 1A ,Q= 4553.2977N/m,' = 0.42,' = 0.62,0=4.2,0 =

258 m? 0 = 0.0005m,| = 0.059812V/N, 6 = 8.4075A F, and’Y= 1.8 MW. In the
experiment, three different normal foré&under two different velocitie§ are performed. In
simulation, the corresponding output voltage is calculated &jn@.34). The resistanc®’ in Eq.

(2.34) is used to simulate the charge dissipation of the piezoelectric system while connecting to
the data acquisition system, ae¢ 1.8MY whi ch i s based on [freviou
The time domain voltage variations obtained from simulations and experiments match each other,
proving the accuracy and effectiveness of the voltage outputEer(2.34). The experimental

results show around 7 vibration peaks within 0.05 s. It indicates the actual vibration frequency of
140150 Hz and proves the possibility of exciting continuous 4fiighuency vibration through

friction. It will be helpful for vibratiorbased piezoelectric energy generation.
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(c)
Figure 4-5 Experimental test setuga) Shear mode piezoelectric energy generator with linear
spring. (b) Piezoelectric shear patch. (c) Piezoelectric shear patch connection.
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Figure 4-6 Comparison of output voltage versus time from experiments and simulations under
different normal forces and sliding velocitigsring FIV. (a)"O = 0.5 N and) = 1.9792 m/s. (b)
"O=05Nand =5.9376 m/s. (cO=25N and =1.9792 m/s. (dO =2.5N and =
5.9376 m/s. (€0 =4.5Nand =1.9792 m/s. (ffO =4.5N and) =5.9376 m/s.

4 3 Parameter studies and discussion

In this section, the verified model is used for transient charging simulation, which is
experimentally verified in previous researfdi5], to evaluate the actual energy generation
performance by charging storage capacitance. The effects of the different design parameters are
analyzed and discussed. In order to obtain a higher energy output, piezoelectric material with
higher piezoelectricanstants can be adopted for the application. The possible output of replacing
the PZT with the single crystal of PMRT is calculated for comparison. The parameters used in

the simulation are shown in the figure caption.

88



4 .3.1Parameter studies

Figure 4-7 displays the RMS charging power, peak instant charging power and saturated
voltage versus different crosgction are@ , which are achieved by changing the width of the
piezoelectric patch) , without changing the thickness, Two different electric resistanté
conditions are studied while charging a storage capagiter 300 nF. And the following
parameters are usal: =0.006Xg, —=1A ;Q=4553.297N/m,0 =5.9376 m/s, =0.42,

‘ = 0.62,0 = 4.2,ando6 = 0.0005m. Considering a similar operation condition tte
experiment setup— is set to be 0.05 leading to a smaller valug because of the bonding
interface, and other parameter values are shown in the figure titles. It can be observed that the
RMS charging power, although more piezoelectric material is used, the peak instant charging
power and saturated voltage decrease thithincrease of the crossction are@ under bothY

= 1.8MWandY = 36 MW conditions.It is easy to find fronthe capacitance calculation formula

in Section2.3 that the larger crossection area leads to a higher effective capacitance of
piezoelectric material, an@® also increase which rdssl in smaller deformation. drger
effective capacitance results in smaller output voltage, when the piezoelectric charge coefficient
Q and the generated shear force stay unchanged.dWiticreases fromdA to 4.1A m?'Y

= 1.8MW, and’O = 0.5, 2.5, 4.5\, the RMS charging power decreases from 99.12 nW to 9.78
nW, 99.43 nW to 9.82 nWand 99.82 nW to 9.86 nW, respectively. Whén 36 MWand™O =

0.5, 2.5, 4.5\, the RMS charging power decreases from 393.64 nW to 10.08 nW, 395.78 nW to
10.12 nW, and 398.15 nW to 10.15 nW, correspondingly. The reason for the higher RMS charging
power with'Y = 36 MWis that36 MWis much larger thah.8MW, leadingto lesscharge consumed

by the electric resistance, which is beneficial for collecting generated energy.
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Figure 4-7 RMS charging power with differe under conditions(a) Y= 1.8 MW. (b) 'Y= 36
MW.

Figure4-8 demonstrates the RMS charging power, peak instant charging power and saturated

voltage versus different piezoelectric patch thicknegsesder two different electric resistance
'Y conditions while charging a storage capaaitor 300nF. And the following parameters are
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used:d@ =0.0062kg, —=1A ;" Q=4553.297N/m,0 =5.9376 m/s, =0.42, =0.62,

0 =4.2,6 =0.0005m, and’Y=36MW. It can be seen that the RMS charging power, peak instant
charging power, and saturated voltage increase with the increaserafer’yY = 36 MWcondition.

It can be found that the increaseotofresults in smaller effective capacitariceand smaller
stiffness constari  of piezoelectric patgttorrespondingly. And Eq2.15) indicates that the
smaller stiffness constaif2  causes larger shear deformation of the piezoelectric shear patch.
The smallelo and larger shear deformation contributes to larger output voltage with the same
piezoelectric coefficient and external excitation. Withincreases frolsA to 1.550 m,6 =

25A m? andO = 0.5, 2.5, 4.5\, the RMS charging power increases from 164.10 nW to
1963.51 nW, 165.00 nW to 1972.21 nW, and 166.01 nW to 1981.77 nW, respectivelydWhen
=250 m?and’O = 0.5, 2.5, 45N, effective capacitand® and stiffness constaf®  are

larger, the RMS charging power increases from 16.63 nW to 479.63 nW, 16.71 nW to 482.24 nW,
and 16.78 nW to 485.17 nW, correspondingly. The RMS charging power, peak instant charging
power and saturated voltage are smaller than the value® wittl2.58A m? because of the higher

stiffness constan® and smaller shear deformation.
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Figure 4-8 RMS charging powewith differentd under different conditionga) Crosssection
aread = 0.000025 rA (b) Crosssection ared = 0.00025

Figure 4-9 demonstrates the effect of the equivalent mass of the vibration s§isteon
energy generation performance under two different electric resistacmeditions while charging
a storage capacitér = 300nF.And the following parameters are used: 1A ; Q= 4553.2977
N/m,v =5.9376 m/s, =0.42 =0.62,6 =4.2,0 =250 m? 0 =0.0005m, and =
0.059812V/N. The RMS charging power, peak instant charging power, and saturated voltage
increase with the increase@f under bothY=1.8MWand'Y = 36 MW conditions.With &
increases from 0.0025 to 0.0075 Rg= 1.8 MW, andO = 0.5 N, the RMS charging power
increases from 72.02 nW to 91.41 nWpresenting 26.9% increase. With  increases from
0.0125 to 0.0175 kg under the same condition, the RMS charging power increases from 96.80 nW
to 98.66 nWrepresenting 1.9% increase. With  increases from 0.0025 to 0.0075 k¢ 36
MW, and™O = 0.5 N, the RMS charging power increases from 105.39 nW to 179.94 nW,
representinga 70.7% increase. Withh  increases from 0.0125 to 0.0175 kg under the same
condition, the RMS charging power increases from 230.15 nW to 270.4kpk¥senting 17.9%
increase. The increase rate of the RMS charging power undeiyboih8 MWandY = 3.6 MW
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conditionsbecome more gradual, which indicates that does not have a significant influence

on energy generation when it reaches a certain value with other parameters unchanged.
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Figure 4-9 RMS charging power with differeiét s qunder differenty. (a)'Y=1.8MW. (b)Y = 36
MW,
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Figure4-10illustrates the effect of the linear tension spring stiffi@sm energy generation
performance under two different electric resistaiteonditions while charging a storage
capacitod = 300nF. And the following parameters are uséd: = 0.0062kg,—=1A ,0 =
5.9376 m/s; =0.42/ =0.62,6=4.2,6 =258 m? 0 =0.0005m, and = 0.059812
VIN. The RMS charging power, peak instant charging power, and saturated voltage increase
almost linearly with the increase ©funder bothY = 1.8 MWand'Y = 36 MW conditions It can
be found fromEq. (2.15) that theequivalent stiffness of the systé is calculated fronQ and
Q  .Q s several orders of magnitude larger tf@arthus,’Q is mainly determined bi.

The increase of2leads to a higher vibration frequency. Though the vibration amplitude may
decrease a bit, the resultiog 0 with higher rate of deformation overcomes the decreased

vibration amplitude and shoveslvantages in energy generation.
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Figure 4-10RMS charging power with differef® under differentY. (a)'Y= 1.8 MW. (b)'Y = 36
MW.

Figure4-11 compares energy generation performance while charging different values of the
storage capacitad and charging the same capacitor= 300 nF with differentY. And the
following parameters are usai: =0.0062g,—=1A ,Q=4553.297N/m, 0 =5.9376 m/s,
© =042/ =0.62,6 =4.2,06 =250 m? 06 =0.0005m, and = 0.059812V/N. Figure
4-11(a) shows that the RMS charging power, peak instant charging power, and saturated voltage
stay almost unchanged with the increase of It proves that increasing does not have a
significant effect on thenergy generation performandégure 4-11(b) indicates that the RMS
charging power, peak instant charging power, and saturated voltage increase with the increase of
electric resistanc®, and the increase rate turns gradual with the increaseTdfe reason is that
the largerY brings the circuit close to an opemcuit condition, and there is less charge dissipation

happened oiY and most of the generated energy by piezoelectric patch is stared in
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Figure 4-11 RMS charging power with differeit and differentY. (a)"Y= 1.8 MW. (b)0 = 3e
7
F.

Figure4-12(a) depicts energy generation performance with the increase in sliding velocity
under’Y = 36 MW conditionswhile charging a storage capacitor= 300nF. And the following
parameters are usel: = 0.0062kg,—=1A ,'Q=4553.297N/m,* =0.42/ =0.62,6
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=420 =25 m?0 =0.0005m, and = 0.059812V/N. The RMS charging power, peak
instant charging power, and saturated voltage increase with the incréas@ bé reason could

be that the largeb increase the amplitude of vibration system ,atmhsequentlythe shear
deformation of the piezoelectric patch and voltage output. Considering the better fabrication of the
experimental test setup, there is less influent¢he bonding interface between padsad the

small blocks are solidFigure 4-12(b) demonstrates energy generation performance with the
increase of the tuning facter under’Y = 36 MW conditions wiile charging a storage capacitor

0 = 300 nF. The poor connection between different parts and the imperfect fabrication of
piezoelectric material will affect voltage response from piezoelectric material, and these factors
are complicatel to include in theoretical modeling. For a better representation of the actual
performance of the prototype, a tuning facter which is used to adjust the force facforis
defined. From Eq(2.17), it can be seen that is related to the force fact@rwhich is related to
electromechanical coupling phenomenon of the system. With the increase pfwill be
increased with improved electromechanical coupling effect, which will boost the energy output
from piezoelectric material. - increases from 0.05 to 0.75 ai@l= 0.5N, the RMS charging
power increases from 164.10 nW to 36922.20 nW which represents a huge improve—\&hen

1, it represents a perfect experiment system with perfect rigid foundation and connection between

the spring and piezpatch.
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Figure 4-12RMS charging power with differeit and—. (a)] =0.059812 V/N. (b =5.9376
m/s.

Figure4-13(a) studies energy generation performance with the increase of the norm&Dforce
underY= 1.8, 9, 18MW conditions while charging a storage capaaitor 300 nF. And the
following parameters are usei: = 0.0062kg,—= 1A ,"Q=4553.297N/m, 6 =258 m?
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0 =0.0005m, and = 0.059812V/N. The RMS charging power, peak instant charging power,
and saturated voltage increase with the increas®.oThe reason could be that the larger
increase the amplitude of excitation and, consequently, the voltage output seen from the variation
of saturated voltage. Based on equatidesnonstratinghe stickslip transitiondescribed in
Section2.3, the stickslip frequency may be reduced with the increase of the normal @rce
However, the simulation result of RMS charging power indicates that the increased voltage output
outperforms the reduced stiskp frequency, which suggests that largercan be beneficial for
energy generation. An obvious phenomenon regarding charge dissipation happétuahdre

found from the simulation result of RMS charging power that the difference in RMS charging
power under the sani® but differentYis noticeable. WhiléO = 10N and'Y= 1.8, 9, 18VW,

the RMS charging powers are 90.80 nW, 154.49 nW, and 163.95 nW, respectively. The value is
getting closer with the increase "giwhich brings the circuit close to an opencuit condition,

but the effect of charge dissipation with sméls worth noticing and designing a better charging
circuit for storing generated energy is necessary.

Figure4-13(b) discusses energy generation performance with the increase of exponential decay
factor 6 which represents decaying effect ‘of 0 , under differenfO conditions while
charging a storage capacitor= 300nF. And the following parameters are uséd: = 0.0062
kg,—= 1A ,Q=4553.297MN/m,6 =258 m? 6 =0.0005m, and = 0.059812V/N. The
larger the value ob, the faster conversion from to’ 0 , and based on E@2.8),

‘ 0 fluctuate around in the sliding statdt can be seen frohigure4-13(b) thatthe RMS
charging power, peak instant charging power, and saturated voltage grow gradually with the

increase of). The reason for the difference befdreeaches 5 can be the slow conversion from

to 0 which means that there is a longer time period of stiigktransition and the
friction amplitude in this period is higher than the sliding state. Genedalijpes not have
significant effect on system energy generation performance.

Figure4-13(c) and(d) illustrate energy generation performance with the increase of dynamic
friction coefficient’ and static friction coefficient , Separately.And the following
parameters are usedl: = 0.0062kg,—= 1A , Q= 4553.2977N/m,6 = 25A m% 0 =

0.0005m, and = 0.059812V/N. It is shown inFigure 4-13(c) thatthe RMS charging power,

peak instant charging power, and saturated voltage grow gradually with the incregsanaffthe
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difference in the early stage can also be the slow conversion‘from to 0 at the
beginning. With the increase of and' 0 , the transition period is shortened and the energy
generation process tends to be stabigure4-13(d) displayshe energy generation performance
with the increase df , and it shows a slow linear increase in RMS charging power, peak
instant charging power and saturated voltage. LaKgeshows faster variation in the same
increase range of . The largef and’O contribute to higher friction force which leads

to higher vibrational amplitude and consequently the shear deformation and voltage output.
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Figure 4-13RMS charging power with differefi®, 0, * , and' (a)' =0.42° =0.62
0=42(b)' =042° =0.62Y=36MW. (c)* =0.620=42Y=36 MW. (d)' =

0.42 6 =4.2°Y=36 MW.

The simulation result ifrigure 4-8 demonstrates thdhe system can generate more energy
with the increase aj . Two setups of connections for thick piezoelectric material can be expected
for the current system design: mechanically in parallel and electrically in parallel, and
mechanically in parallel but electrically in series. Ebr mode, shown irFigure4-14(a), shear
force is applied in direction 2, resulting in shear deformation in direction 5, while the poling
direction of the piezoelectric material remains along direction 3, and the direction of electrode
setup is orthogonal to the induced electrical podé along direction 1. As both setups are
mechanically in parallel, the corresponding stiffness constants of piezoelectric material are the
same. The electrically in parallel setup offers a larger electrode area with higher effective
capacitance, and tledectrically in series setup offers a smaller electrode area with lower effective

capacitance because of the increasehd unchangeelectrode areand the following common

parameters are use@l: =0.006Xkg,—=1A ,Q=4553.297N/m,0 =5.9376m/s, =0.42,

: =0.62,6 =4.2,6 =25 m? andd =6A F.Witho =0.0005m and¢ = 5, which

represent 5 pieces of 0.0005 m thick piezoelectric shear ipgbeinallel electrical connection, the

RMS charging power in perfect experiment system with1.8MWand'Y = 36 MW are 0.335
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mW and 0.336 m\\correspondingly. Witld = 0.0025m and¢ = 1, which represent 1 piece of
0.0025 m thick piezoelectric shear pagtéctrically in series connected, the RMS charging power

with 'Y= 1.8 MW and'Y = 36 MW are 0.250mW and 0.294 mW, respectively. Assuming the
saturated voltage castorage capacitd is less than the standard working voltage of capacitor,
energy generation performance of the electricallparallel setup is better thahat of the
electrically in series setuploreover in practical applicationgnelectrically in parallel setup is
desired because it can decrease the output voltage to a convenient level. Also, the higher effective

capacitance is essential for energy transfer.
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Figure 4-15RMS charging power with different piezoelectric materi@}In parallel (APC 850).
(b) In series (APC 850). (c) In parallel (PMAT). (d) In series (PMNPT).
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4.3.2Summary and discussion

This study proposed novel shear mode piezoelectric energy generationnsyeteploying
friction. A mathematical modehcorporatingpiezoelectric coupling is developed to accurately
predict the dynamic vibration response and voltage output. The energy generation performance is
evaluated through transient charging simulations of a storage capaf#nous factors
influencing the energy generation performance, such as dimensional parameters of the
piezoelectric patch, vibration system parameters, frictiodel parameters, methods of electrical
connections, and different piezoelectric materials, are discussed.

The results indicate that the energy generation performance can be enhanced by increasing the
thicknessof the piezoelectric patah, the stiffness of the linear tension sprifgthe electric
resistanceéy, the veleity of the friction plata) , the force factoy, the normal forcéO, the static
friction coefficient’ , as well as improving theiezoelectric coefficien® and permittivity
- . Conversely, the equalent mass of the systeim , the storage capacitor, the exponential
decay factob, and the dgamic friction coefficient have negligible effects on the energy
generation performance. Under ideal experimental conditions, utilizing a PZT4 piezoelectric
material with a volume 09.005x 0.005x% 0.0025= 6.258 m? RMS charging power of 0.336
mW and 0.294 mW can be achieved through electricaltpairallel and irseries setups,
respectively. This corresponds to power densitiegs28A Wm= and4.70A Wm=. By replacing
PZT4 with single crystal PMNPT, which has a higher piezoelectric coefficient, RMS charging
power of 1.70 mWIn the electrically irparallel setup and 1.61 mW in the electricallysaries
setup can be obtained, resulting in power densitigs’@ WmSand2.588 Wm3, respectively.

Further improvements in energy generation performance, such as increasing the amount of
piezoelectric material and incorporating multiple generators for simultaneous charging, may
potentially realize RMS charging power outputs close to the-lesadt. Addtionally, the
integration of a similar generator into vehicle braking systems can harness wasted energy and

provide a power supply for loywower wireless electrical devices.
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Chapter Fezoelectric energy generatiamsing
FIVunder btlinear and impact conditions

In this chapter, a novel piezoelectric energy generatorliwéhr, bilinear, and impact design
configurations is proposed. The reliability of the model and the stablefrieighency FIV
phenomenon with linear, #inear, and impact design configurations are validated by experiment.
Furthermore, parameter studigie conducted to investigate their effeoh the efficiency and
effectiveness of energyenerationThe modeling methods depicted in Secti@rs 2.2, 2.3 and

2.6are utilized in this chapter.
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5.1 Schematic diagram of testing rig and energy generators

In this work, al ongi t udi @ a [piezorleatrie enérgy generator with different
configurations is mounted on a sdisigned testing rig. The schematic of the testing rig is shown
in Figure5-1(a). In the test setup, the thrplase motor provides power to the bunlshaft, and
a variable frequency drive (VFD) module is connected to the motor to control the rotating rpm. A
friction plate, which is used to provide friction excitatimnthe energy generatas, mounted on
the shaft. The energy generator is installed on a mounting structure made from aluminum angle
iron. A load cell is installed on the other end of the mounting structure to measure the normal load.
The detail of the energy generator with diéfiet configurations is depicted kgure5-1(b), (c),
and (d). Apart from the special designediear and impact structures, the common components
of the three configurations are a compression spring, a mass block with a friction plate mounted
onthe top, and a piezoelectric material watprotection layer fixed at the left eneigure5-1(c),
and (d) showed the4inear and impact configurations, respectively. Ther@ar design includes
a nested spring, and the impact design has a callilnnwhosestiffness is assumed to be much
bigger tha the compression springn oscilloscope is used to measure the generated voltage from
the piezoelectric material during FIV. The corresponding equivalent lumped parameter models are
shown in the bottom dfigure5-1(b), (c), and (d).
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Figure 5-1 Schematic diagram of the testing rig and energy generépSchematic of the testing

rig. (b) Linear generator. (c) Binear generator. (d) Impact generator.

5.2Energy generation

5.2.1Governing equations afysters underlinear, bi-linear, and impact conditions

The mechanical and piezoelectric coupling equation of the systdar linear springan then
be written as,
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whered is the equivalent mass of the vibration systeém;c— Q & is the damping
coefficient and-is the damping ratioQ is the equivalent stiffness of the systé; is the
stiffness constant of the piezoelectric pafa; aig the linear spring stiffnes® o is the friction
force applied to the mass block;0 is the vibration response of the mass block under friction
force;w 0O is the actual output voltage from the piezoelectric material after considering the
charging dissipation in electric resistand&is electric resistance is the capacitance of the
piezoelectrigpatch; and is the force factor.

For the bilinear design configurations, the induced nonlinear force is described by a piecewise
linear function as,
Q ooc;[ﬁ ds))bh o;) o Q h 0&
The induced nonlinear force of the impact design configuration is expressed as,
jo! ®o  Q h oo 'Qﬁ

™ wo Q

whereQ is the initial separation distancand it is shown irFigure5-1(c) and (d)Q andQ

O 0

O o (k)

are the corresponding piecewise linear stiffness, and they are equal toczéro ifQ . Andthe
mechanical and piezoelectric coupling equation of the systeder bilinear and impact

configurationscan be written as,
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The detail iterative solving process is depicted in Se&idn
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5.2.2Experimental verification of voltage output and charging process

The experimental setup incorporatesoacilloscopgdDSO6014A with an internal resistance
of 'Y= 1 MY, which is used fordata acquisitionTo provide power and regulate the input
revolutions per minute (rpm) of the rotating shaft, a tiple@se moto(WEG CT002404NPW22
and a VFD module(CFW500B07P3B2DBN1HO0 are employed. Throughout the testing
procedure, the separation distance between the center of the friction layer of the mass block and
the shaft, referred to & z is measured to be 57.5 mifhe velocityd during the FIV process
is determined using the relationship= 0.1047'Q z where( denotes the rotating speed of the
shaft in rpm. The conversion factor 041 is derived fron®.1047 = 2 /60, enabling the conversion
of rpm to rad/s. To ensure consistent test conditions, the contact interfaces between the rotating
friction plate and the friction layer of the mass blagl be cleared before each tesFor the
charging experiment, a conventional charging cirskidwn inFigure5-3(b) will be employedIt
should be noted that the current study investigates the mechanism of FIV in a 1DOF PEG with bi
linear and impact design configurations and explored its energy generation performance. A motor
is employed to generate and maintain a stable sliding molioerefore, a motor is used for
representation in the structural diagram and experimental setup. The motor is not the energy source
for the PEG to harvest energy for practical applications. Additionally, in practical applications,
using proper materials witenhanced properties is essential to reduce wear and ensure a longer

lifespan.
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Figure 5-3 Piezoelectric material, charging circuit, and energy genefaldPiezoelectric material.
(b) Charging circuit. (c) Energy generator.

The influence of bondingetween parts theoreticaimodeling consider challengingand in
this study, it isassunedto berigid connections and disregarding structural vibration efféagsire
5-4 compareutput voltagen the time domainbetween experimental and simulated results at
varying rotating speeds&.igure5-4(a) and (d), (b) and (e), and (c) and (f) depict the linear, bi
linear, and impaallesignconfigurations, respectivebAnd the following common parameters are
used:d@ = 0.125kg,—= 1A ,"Q= 5428N/m,* =0.2 =0.56=43,0 =3.2260
m?, 0 = 0.0254m, and| = 0.564 V/N. The simulated output voltage is calculatafler

considering thecharge dissipation in the energy generatisgstem whe connected to the

oscilloscopeanda resistance value &f= 1M Y is employedNotably, the impact stiffnes@

from the rod is tuned to simulate the equivalent stiffness after impact due to the possible imperfect
rigid setup and structural vibratiolm this study, theolid rod for simulatingmpactis 3D printed
with polylactic acid (PLA) at 100% infillThe temporal voltage outpufiom simulationgnatch
with the experimental resultisidicaing the accuracy and efficacy of the voltagegputcalculation

The experimental findings for the linear design configuration reveal the occurrence of
approximately six vibration peaks within a time span of 0.2 s. Tisisrghtion indicates the system
vibratesat a frequencyf around30 Hzwhich isclose to its natural frequency (~30 Hit)also
substantiates the feasibility of inducing continuous tirgljuency vibrations through friction. In
the case of the Hinear and impact design configurations, a discernible peak emerges during the
vibration cycle, which can be attributed to the effedtdielinear and impact contacts. This
phenomenoncan posdily enhancepiezoelectricenergy generatiorcompared to thdinear

configuration
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(a) (b)

(M (c)

(e Of

Figure 5-4 Comparison of output voltage from experiments and simulations under different sliding
velocitiesv during friction.(a) Linear (O = 30 N and) = 0.542 m/s). (b) Blinear (O = 30 N,

0 =0.542 m/s, an® = 4553N/m). (c) Impact('O = 30 N,0 = 0.542 m/sand’Q = 58351

N/m). (d) Linear("O = 30 N andd = 0.903 m/s)(e) Btlinear("O = 30 N,0 = 0.903 m/s, and

"Q = 4553N/m). (f) Impact("'O =30 N, =0.903 m/sand’Q = 58351N/m).
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