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ABSTRACT

HARVESTING ELECTRICAL ENERGY FROM MECHANICAL VIBRATION
BY PIEZOELECTRIC MATERIALS AND OUTPUT VOLTAGE LEVEL
OPTIMIZATION

Ogunjinmi, Festus Olusoji
Master of Science, Electrical and Electronics Engineering
Supervisor: Prof. Dr. Murat Fahrioglu

September 2022, 66 pages

The energy conversion performance of piezoelectric cantilever-beam energy harvesters
(PCEH) is improved by developing and designing a novel. A rectangular hole is located
in the middle of the metal substrate. Using the mathematical model of the PCEH, the
mathematical expression of the following is derived as the -eigenfrequency,
displacement of the proof mass, and output voltage and power level achieved due to
displacement of the cantilever carrying the piezoelectric material. We analyze the
eigenfrequency and frequency domain of the model using NANOHUB to investigate
the effects of frequency, load resistance, and acceleration on voltage and power. To
further optimize the energy conversion of the piezoelectric using cantilever and boost
converter an experimental verification was conducted. A novel PCEH has an optimal
peak output power of 3451.55 uW and 5121 mV, at 0.01v diode voltage threshold of a
rectifier circuit while the converter boost output yielded 15V from 5121 mV, which is
5 V input. Due to these advantages, the novel PCEH produces the output voltage and
power at a higher level and a low frequency, as well as improved energy conversion

efficiency.

Keywords: Energy-conversion, Efficiency, Piezoelectric Cantilever-beam Energy

harvesters (PCEH), Mathematical modelling.
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PIEZOELEKTRIK MALZEMELERLE MEKANIK TITRESIMDEN ELEKTRIK
ENERJISI ELDE EDILMESI VE CIKIS GERILIM SEVIYESININ OPTIMIZE
EDILMESI

Ogunjinmi Festus Olusoji
Yiiksek Lisans, Elektrik ve Elektronik Miithendisligi Programi
Tez Yoneticisi: Prof. Dr. Murat Fahrioglu

Eyliil 2022, 66 sayfa

Piezoelektrik konsol-1gin enerji bigerddverlerinin (PCEH) enerji doniisiim performansi,
bir roman gelistirilerek ve tasarlanarak iyilestirilir. Metal substratin ortasinda
dikdortgen bir delik bulunur. PCEH'nin matematiksel modelini kullanarak,
asagidakilerin matematiksel ifadesi, piezoelektrik malzemeyi tasiyan konsol yer
degistirmesi nedeniyle elde edilen 6zfrekans, kanit kiitlesinin yer degistirmesi ve ¢ikis
voltaj1 ve gii¢ seviyesi olarak tiiretilir. Frekans, yiik direnci ve hizlanmanin voltaj ve
gli¢ lizerindeki etkilerini arastirmak icin NANOHUB kullanarak modelin 6zfrekans ve
frekans alanii analiz ediyoruz. Piezoelektrikligin enerji doniisiimiinii konsol kullanarak
daha da optimize etmek ve doniistiiriiciiyii artirmak i¢in deneysel bir dogrulama yapildi.
Yeni bir PCEH, bir dogrultucu devresinin 0.01v diyot voltaj esiginde 3451.55 pW ve
5121 mV'luk optimum bir tepe ¢ikis giiciine sahipken, doniistiiriicii takviye ¢ikist 5121
mV'den 15V'a kadar 5 V giris sagladi. Bu avantajlardan dolayi, yeni PCEH, ¢ikis
voltajin1 ve giiciinii daha yiiksek bir seviyede ve diisiik bir frekansta ve ayrica gelismis

enerji doniisiim verimliliginde {iretir.

Anahtar Kelimeler: Enerji doniisiim verimliligi, Piezoelektrik Konsol-151n Enerji

bicerdoverleri (PCEH), Matematiksel modelleme.

vil



ACKNOWLEDGMENTS

I dedicate my master’s degree qualification award and the completion of this thesis to
the Glory of Almighty God from whose Grace I am alive to talk about the completion
of this work, also appreciate God Almighty for the opportunity given to me to achieve
this far and for the grace to complete the thesis and other related research associated

with this work.

I also dedicate this to my wife Omowunmi Ogunjinmi and my children whom God has
given as gifts of life to me and as well appreciate them for mutual understanding over

the course of my study master’s degree program.

I also dedicate this to my special Academic advisor Prof. Dr. Murat Fahrioglu whose
care and mentorship cannot be quantified and as well equally grateful to Asst. Prof. Dr.
Canras Batunlu from the Electrical Electronics Engineering department for knowledge-

impacting support and a bit of advice toward the success of this work.

I also would like to appreciate Prof. Dr. Murat Fahrioglu for his uncommon support,
effort, supervision, and guidance as sacrificial work to the success and completion of

this work.

I am also grateful to Chima Daniel Nwaokete, Middle East Technical University.
Sustainable Environment and Energy Systems Department. For his supports on the

success of this work.

viil



TABLE OF CONTENTS

ABSTRACT ...ttt ettt ettt e et be e he s b et et bt s b s b e se et e bt s b e s b e e bt e bt s b e e et e bt ebe st et e bt e renee e st e Vi
07/ vii
ACKNOWLEDGMENTS ..ottt sttt sttt n e st snennenenens viii
TABLE OF CONTENTS ..cotteeititeite sttt ettt ettt et s et e st e st e b e e it e e sabeesbbeesabee s asseesabeeeneeesabeesanas iX
LIST OF TABLES ..ottt ettt st e sttt a et et e be s resae et e re e Xi
LIST OF FIGURES......coeittititiietitirtetetet ettt ettt ettt sttt ettt sttt bbbt s s st bt nb e st nrennes Xii
LIST OF ABBREVIATIONS ...ttt ettt ettt et sttt sttt e sat e e st e s bt e e sbeesabeeesabeesbeeennseesneeens XV
CHAPTERS
L. INTRODUCTION.......citiitiitiieite ettt ettt ettt ettt ettt esabe e e sae e e s bt e sabeeesabeesabaeesabeesabeeennbeeeaneeesareesenns 1
1.1 Historical Picture of Piezoelectric Materials ..........ccooiiiiiniiiiiiiiiiinicieiccc s 3
1.2.  Piezoelectric Crystalline Structure and the term Piezoelectric..........covvevveerieneeneineenienienieeeene 4
1.2.1 The Term POIING ....oeeevieieeiieiteeeeee et ettt eteebe et e s e e esaeeeseesbaenseesseesssesssannsennnas 6
1.2.2  Piezoelectric Material and Its Market Review Chat........c..c.ccecueviniiiininniininiencenecicce 7
1.3.  Objectives and Limitations of this STUAY ......cccererrieririiieiiiineciese e e 8
1.3.1 TRESIS ZOAL ..ttt et ettt et e st e s abe e b e eabe et e et e aeesebeenbeenbeenbeeneenaeenaee s 8
1.3.2.  Limitation of this thesis .......ccccoviiiiiiiiiiiici e 9
1.3.3.  Hypothesis set to achieve the STUAY .......ccooceriiiiieiii e e 9
2. LITERATURE REVIEW .....ciiiiiiiiieieiieneceet ettt sttt sae et sne e 11
2.1.  Energy Transition Diagram of BC-PEH..........ccccccoeiiiiiiiiiniiiinicienicceseseeeee e 13
3. CANTILEVER BEAM FOR PIEZOELECTRICITY ...cotiititiiiiieieieiieeniee et sttt seee e e s e 16
3.1.  Detailed description of a cantilever beam for piezoelectriCity .........ceeveevveririrriisiirierieeneneeeenns 16
3.1.1.  Geometry Structure of the BC-PEH...........ccociiiiiiiieiieiceeect et 17
4. MODELING OF PIEZOELECTRIC MATERIALS. ..ottt 21
4.1 Mechanical and mathematical Modeling of Piezoelectric energy harvester..........cccccoveeervereeennene 21
4.1.1 Second-order spring-mass mechanical modeling of PEH............cccocoviviiininininiiiincnciccns 21
4.1.2 Demonstration of mechanical strain on PZT and its equivalent electrical circuit.............cc....... 23
5. TYPES OF MATERITALS AND SIMULATION WORKS .....coociiiiiiiiieite e 26
5.1 Geometry analysis Of PZT ....cooiiiiiiiiiiiieieeeeee ettt et s s s 26
5.1.1 Mechanical property analysis 0f PZT .......c.cccooiiiiiiiiiiiiiieccee e 26

X



5.1.2 Material database analysis OFf PZT ......cccuioriiiiiiiiniieiiieeieceee ettt esrbe e site e saee s 26

5.1.3 STMUIATION TESUILS .eeuuveiiireeitieeeitieestee ettt e st e e sttt e e stee e st e ae e s e e ssbaeessbeesabaeesaseesabeeensseesnsaeensseesnseennes 27
5.1.4 Simulation of the varied thesis generated parameter/data.............cccoovevveereenieniencienie e, 30
5.1.5 Simulation of the varied thesis generated data and diSCUSSION .........ceevueviieriieniienienieneeeie e 30

6 DISCUSSION ...ttt bt eh ettt e bt e ee et e sbeeb e et e besh e e besbesheeute s e ebeeseenbesbeeseenbesbeebeeeneentan 55
6.1.1 COoSt ANALYSIS OF PZT ..ottt sttt st st ettt et e senesnneseten 56
6.1.2  Proposed Engineering and Scientific Solution of PEH.............cccoociviiiiiinieeee 57
6.1.3  ODSEIVALIONS ...veuviuiiiiiiiertetett ettt ettt ettt et ettt es et s be st eseeb e bt st et e bt eb e e b e st et e st eb et enbe s et ebeenes 58
CONCLUSION ..ottt sttt ettt sh et beshe e it e st s bt s st e beseeebeeseesbeebeeatenbesaeeabenbesbeebe et enbesaee saeenee 60
REFERENCES ...ttt ettt ettt ettt e e e e e e ettt e e s bt e e e s e bteeeesabaeeesaabaaeessbbeeeesnasbeeesns sanseaas 61



LIST OF TABLES

TABLES

Table 5.1. Geometry structure of a piezoelectric material ...........c.cccccvveeuneennen. 26
Table 5.2. Mechanical structure of PZT energy harvesting method ................ 26
Table 5.3. Material database..........ccceeeveeriieriieniieieeee e 26
Table 5.4. Thesis data for simulation work category A ........ccccoeeeeevcieecreennnne. 32
Table 5.5. Thesis data for simulation work category B...........cccceovvevvirriennnnne. 33
Table 5.6. Simulation result of serial number 1 ...........ccccocevvievieieniniininne. 34
Table 5.7. Simulation data of serial number 2...........cccccooiiiiiinninr e 37
Table 5.8. Simulation data of serial number 3...........cccccooiiiiiiiinii 39
Table 5.9. Simulation data of serial number 4..............ccoooiriieiienie e 42
Table 5.10. Simulation data of serial number 5............ccoeoeviiriieiienreeee 45
Table 5.11. Simulation data of serial number 6............cccccveveiircienienireieee, 47
Table 5.12. Simulation data of serial number 7..........ccccoevveveiiecienienieeieeee 50
Table 5.13. Thesis data for simulation work category B..........cccccveeieniennnnn. 52
Table 6.1. Cost analysis of piezoelectric materials ............coceveererernenennenne. 57

X1



LIST OF FIGURES

FIGURES

Figure 1.1 Demonstration of PZT operational principle ...........cccocceevireennnen. 3
Figure 1.2 Crystalline structure of PZT materials..........ccccoveieeiiencienineeenen. 5
Figure 1.3 Poling orientation of PZT .......ccccooiieiiiiiiiiee e, 7
Figure 1.4 Piezoelectric material and its market review chat..............cc..c....... 7
Figure 2.1 Schematic diagram of PHEH .............cccocveoiiiiiniiiiece, 13
Figure 3.1. Schematic diagram of BC-PEH .............cccccoevviiviiiinieeieeiee 16
Figure 3.2. Series and parallel arrangement/connection of PZT ................... 18
Figure 4.1. Second-order spring-mass of PZT .........ccocoviiiiiniiiiiiiiie 21

Figure 4.2. Demonstration of mechanical strain on PZT and its electrical

CUIVAIETIL CITCUIL 1..vieivieiiieiiieieeeie ettt te e ste e aesebeesbeesteeeebeesseessaeenneenns 23
Figure 4.3. Demonstration of mechanical strain on PZT ............ccccooceeiie 23
Figure 4.4. Demonstration of bending process of PZT .........cccccccvveevvennnnne 23

Figure 5.1. Displacement waveform of simulation result of default data on
NANO-IUD t0O0L....ciiiiiiiiiiece s 27

Figure 5.2. Frequency response function waveform of simulation result of the

default data on NANO-HUB t00l.......ccccoiiiiiiiiiiiiieiiicececeeeee 28
Figure 5.3. Input acceleration waveform of simulation result of default data on
NANO-IUD t0O0]....ciiiiiiiii s 28
Figure 5.4. Mechanical stress waveform of simulation result of the default-data
0N NANO-NUD t00]...c..eiiiiiiiiiie e 29
Figure 5.5. Output FFT waveform of simulation result of the default data on
NAN0-NUD tOOL......oiiiiiiiiiiii s 29
Figure 5.6. Displacement waveform of simulation result of the default data on
NANO-IUD t0O0]. .. 31
Figure 5.7. Applied mechanical stress waveform of simulation result of the
default data on nano-hub toOol..........ccceeviriiiiiniiiii e 31
Figure 5.8. Input acceleration waveform of simulation result of the default data
0N NANO-NUD tOOL......oouiiiiiiiiiiiiiii e 32

Figure 5.9. Peak output power waveform of PZT of thesis experiment........ 34

xil



Figure 5.10.
Figure 5.11.
Figure 5.12.
Figure 5.13.
Figure 5.14.
Figure 5.15.
Figure 5.16.
Figure 5.17.
Figure 5.18.
Figure 5.19.
Figure 5.20.
Figure 5.21.
Figure 5.22.
Figure 5.23.
Figure 5.24.
Figure 5.25.
Figure 5.26.
Figure 5.27.
Figure 5.28.
Figure 5.29.
Figure 5.30.
Figure 5.31.
Figure 5.32.
Figure 5.33.
Figure 5.34.
Figure 5.35.
Figure 5.36.
Figure 5.37.
Figure 5.38.
Figure 5.39.
Figure 5.40.

Output voltage level waveform of thesis experiment ...............
Displacement waveform of thesis simulation experiment........
Applied mechanical waveform of thesis simulation experiment36
Peak output power waveform of thesis simulation experiment 37
Output voltage level waveform of thesis simulation experiment38
Displacement waveform of thesis simulation experiment........

Applied stress waveform on PZT of thesis simulation experiment

Peak power output waveform of thesis simulation experiment 40
Output voltage level waveform of thesis simulation experiment40
Max. displacement waveform of thesis simulation experiment 41
Applied stress waveform of thesis simulation experiment .......
Peak output power waveform of thesis simulation experiment 42
Output voltage level waveform of thesis simulation experiment43
Max Displacement waveform of thesis simulation experiment 43
Applied stress waveform of thesis simulation experiment.......
Peak output power waveform of thesis simulation experiment 45
Output voltage level waveform of thesis simulation experiment46
Max Displacement waveform of thesis simulation experiment 46
Applied stress waveform of thesis simulation experiment .......
Peak output power waveform of thesis simulation experiment 48
Output voltage level waveform of thesis simulation experiment48
Max Displacement waveform of thesis simulation experiment 49
Applied stress waveform of thesis simulation experiment .......
Peak output power waveform of thesis simulation experiment450
Output voltage level waveform of thesis simulation experiment51
Max Displacement waveform of thesis simulation experiment 51
Applied stress waveform of thesis simulation experiment.......
Peak output power waveform of thesis simulation experiment 53
Peak voltage level waveform of thesis simulation experiment. 53
Max Displacement waveform of thesis simulation experiment 54

Applied stress waveform of thesis simulation experiment

xiil



Figure 6.1. Schematic diagram of BC-PEH and DC-DC converter .............. 55
Figure 6.2. PLECS online simulation result of BC-PEH and DC-DC converter

X1V



LIST OF ABBREVIATIONS

ABBREVIATIONS
T Temperature
Te Currie temperature
BC-PEH Cantilever Beam-Piezoelectric Energy Harvester
PEH Piezoelectric Energy Harvester
EMEH Electromagnet Energy Harvester
B Magnetic flux density
S Area of the coil
PZT Piezoelectric transducer

XV



Xvi



CHAPTER 1

INTRODUCTION

Mechanical waves from Sound energy and other environmental energy sources are
unexplored sources of energy with exceptional ability to meet the future expanding
energy requirement to play a vital role as a renewable source of energy [1]. Due to
efficiency problems, this technology is currently not readily usable, but the research being

conducted in the field indicates it may be useful in the future.

In addition to being environmentally friendly and cost-effective, powering circuit
systems with ambient energy also breaks the limitations imposed by traditional batteries.
Electronics are capable of being distributed in places where it is inaccessible to change
or recharge batteries, such as deep wells or nuclear power plants. As a result of the

Internet of Things (IoT), especially, future generations will also benefit, [6]

There is a wireless data exchange between a network of sensors powered by a wireless
network [2]. A further advantage is that energy harvesters themselves may be used as
sensors to estimate extreme values. Recently, the development and application of energy
harvesting have become increasingly popular due to advancements in large-scale
integration technology and low-energy-cost electronics. In addition to light, heat,
electromagnetic fields, and vibrations, there are other types of environmental energy, the
benefit of harvesting energy from mechanical vibrations lies in the fact that they are
ubiquitous and can be harvested regardless of the season [9]. Weather, and location. With
vibrational energy harvesters having relatively high energy densities (0.37 watts/mm?)

and low-power circuits and sensors available (WW - mW range) [4], [6].

Vibrational energy harvesting could be applicable in a wide range of applications of
Piezoelectric energy harvesting material is attaining an interesting point in engineering
specialization and technological base where power requirements for electronics devices
have been reduced as well as increasing the potential of its application in energy

conversion technology.



Among all energy harvester technologies, piezoelectric material with its vibration
characteristics has been identified with unique features and emerged as a method of
choice power as an alternative energy source for operating micro-scale devices.
Piezoelectric materials’ potential for application can be maximized to handle a wide

range of input frequencies and compression giving rise to energy harvesting to exist.

Referencing the law of conversation of energy which states that "energy cannot be
created nor be destroyed", The form of mechanical energy created by sound waves can
be converted into other forms, such as heat energy or electric energy, with a suitable and

reasonable approach.

The recovered output power of a piezoelectric which will be extensively discussed in this
thesis can instantly be applied to power microelectronics devices like Bluetooth, GPS
modules, microcontrollers, and low-power units. However, further research in my future
work will deliver a more usable and highly improved power output for purpose of serving
as an alternating power supply and possibly reducing energy demand with the ability to

be enlisted among other renewable energy systems.

Further to the discussion of the promising potential of piezoelectric material, among other
methods of energy harvesting methods which will be briefly stated in this paper, this
thesis will focus on piezoelectric material energy harvester as a more reliable harvesting
method of mechanical vibration into electrical energy due to the unique features, high
energy density and high-efficiency factor. A good sizeable piezoelectric material that can

convert up to 80% of mechanical energy to electricity.



Experimental demonstration of the principle of operation of
piezoelectricity from piezoelectric material

Figurel.1 Demonstration of PZT operational principle

1.1 Historical Picture of Piezoelectric Materials

Piezoelectricity was first discovered in 1980 by two brothers and French scientists
Jacques and Pierre Curie, [11] While experimenting with a variety of crystals they
discovered that applying mechanical pressure to specific crystal-like quartz released an
electrical charge and this is what is referred to as piezoelectricity. During world warl,
piezoelectricity was used for practical application in sonar. Sonar works by connecting a
voltage across a sonar transmitter but the focus of this research is direct piezoelectricity
which is a piezo-generator that converts the applied mechanical pressure to equivalent
electrical energy. Piezoelectricity is a phenomenon that describes the coupling between
the electrical and mechanical states of the material. When a piece of piezoelectric material
is mechanically displaced or deformed by a wave, and thereby exists trading back and
forth of kinetic energy and potential energy on the plate which constitutes an electric
charge of the atomic particle with an equivalent voltage on the plate. This is referred to

as piezoelectricity.



1.2. Piezoelectric Crystalline Structure and the term Piezoelectric

Piezo is coined from the Greek word which means ‘rush’ or ‘‘squash’. Piezoelectricity
is a property of certain dielectric materials to physically deform in the presence of an
electric field, or conversely, to produce an electrical charge when mechanically
deformed. There are a wide variety of materials that exhibit this phenomenon to some
degree, including natural quartz crystals, semi-crystalline polyvinylidene polymer,
polycrystalline piezoceramic, bone, and even wood. Piezoelectricity is due to the
spontaneous separation of charge with certain crystal structures under the right
conditions. This phenomenon, referred to as spontaneous polarization, is caused by a
displacement of the electron clouds relative to their atomic centers, i.e. a displacement
of the positive ions relative to the negative ions within their crystal cells. Such a situation
produces an electric dipole However, the electric field effect between the charged particle
determine the strength of the piezoelectricity effect and this is a measure of the term
POLING. If the dipole exists in random motion, then the polarization of the dipole
becomes weak and the piezoelectricity becomes low, this is a normal state of a

piezoelectric material.

Pierre Curie and Jacques Curie published their first experimental demonstration of
piezoelectricity in 1880. Using crystals of tourmaline, quartz, topaz, cane sugar, and
Rochelle salt, they predicted crystals' behavior by combining their knowledge of
pyroelectricity and the underlying crystal structures that lead to pyroelectricity. By
applying mechanical stress to these crystals, such as pressure or vibration, the Curie
brothers discovered that electricity generated, which is proportional to the applied stress.
Furthermore, they observed that the crystalline orientation of their chosen materials,
along with the piezoelectric properties of the materials, was crucial to creating the
conditions for electricity to be generated from mechanical application. It wasn't until
Langevin and French co-workers perfected an ultrasonic submarine detector during
World War I that piezoelectric devices were used in a serious manner. Piezoelectric
ceramics were developed in the second world war by the United States, Japan, and the

Soviet Union. Energy harvesters, sensors, and actuators.



In addition, the Piezoelectric effect exists in two domains; namely, the direct piezoelectric
effect and the indirect piezoelectric effect. The direct piezoelectric effect describes the
ability to convert mechanical energy to electrical energy which is also known as the
generator or transducer effect while the converse piezoelectric effect describes the ability
to transform electrical energy to mechanical energy which is also known as the
motor/actuator effect. The electrical energy generated by the direct piezoelectric effect

can be stored to power electronic devices and it is known as “energy/power harvesting”.

JPb?t Q0% @ Ti%, Zr4+/‘*’—/‘*

A A
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Figure 1.2. crystalline structure [16]

The PZT is formed from lead zirconate-titanate and generates more output voltage effect

than quartz under the same measured vibration.

The default orientation of rotation or movement of a dipole of crystals of piezoelectric
material is random naturally. When PZT is compressed, the polarization of dipole occurs
due to atomic crystalline structure, consequently, an electric charge is generated in the
material. However, these charges exist in dipole that vibrates and are set into the
rotational motion which invariably moves in a direction that reduces the net electrical
and mechanical energy stored in the dipoles. If the rotation orientation of the dipoles is
random, then the net polarization of the crystal dipole will yield no significant change,

hence the strength of the piezoelectricity is weak or negligible.

This is what determines the piezoelectricity effect and as well dictates the power output
of the piezoelectric materials in general. The figure below describes the scenario of the

negligible piezoelectricity effect.



However, this orientation of rotation of the dipole is technically referred to as poling.
Poling is referred to as the direction of aligning the dipole of the crystalline structure of
a piezoelectric material. Therefore, poling is a prime determinant of the strength of
piezoelectricity of a PZT material. This is an intrinsic piezoelectric effect in lead-
zirconate, where the charged zirconium or titanium ions move relative to the center
position of the crystallite above and below the Curie temperature TC. Piezoelectric
materials possess crystalline structures in which the center of positive and negative
charges does not overlap, yielding dipole moments. The term dipole moments describe
the measurement of the separation between the positive and the negative charges within
a given or common system. Therefore, when piezoelectric crystals undergo stress as a
result of push or pull, then PZT crystal experiences the polarization of dipoles, creating
electrical charges. Tension and compression generated voltages of opposite polarity, and

in proportion to the applied force, [8]

1.2.1 The Term Poling

From Figure 1.2a. shown below describes the default orientation of motion of dipole of
a piezoelectric material crystalline structure and its negligible resulting power output
performance due to cancellation of electric charges and decrease in the electric field

intensity as much as the resulting potential difference between the output terminal.

Where Figure 1.2b. as shown below replicates the poling process of the dipole with the
orientation of the dipoles in the same direction, hence creating more and strong field
intensity thereby exerting a force to move the adjacent same charged-particles in the
same direction, with an increase in the net potential across its terminal increases
significantly. Consequently, the piezoelectricity in this context of poling is quite higher
and stronger than the scenario of Fig 1.2a. since there is no cancellation of charges and
the intensity of the electric field increases with poling. Hence the stored electrical
charges increase significantly and the output power performance is said to be

magnificently high concerning to poling effect.



Figure 2a Figure 2b Figure 2¢

O LR | SR "

— — —>
— —> —>
— —> —>

-\_\_\_\_\-‘ﬂ
—
=
=
e
—
=
— T3 >

Unpoled During poling After poling

Fig 1.3. Poling Orientation of PZT Crystals [16]

1.2.2 Piezoelectric Material and Its Market Review Chat

As shown in the figure below, depicts market review of piezoelectric materials
corresponding to their applications and market share (%) IN 2007. Piezoelectric
material is one of the most widely used according to the usage trend over time, because
of their wide bandwidth, fast electromechanical response, relative low power

requirement, high energy density and, high generative forces.
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Fig 1.4. Piezoelectric Material Market Review Chat



1.3. Objectives and Limitations of this study

1.3.1 Thesis Goal

The primary objective of this thesis work is to improve the performance of PZT in terms
of the peak power and output voltage level of cantilever-based piezoelectric energy
harvesters such that the proposed and improved output performance can solve a scientific
and engineering problem identified in the EV industry. The major problem associated
with a long range of an EV is attributed to the specific state of charge of cells of a battery
pack in an electric vehicle such as hybrid electric vehicles (HEV), Plugin-hybrid electric
vehicles, (PHEV), and extended range electric vehicle(E-REV).

This state of charge of a battery pack determines the total energy that can be delivered to
the vehicle engine to sustain the movement of an electric vehicle. However, this total
energy to be delivered from the battery back is limited due to self-discharge and cell
imbalance conditions. The application of this proposed solution emanating from the
improved power and output voltage level of a cantilever-based PZT can be applied to
compensate for cells’ self-discharge and potentially increases the cell energy level. In
addition, this application will enhance the EV range and as well improve its efficiency

and performance.



1.3.2. Limitation of this thesis

Due to the high-power application requirement to cause a drift of electrons of a high
number of cells from their cathode electrodes to the anode electrodes and generate
electric charges. Therefore, improved PCEH cannot be used to charge a high capacity
battery of an EV battery pack or drained/deeply discharged high capacity battery because
of the high current requirement to restore charges of such battery and as well to fast
charge the battery, However, it is advantageous in floating the battery voltage such as
Nickel-cadmium battery and lead acid battery only or in any system of technology where
energy storage devices are used for grid support grid back up such as uninterrupted power
supply. since float charging or trickle charging is not required in lithium-ion battery
technology. Since this technology cannot meet up with the high current requirement for
such high-power applications of charging deeply discharged batteries or high-capacity

batteries, then the range of its application is limited by this factor.

1.3.3. Hypothesis set to achieve the study

It is hypothesized that resonant frequency is a key factor in achieving the maximum
output peak power and voltage level. So, the cantilever substrate is carefully selected of
a brass alloy and the thickness of the PZT and cantilever are varied accordingly to derive
the highest possible output voltage level and peak output power.

The maximum output voltage and peak power are obtained when the thickness of the
PZT and Cantilever substrate assumes equal or almost equal with increasing the mass of
the body attached at its free end. there is the flexibility of obtaining a higher output
voltage by increasing the thickness of the substrate and PZT along with the mass of the
body and this makes this study or technology feasible,

In addition, the output voltage can be further stepped up with a dc-dc converter to increase

the level of the output voltage depending on the desired output level requirement.



The mass of a body hung by the free end of the cantilever is as well carefully varied such
that the excitation frequency of the PZT is almost equal or equal to the resonant frequency

of the system to achieve a better output performance.

Temperature of the system affects the output performance and this is adequately
considered to avert an unusual increase in the system temperature above the specified

limit called Curie temperature.
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CHAPTER 2

LITERATURE REVIEW

Zhou et al. (2014) reviewed the piezoelectric energy harvester for the possibility of
replacing batteries in the future and to realize the independent power supply of wireless
sensor nodes [1]. An ad hoc network of wireless sensors is generally composed of several
low-cost low-power microsensors spread over a particular area, collecting, and
processing the pertinent information and then transferring it cooperatively to a base

station by means of wireless communication.

Nowadays, batteries are utilized to provide energy for wireless systems that are intended
to last for years or decades in most cases. As a result of the limited size of the node,
battery energy cannot satisfy the requirements because it is very limited [12]. Power
supply has therefore become a major problem of network system development and

application because it limits the lifetime of sensor nodes

Chen et al. (2015) investigated an integrated energy harvester with PZT and
electromagnet mechanism for wireless sensor application in a smart grid [2]. Wireless
sensor nodes in smart grids can be powered by hybrid energy harvesters combining
piezoelectric and electromagnetic mechanisms [4], [5]. Printed circuit boards (PCBs) are
surrounded by induction coils in the proposed energy harvester device, which uses
permanent magnets attached to cantilevers. Piezoelectric cantilever arrays are excited by
the magnetic field of charging conductors carrying alternating currents (ACs).
Piezoelectric and electromagnetic transduction mechanisms convert vibration energy
into electric energy. Fabrication and testing of a prototype measuring 50*50*12 mm?
were performed. The proposed energy harvester can generate up to 295.3 uW when it is
connected to a conductor that carries 2.5 A at 50 Hz, and 46.6 pW when its piezoelectric

elements are combined with electromagnetic elements.
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Therefore, having carefully compared the two-test conducted, according to Chen et al.

the result shows that the total output power of 341.9 uW obtained, the power density is
much greater than the one output result of normal BC-PEH under the same condition.

Xiong et al. (2020) researched on improvement work of energy performance of BC-PEH,
[3]. The development and design of a novel piezoelectric cantilever-beam energy
harvester (BC-PEH) are made to improve the energy conversion performance of the
typical BC-PEH. A rectangular hole is drilled through the middle layer of the metal
substrate. Mathematical expressions are derived for the eigenfrequency, displacement of
the attached mass, and output voltage and power of the PCEH from the mathematical
expression. A study of frequency, load resistance, and acceleration on voltage and power
was performed using COMSOL and MATLAB to verify the validity of the model.
Conclusively, experiments were conducted to further verify the results. Using the novel
BC-PEH, the appropriate output power is 10.69 mW, and the first-order eigenfrequency
is 43.7 Hz. Consequently, the neoteric BC-PEH converts energy more efficiently as it has

a lower frequency, a broader frequency band, and a higher output voltage and power.

Some studies proposed and examined a hybridization scheme with electromagnetic
induction to improve the power density of the piezoelectric energy harvester [3], [4]. To
increase piezoelectric energy harvester (PEH) power density, an innovative hybridization
scheme that utilizes electromagnetic transduction. By replacing the mass block by a
magnet array and adding a coil array, we created the hybrid energy harvester (BC-PEH)
based on the basic cantilever piezoelectric energy harvester (BC-PEH). An alternating
magnet array was used in the electromagnetic energy harvester to increase its output
power.

Output power experiments was performed and conducted as a means of comparing the
power density of the hybrid harvester and BC-PEH. Using 18.6 Hz and 0.3 g, the hybrid
harvester and BC-PEH had power density values of 3.53 mW/cm?® and 5.14 uW/cm?,
respectively. Hence, the hybrid harvester has a power density 686 times greater than the
BC-PEH, proving that EMEH hybridization can improve power density. In addition, the
hybrid harvester is capable of charging 2.2 mF capacitors within 17 seconds, which is
better than previous models. The development of self-powered devices is a vital step

towards a sustainable society.
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Shan et al. (2015) investigated the power output improvement of hybrid energy harvester
[5]. An equation for calculating the output power of a piezoelectric-electromagnetic
hybrid energy harvester (PHEH), incorporating the secondary piezoelectric effect. As a
result of the revamped/improved external load, the hybrid energy harvester could achieve
a 13.3% higher system power output than with a single piezoelectric generator. It is also
found that damping parameter matching helps the hybrid energy harvester achieve a 23%
increase in peak output, Experimental verification of the numerical model was performed

using hybrid energy harvesting [3], [4], [5].

2.1. Energy Transition Diagram of BC-PEH

Permanent magnet

Magnet cage

Upper PZT z(f)

\ R>

Induction coil

Ll

Lower PZT
Elastic beam

=
AR

Fig 2.1. Schematic diagram of PHEH [17]

There are also studies that reviewed the analytical mode of wire-band low frequency PEH
for extracting the maximum ambient vibration [1], [6]. Microelectronic systems have
been enhanced by advancements in fabrication technology and integration levels, sensor
networks and the Internet of Things have developed as a result of the growth of small
structures and microsystems, so that a substantial number of industries, housing,

healthcare, and other services are now fully digitized, automated, and linked.
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A microsystem with a very low power requirement ranging from microwatt to milliwatt.

However, does not require frequent maintenance and battery refurbishment

Naano et al. (2019) reviewed piezoelectric energy harvester device for low-frequency
range (0-100 Hz) with a developed application to improve the power output of
piezoelectric energy harvester through the recreation of actual excitation and geometrical
conditions expected on pallet lift and storage systems, the performance of the
piezoelectric vibration energy harvesters was explored experimentally [7].

Shindo et al. (2003) investigated PEH polarization switching under mechanical stress [8].
The deformation responses of PZT was observed and recorded under different magnitude
of applied mechanical force and the crystal polarization. PZT crystals or ceramics can
fail structurally or develop dielectric breakdowns under extreme mechanical and
electrical loading. PZT ceramics have undergone several tests to determine how they

fracture under mechanical and electrical pressures.

Several studies show that ubiquitous low frequency vibration energy has potential to
generate high output power at low frequencies, [4] [5] [9]. Asthana et al. (2020)
researched on amplifying energy from broadband energy harvester and its equivalent
electrical model [10]. Another research reviewed the theory of effect of piezoelectric
material crystals and its discovery by Curie [11]. Anisi et al. (2017) investigated on PEH
routing based and battery power-based routing approaches in wireless sensor network

[12].

Some studies reviewed the bending properties of amalgamated PZT with glass fiber and
equivalent electrical performance and dipole behavior, during mechanical load acting on
it. [1] [6] [13]. Piezoelectric composite thin plates are analyzed analytically for bending
properties as a function of bending temperature. Incorporating glass fiber resulted in
nearly four times more bending strength and approximately two times more Young's

modulus in the length direction.
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The bending properties and output voltage performance of composite PZT has also been
investigated [1] [13] [14].

This was approached by combining CFRP electrodes with epoxy resin containing
potassium sodium-niobate piezoelectric nanoparticles, this composite sample could be
successfully polarized [1][13] [14]. In addition, the bending behavior of the samples was
compared using a three-point bending method. According to the simulation, the peak
output voltage produced by 98.4 MPa of bending stress was 0.51 mV. We also found that
0.01546% was obtained for its efficiency after the transformation.

Furthermore, Dhote et al. (2016) in their study found that Low-power sensor nodes can
be powered by piezoelectric vibration energy harvesters. Broad bandwidth is one of the
main requirements for energy harvesters. This requirement cannot be met by a
conventional linear harvester. This leads to a shift in research focus toward utilizing non-
homogeneity to extend the harvester's bandwidth. The reverse sweep exhibits a reduced
response compared to the forward sweep, despite nonlinear techniques being promising

for extending a bandwidth. [15]
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CHAPTER 3

CANTILEVER BEAM FOR PIEZOELECTRICITY

3.1. Detailed description of a cantilever beam for piezoelectricity

A cantilever is a deigned structural element that extends horizontally with two different
points A and B. where A is a pivoted end and the other end B is made free. However, a
load can be attached for any intended purposes. The structural load could be regarded as
any material or object that has the potential to exert a weight or pressure on the beam
when applied horizontally to the beam, hence, it is aforce, deformation, or

acceleration applied to structural elements

piezoelectric cantilever beam can be structurally arranged or assembled such that the
beam material and two piezoelectric material strips, conductive adhesive substance, and
two piezoelectric films by series or parallel arrangements, At the extreme of a cantilever
there is a block that can enhance the vibration amplitude of cantilever beam as well as

changing the frequency of its vibration according to the Figure shown below

WA
Cantilever | T
o\ /Peolayer Dd[.“per N \,.,-'Plemlayer

; Spring —= ¢

‘;P Ri—Resistance

1<l

Fig 3.1. Schematic diagram of BC-PEH
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3.1.1. Geometry Structure of the BC-PEH

In this thesis work, the table below shows the materials and dimensioning of the materials
used for this simulation, hence they are categorized into different structures and

properties.

The figures below show the structure of a typical BC-PEH, and it comprises the following

*

s apivot,
< abeam,

¢ an attached mass of a body,

As described in Fig 3.1 shown above, a cantilever has one of its end points fixed to
its base while the other end is allowed to move freely. Two layers of PZT are
mounted on the beam of a cantilever at both upper layer and lower layer of the
beam. A mass of a body or a load can be attached to its free end of the beam. The
concept of this thesis mainly is to identify, discuss and implement the method of
performance improvement of the system in terms of eigenfrequency, peak power
output, and output voltage delivered by the energy harvester. The performance
output quantity of the energy harvester depends on the geometry structure of the

energy harvester system which determines the following parametric functions.

¢ Eigenfrequency

¢ Coupling mode

% Input acceleration due to mass of the body
% Thickness of PZT-5H

% Type of materials

% Length of a cantilever beam

«»» Nature of substrate material used.

3.1.2. Infrastructural Method of design configuration

The method of design configuration of piezoelectric-cantilever energy harvester, in this

thesis, involves extensively, the method of connection of energy harvester.
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Cantilever-Piezoelectric energy harvester has two distinct slabs known as the upper slab
of the piezoelectric and the lower slab of piezoelectric, these two overlays are mounted
on the beams with a separating substrate metal of brass material as used in this work.
When a mass of a body is attached at the free end of the cantilever, there exist extensions
and compressions. When the two layers of the energy harvester are poled in opposite
directions, this type of connection is called series connection or series arrangement of the
system as shown in figure 4a below. Alternatively, when they are connected or arranged
in such a way that the energy harvesters’ poles are in the same direction, in this case, it
is called a parallel connection or parallel arrangement of the system as depicted in figure

4b below. However, parallel connection/arrangement of piezoelectric energy harvester is

used in this thesis.

@ 4

3.2 Series and parallel arrangement/connection of PZT

The separation of the metal substrate allows a capacitance to exist between the
piezoelectric materials and invariably determines the magnitude of the output voltage and
current of the system. The capacitance between two parallel plates is directionally
proportional to the smallest area of the plates and inversely proportional to the distance
between the plates From the Figure 3.1a. shown above, during the mechanical vibration
leading to an oscillatory motion, two major damping forces exist in the system acting

toward the equilibrium state of the body.
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These are the mechanical damping force due to friction and the resistance
offered due to air, which is known as air resistance. Therefore, the total damping forces

existing in the system can be generally shown as d.

The movement of the mass at the free end of the cantilever as represented in its
model exert a mechanical pressure and causes it to extend and compress which is
generally referred to as deformation of the PZT, due to this deformation of the energy
harvester(transducer), In addition, the applied mechanical pressure is equivalently

converted to electrical energy and measurement taken with the aid of voltmeter.

However, the transducer creates and exerts a damping/restoring force Fe on the
body causing a mechanical pressure/displacement and vibration of the transducer, and

this momentarily reduces the forces of the transducer as well as the deformation.

As a result of the interconnection of the electrical interface circuit, [10] the

electrical damping force is generated de which is represented as ye.

In analysis, PZT uses a couple of methods which is referred to as constitutive

equation as shown below. Hence, this is called a constitutive equation

S=8E-T+d'" E -----mmemmmme- equation (1)
D=d-T+E&":E -mmmemmmeee- equation (2)
A equation (4)
C=c¢ n

Where ¢ represents the absolute permittivity of the dielectric of the energy harvester,
A is the area of the smallest of the two energy harvester layers
d is the distance separating the two layers of the plates.

In the thesis work, the mass of the body attached to the free end of the beam is
a variable type, where the same object with different masses is used and

different eigenvalues are observed as well as the resonant frequency is taken.

At different masses, different eigenfrequencies, resonant frequencies, output

voltages, and power are measured and recorded for 20 different tests and
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simulations as shown in the result expressed in table 5.4, in Chapter S as

shown.
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CHAPTER 4

MODELING OF PIEZOELECTRIC MATERIALS

4.1 Mechanical and mathematical Modeling of Piezoelectric energy harvester.

A second-order spring mass damper can be used as a modeling technique/strategy or
mechanical kinetic traducer (PZT) as represented below in figure 8a, the figure below
shows the interconnection of the attached lumped element with the energy harvester
(PZT), connected with the electrical interface circuit. According to the diagram below,

the transducer is represented by the mass m.

The mass is suspended on a string of stiffness, Ks creating resonance frequencies to the

eigenfrequencies of the attached transducer (PZT). Beam

4.1.1 Second-order spring-mass mechanical modeling of PEH

X(t
® Mass

Ks
d
el ke

transducer | V |interface circuit

AFrm

Fig 4.1. Second order Spring Mass
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Y(t) = ysin2rnft equation (5)

X(t) = xsin2wft + ¢ —----mmmmmm- equation (6)
Where y represents the amplitude of motion of the transducer (Frame/PZT),
x represents the amplitude of the motion of the attached mass,

¢ represents the angular phase difference between the displacement amplitude of the
PZT (frame) and the displacement amplitude of the attached mass (m) at the cantilever

free end.

ma = mx +dx + f, + kgx

ma = mx + (de + d)x + kgx--------- equation (7)
Mechanical damping is represented by yd = ZT:w
Electrical damping is represented by ye = ZT:w

The natural frequency of the cantilever beam system can be represented as

O e equation (8)

Let o represent the sum of the mechanical damping force (yd) and the electrical damping
force (ye), such that

6 =7yd + pe

X _ &
y(s) (s2+20wp+ ®2,)

The power output of the system can be expressed as

_ [(x)?ae)
===

Such that input mechanical damping is equal to electrical damping.
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4.1.2 Demonstration of mechanical strain on PZT and its electrical
equivalent circuit

As a result of the interconnection of the electrical interface circuit, [10] the electrical
damping force is generated de which is represented as ye

Piezoelectric

Fig 4.2. Demonstration of mechanical strain on PZT

F. 4 fq=/1 #i-F
. =tﬁwmw/~s

Fig 4.3. Demonstration of mechanical strain on PZT

3
2
1
-

Fig 4.4. Demonstration of bending of PZT due to applied Tip mass

£

, : Piezo layer

Tip mass m

I-
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q represents the charges, F is the mechanical force acting on the PSZT due to mechanical
vibration and ¢ is an elongation which is a resulting change in the shape of the material
during compression and extension of the material when it deforms. Then the constitutive

equation (1) & (2) above can be written in terms of the variables F, €, V and I, instead of

S, E, D and T from the equation (1) & (2) above.
F=k,€+Ty,
I =TE+ Cyv,
bh db
Where k), = EE’ Cp=(E"-d?*/SH)bl/h and T = ?E

k,, represents the stiffness of PZT material, then piezoelectric output capacitance is
denoted by €, and an electromechanical coupling factor is I'. According to equation (1)
shown above, a spring force is referred to as F. k€ is material stiffness and the
coupling force, and, I'v, is determined by the voltage across the piezoelectric material.

As a result of the balance of forces, F is referred to as a restoring force Fe acting on the
mass as explained above. Naturally, PZT energy harvesters are extremely stiff, and this
will require a good magnitude resonating frequency, provided the PZT will be
suspended around the frame. Therefore, the cantilever orientation as described in figure
5 above will be considered due to large deflection in direction (3), producing a small
elongation (¢) force in the direction of 1 as shown above in figure 5. Hence the
constitutive equation in equations 1 and 2 described above is still valid but can be

further written as shown below.
F, =k,x+ Tv,
[=Tx— vap

Then mathematical derivation from figure 5a above can be written as

ma =mx +dx + kx + Iy,
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Where K = k,, + ks
The final spring damper system can be mathematically represented below as

ma =mx +dx + kx + va

[=Tx— vap
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CHAPTER 5

TYPES OF MATERIALS AND SIMULATION WORKS

Type of materials is another crucial practice that should not be under-

estimated in this concept of technology, most especially it forms an

important fundamental factor of PZT-energy harvester power output

performance optimization.

5.1 Geometry analysis of PZT

Table 5.1. Geometry analysis of PZT

S/N GEOMETRY ANALYSIS

1 PZT-5H thickness 256pum
) The tl;llflicsr}[fzseof the 140pum
3 length of substrate 24.53mm
4 length of the proof mass 0.05mm
5 width of the proof mass 6.4mm
6 Gap 24mm
7 number of layers used 2

8 types of connection parallel

5.1.1 Mechanical property analysis of PZT

Table 5.2. Mechanical property analysis of PZT

S/N MECHANICAL PROPERTY ANALYSIS
1 proof mass Img
2 end mass density 1900kg/m?

5.1.2 Material database analysis

of PZT

Table 5.3. Material database analysis

S/N MATERIAL DATABASE ANALYSIS
1 Piezoelectric PZT-5H
2 Substrate Brass
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The simulated results are represented by the figures shown below. The figure 5.1
below shows the maximum and minimum displacement of the energy harvester,
figure 5.2 represents the frequency response function between the cantilever and the
energy harvester while figures 5.4 and 5.5, shows the stress and Fourier frequency
transformation of the system.

The average power and the measured output voltages are extremely low. The
simulation output performance is dependent on several functions: the resonant
frequency, the mass of the attached mass of a body at the free end of the cantilever,
and the acceleration of the attached body. The waveforms shown of figures 5.1, 5.2,
5.3,5.4,5.5, are software default setting while the thesis work simulation works are

other figures as shown with their respective waveforms.

5.1.3. Simulation results

Result Displacement Y

Tip displacemeant [um]
= e
1 1

=]
1

0 0 0l
1y

Figure 5.1. displacement waveform of simulation result
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Fig 5.2. Frequency Response Function waveform of simulation result
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Fig 5.3 Input Acceleration waveform of simulation result
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Fig 5.4. Mechanical Stress waveform of simulation result
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Fig 5.5. Output FFT result
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5.1.4 Simulation of the varied thesis generated parameter/data

The second simulation is performed while other output performances
determining factors are varied accordingly to obtain an improved
performance as described below.

The frequency of the vibrating body and the cantilever is affected by the
mass of the attached body which invariably determines the output power
performance of the system. As the mass of the attached body increases from
Img to 0.3 g and the end mass density decreases from 1900-kg/m?, the
output peak power performance dropped from 13.317 uW to zero with a
corresponding low frequency.

From the simulation result, as the attached mass of the body increases, the
stiffness of the set-up increases and consequently reduces the frequency with
zero output power performance. The figures shown below are the simulated
result of decreasing displacement of the energy harvester and the cantilever
bean but the input displacement increases. figure 5.6, the stress in figure 5.7,

and input acceleration in figure 5.8 below.
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Figure 5.6. Displacement result
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Figure 5.7. Applied mechanical stress result
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© simulate

Result: | Input acceleration

Input acceleration [g]

tfs]

Figure 5.8. Input Acceleration result

5.1.5 Simulation results of the thesis generated data and discussion

The table below as shown describes the sequence of simulations was performed.

Table 5.4 of simulation category A.

S/ | Ma | Thic | Thick | Lengt | Excitati | Open- | Avera | Peak | Diod | Peak
N | ss | kness | ness h of on/ circuit | ge powe e Volta
of of of substr | Natural | resona | harves T volta ge
bod | PZT | substr | ate frequen nt ted | (UW) | ge (mV)
y | (um) ate (mm) cy freque | power Thres
(2) (um) Hz ncy | (uW) hold
(Hz)
1 | 10 | 1450 | 1450 | 24.53 | 111830 | 1172. | 0.40 | 1.40 | 0.01 | 103.2
30 5
2 | 20 | 1450 | 1450 | 24.53 | 814.39 | 853.6. | 3.66 | 14.07 | 0.01 | 326.9
7 8
3 | 30 | 1450 | 1450 | 24.53 | 671.77 | 704.1 | 11.39 | 60.12 | 0.01 | 675.9
7 6
4 | 40 | 1450 | 1450 | 24.53 | 584.79 | 613.0 | 30.37 | 207.3 | 0.01 | 1255.
0 6 35
51 50 | 1450 | 1450 | 24.53 | 524.70 | 550.0 | 45.56 | 597.6 | 0.01 | 1987.
0 4 15
6 | 60 | 1450 | 1450 | 24.53 | 479.99 | 503.1 | 223.0 | 2246. | 0.01 | 4131.
4 6 00 54
7 | 56. | 1450 | 1450 | 24.53 | 495.43 | 519.3 | 377.3 | 3451. | 0.01 | 5121.
24 2 8 55 00

32




Table 5.5 Thesis data for simulation work category B

S/ | Ma | Thick | Thick | Lengt | Excitat | Open- | Avera | Pea | Dio | Peak
N | ss ness ness h of ion/ circui ge k de | Volta
of of of substr | Natural t harves | po | volt ge
bo | PZT | substr ate freque | reson ted wer | age | (mV)
dy | (um) ate (mm) ncy ant power | (u | Thr
(g2) (um) Hz frequ | (UW) | W) | esh
ency old
(Hz)
8 | 60 | 1450 256 | 24.53 | 27224 | 2844 | 0.12 | 0.0 [ 0.01| 0.00
7 0
1| 60| 1450 512 | 24.53 | 306.16 | 320.5 | 0.10 1.5 1 0.01 | 14.94
0 1 5
1| 60| 1450 768 | 24.53 | 341.17 | 358.1 0.45 10. | 0.01 | 37.39
1 7 31
1| 60| 1450 1024 | 24.53 | 379.09 | 397.4 1.15 | 24. | 0.01 | 226.8
2 7 74 1
1| 60| 1450 1450 | 24.53 | 479.99 | 563.1 | 223.00 | 224 | 0.01 | 4131.
3 4 6 54

According to this works objective as clearly stated in the abstract, which is to

identify, discuss, and implement a method of performance improvement of the

system in terms of eigenfrequency, peak power output, and output voltage

delivered by the energy harvester.

The performance output of the energy harvester is discovered to be dependent

on the geometry structure of the energy harvester system which determines the

following parametric functions.

% Eigenfrequency

¢ Input acceleration due to mass of the body

«*  Dimension of PZT-5H

«»  Nature of substrate material used

s Type of rectifier/dc-dc converter used.
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Table 5.6 Simulation data of serial number 1

S/ | Ma | Thickn | Thickn | Lengt | Excitati | Open- | Avera | Pea | Diode | Pea
N | ss | essof | essof | hof on/ circuit ge k | voltage | k
of PZT | substra | substr | Natural | resona | harves | pow | Thresh | Vol
bod | (um) te ate frequen nt ted er old tage
y (um) | (mm) cy freque | power | (n (m
(g Hz ncy | (0W) | W) V)
(Hz)
1 10 1450 1450 | 24.53 | 1118.3 | 11723 | 040 | 1.40| 0.01 103
0 0 25
1 4
o
0.5 4
0 T T
o 0.05 0.1
t

Figure 5.9. Peak Power output waveform of simulation result
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Figure 5.10. Output Voltage Level waveform of simulation result
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Figure 5.11. Displacement waveform of simulation result
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Figure 5.12. Applied Mechanical Stress waveform of simulation result
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Table 5.7. Simulation data of serial number 2,

S/ | Ma | Thick | Thickne | Lengt | Excitat | Open- | Avera | Peak | Dio Peak
N | ss ness ss of hof ion/ circuit ge power | de | Voltag
of of substrat | substr | Natural | resona | harves | (uW) | volt e

bo | PZT e ate freque nt ted age | (mV)
dy | (um) (um) (mm) ncy freque | power Thre
(2) Hz ncy (LW) shol
(Hz) d

2 | 20 | 1450 1450 24.53 | 814.39 | 853.6.7 | 3.66 | 14.07 | 0.01 | 326.98

10 -
o
g5 4
0 . .
0 0.05 0.1

Figure 5.13. Peak power output waveform of simulation result
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Figure 5.14. Output Voltage Level waveform of simulation result
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Figure 5.15. Displacement waveform of simulation result
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Figure 5.16. Applied Stress waveform of simulation result
Table 5.8. Simulation data of serial number 3
M | Thic | Thickn | Lengt | Excit | Open- | Avera | Pea | Diod | Pea
/ | as | knes | essof hof | ation/ | circuit ge k e k
N | s | sof | substra | substr | Natur | resonan | harve | po | volta | Vol
of | PZT | te ate al t sted | we ge | tage
bo | (um | (um) | (mm) | frequ | frequen | powe | r | Thre | (m
dy ) ency cy r (u | shol | V)
(2) Hz Hzy) | (W) | W) | d
3130 | 145 | 1450 | 24.53 | 671.7 | 704.17 | 11.39 | 60. | 0.01 | 675
0 7 12 .96
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Figure 5.18. Output Voltage Level waveform of simulation result
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Figure 5.20. Applied stress waveform of simulation result

41



Table 5.9. Simulation data of serial number 4

S/N | Mas | Thicknes | Thickness | Length | Excitation Open- Average | Peak Diode Peak
sof | sof PZT of of / circuit harvested | power | voltage | Voltage
bod (um) substrate | substrate | Natural resonant power (uW) | Threshol | (mV)
y (um) (mm) frequency | frequency (LW) d
(2 Hz (Hz)
4 40 1450 1450 24.53 584.79 613.00 30.37 207.3 0.01 1255.3
6 5
200
% 100
o
a T T
] 0.05 0.1
t

Figure 5.21. Peak output power waveform of simulation result [4]
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Figure 5.22. Output Voltage Level waveform of simulation result [4]
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Figure 5.23. Maximum displacement waveform of simulation result
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Figure 5.24. Applied stress waveform of simulation result
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Table 5.10 Simulation data of serial number 5

S/ | Mas | Thick | Thickn | Lengt | Excitati | Open- | Avera | Peak | Diod | Peak
N | sof | ness | essof | hof on/ circuit ge pow e Voltag
bod of substra | substr | Natural | resona | harves | er volta e
y PZT te ate frequen nt ted (W ge (mV)
(g) | (um) (um) | (mm) cy freque | power ) Thres
Hz ncy (LW) hold
(Hz)
51 50 1450 1450 | 24.53 | 524.70 | 550.00 | 45.56 | 597. | 0.01 | 1987.1
64 5
400 S
o
200 S
0 M . . .
] 0.05 0.1

Figure 5.25. Peak output power waveform of simulation result [5]
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Figure 5.26. Peak output voltage waveform of simulation result [5]
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Figure 5.27. Maximum displacement waveform of simulation result [5]
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Figure 5.28. Applied stress waveform of simulation result [5]
Table 5.11. Simulation data of serial number 6
S/ | M | Thick | Thick | Lengt | Excita | Open- | Aver | Peak | Diode | Pea
N | ass | ness ness hof | tion/ | circuit | age | pow | volta k
of of of subst | Natur | resona | harv er ge Volt
bo | PZT | substr | rate al nt ested | (uW | Thres | age
dy | (um) ate (mm) | freque | freque | pow ) hold | (m
(2 (um) ncy ncy er V)
Hz (Hz) (W
)
6 | 60 | 1450 1450 | 24.53 | 479.9 | 503.14 | 223. | 2246 | 0.01 | 413
9 06 .00 1.54

The table shown above represents the data obtained by tuning the thickness of the PZT
energy harvester and the cantilever substrate, to obtain different peak power output and
output voltage level when the frequency difference between the natural frequency and
open circuit resonant frequency becomes equal 23.9 Hz where the electric field intensity
between the dipole of the PZT atomic crystalline structure becomes very strong and the

orientation of movement of dipole are shifted from random movement to attain strong

polarization and acquire strong and significant piezoelectricity effect.
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Figure 5.29. Peak output power waveform of simulation result [6]
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Figure 5.30. Peak output voltage waveform of simulation result [6]
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Figure 5.31. Maximum displacement waveform of simulation result [6]
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Figure 5.32. Applied stress waveform of simulation result [6]
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Table 5.12. Simulation data of serial number 7

Figure 5.33. Peak output power waveform of simulation result [7]

50

S/ | Mas | Thickne | Thickne | Length | Excitatio | Open- | Averag | Peak Diode Peak
N | sof ss of ss of of n/ circuit e power | voltage | Voltag
bod PZT substrat | substra | Natural | resonant | harvest | (uW) | Thresho e
y (um) e te frequenc | frequen ed 1d (mV)
(2 (um) | (mm) y cy power
Hz | (Hp | (uW)
7 | 56.2 1450 1450 24.53 495.43 519.32 | 377.38 | 3451.5 0.01 5121.0
4 5 0
3000
2000 4
o ]
1000
0 “.'—“MNM.K" a :
0 0.as 0.1
t
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Figure 5.34. Peak output voltage waveform of simulation result [7]
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Figure 5.35. Maximum displacement waveform of simulation result [7]
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Figure 5.36. Applied stress waveform of simulation result [7]
Table 5.13. thesis data for simulation work
Category B
S/ | Ma | Thickn | Thickn | Lengt | Excitati | Open- | Avera | Pea | Diode | Peak
N | ss | essof | essof | hof on/ circuit ge k | voltage | Volta
of | PZT | substra | substr | Natural | resona | harves | pow | Thresh | ge
bod | (um) te ate | frequen nt ted er old (mV)
y (um) | (mm) cy freque | power | (WW
(€9) Hz ncy | (uW) | )
(Hz)
8 | 60 | 1450 256 | 24.53 | 272.24 | 28447 | 0.12 [0.00 | 0.01 0.00
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Figure 5.37. Peak power output waveform of simulation result [8]
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Figure 5.38. Peak output voltage waveform of simulation result [8]
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Figure 5.40. Applied stress waveform of simulation result [8]
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CHAPTER 6
DISCUSSION

The output voltage measured can be stepped up with the aid of dc-dc converter circuit, however,
higher output is possible to be obtained by increasing the thickness of the PZT and thickness and
the substrate simultaneously, such that the thickness of the two devices assume equal or almost
equal. But maximum output voltage is expected at the same thickness level as demonstrated from

the result obtained above.

BATTERY

T ¥

BC-PEH P RECTIFIER $DC-DC CONVERTER DC LOADS
INVERTER ACLOADS

Figure 6.1 Schematic integrated diagram of BC-PEH and DC-DC Converter

The maximum output voltage (5 V) obtained in the experiment 23 above is fed into the DC-DC

converter for voltage amplification.
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Figure 6.2 PLECS online simulation result of BC-PEH and DC-DC Converter

The output of the piezoelectric harvester is fed into the Boost converter for voltage

amplification, however, 5 V input is stepped up to 15 V for charging the 12 V-battery,

12 V- inverter, dc motor and, another DC loads.

6.1.1 Cost Analysis of PZT

The cost description of PZT-5H of various sizes is given as shown below, the type of the

PZT used in this thesis work is PZT-5H. according to the simulation, the displayed result

is in chapter 5. Tables 4 and 4d, the test result nol5 with waveform figures, 29, 30, 31

and 31
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In the simulation result waveform figures, the peak power out and peak output voltage
measured were obtained. However, 1450 um of PZT was applied for the above peak

voltage, and peak power among all simulations was achieved.

Table 6.1. cost analysis

Quantity [0.46mm, D.5Imm [D75mmSR |22mm 20mm Piezo
PZT-5H |Square }0.5mm PZT |7TMHZ 4MHz  |Ceramics
PZT 8 Material PZT PZT 8 PZT
Piezoelectric | Piezo [ransducer Generator
Ceramics [Ceramic
250khz or HIFU
20-499 $50 $50 - $30 -
500-999 | $30 $30 - $25 -
1000- $25 $25 - $22 -
4999
10-99 - - $200 - -
100-999 - - $180 - -
>1000 - - $150 - -
10-499 - - - $30 - -
500-999 - - - $25 - -
1000- - - - $22 - -
4999
>5000 - - - $18 $18 -
10—999 $10
>5000 $8

The worth of the size of PZT material used in the thesis simulation work is less than $50

per 1450 pm according to the price list in the table shown above.

6.1.2 Proposed Engineering and Scientific Solution of PEH

Application of Piezoelectric Sensors is found in soil property determination and in other
field of applications. In geotechnical engineering, bender elements are used to determine
Gmax of soils by measuring wave velocity through porous media. Compared with a

resonant column test, this test offers direct measurements and simpler computations.

In addition to bender testing, resonant column, triaxial and odometer testing can be

conducted with the bender element.
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Piezoelectric sensor arrays for Gas Leakage Location Based on Correlation of the Time-
Space Domain of Continuous Ultrasound. An array of piezoelectric acoustic emission
(AE) sensors acquires the propagated signal on the plate's skin. Time continuous signals
are generated by gas leakage holes (with diameters under 2 mm). The correlation of
signals in the time-space domain can be achieved by collecting and analyzing signals
from different sensor positions in the array. Once the sensor array and leakage source are

determined, the directional relationship between them can be determined.

A PZT-based guided waves were used for multiple crack detection of steel pipelines and
plastic pipe and plastic materials in plastic industries, the detection of preliminary
damage has been studied using nonlinear ultrasonic behavior such as higher harmonic

generation, subharmonic generation, nonlinear resonance, or mixed frequency response.

6.1.3 Observations

According to the concept of this thesis as discussed in the introductory pages of this
paper. Observation of performance output of Piezoelectric output performance will be
detailed as follows. Following the series of simulation work conducted for predictions
of the output performance of a cantilever energy harvester system.

Since the energy output of a cantilever based-piezoelectric material depends on the
factors listed on page 15. However, these are the fundamental factors that dictate the
performance of PZT.

Simulation works are categorized into two, Category A depicts the effect of attached
mass which describes the input acceleration of the system.

Increasing the attached mass at the free end of cantilever beams but with special
consideration of the entire thickness of the piezoelectric material usually increases the
expected energy output of the system. At 10 g, 20 g, 30 g 40 g 50 g, peak output voltage
increases, from 103.25 mV, 326.98 mV, 675.96 mV, 1255.35 mV, and 1987.15 mV
respectively. The corresponding increase in the attached mass of a body and peak output
recorded, reduces the frequency band between the natural frequencies and the open-
circuit resonant frequencies from 54 Hz, 39.3 Hz, 32.4 Hz, 28.3 Hz, 25.3 Hz

respectively.

58



However, the peak output voltage of 5 V obtained at the lowest different frequency band
between natural frequency and open circuit resonant frequency at 23.9 Hz as shown in

the table 5.9 and figures 5.9.1.1, 5.9.1.2, 5.9.13, and figure 5.9.1.4 respectively.

According to the CATEGORY B simulation result shown above in Table 5.3, it clearly
demonstrates the significant effect of shape, size, and volume of Piezoelectric material
and the metal substrate on the performance of the system in terms of peak power and
peak output voltage of the system.

As the thickness of the metal substrate increases from 256 um, 512 um, 768 um, 1024
pm and 1450 pm while the thickness of the PZT is made constant at 1450 pm. There is
similar frequency response. The frequency band difference between the natural
frequency and open-circuit resonant frequency increases from 12.2 Hz, 14.4 Hz, 17 Hz,
18.4 Hz and the peak power output and peak output voltage are also observed and
recorded at 23.2 Hz when the thickness of PZT and the thickness of the metal substrate

assumes equal at 1450 um respectively.

The system adjustment set up a natural frequency that is nearly close to the resonant
frequency of the system. The percentage difference of the calculated frequency is
observed to have occurred at a 4% proximity between the natural frequency and the
resonant frequency. Hence the peak power output is obtained and recorded.

It was observed that the natural frequency of the system only depends on the following:
<> thickness of the PZT

> thickness of the substrate

< the mass of the attached body.

From equation (8) derived above w, = \/%

The natural frequency of the system depends on the material stiffness which is a function

of the thickness of the PZT and the cantilever beam substrate.
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CHAPTER 7

CONCLUSION

In conclusion, according to a series of simulation exercises done and different output
voltages and peak power are measured. It is established that in BC-PEH experiment result
conducted according to table 5.8, page 71, and 72 in chapter 5 describes that PZT of 1450
pm at the same thickness of the Cantilever substrate delivered the maximum output
voltage of 5V, at almost 5% difference between the excitation frequency and the resonant
frequency by increasing the attached mass of a body at its free end from 10 g to 56.24 g
where the maximum output voltage is obtained, measured, and recorded.

The maximum output voltage and peak power are obtained when the thickness of the
PZT and Cantilever substrate assumes equal or almost equal with increasing the mass of

the body attached at its free end.

From the result obtained, there is the flexibility of obtaining a higher output voltage by
increasing the thickness of the substrate and PZT along with the mass of the body and
this makes this study or technology feasible for microgrid energy solutions as well as
renewable energy systems. In addition, the output voltage can be further stepped up with
a dc-dc converter to increase the level of the output voltage depending on the desired

output level requirement.

As shown above, in page 58, 5 V output from PEH is stepped up to 15 V, therefore, the
achieved output depicts the possibility of the proposed solution in this thesis and has the
potential to form a fundament solution in gas leakages in LNP plant, pipeline, water
system and detection of leakages in plastic industries and other related industries where
leakage test is required to pass the quality test in production industries as well as
operating micro-scale electronic devices, Internet of Things (IoT), military heel strike

shoes, and charging smartphones and tablets.
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