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Abstract

The power requirements for electronic gadgets which work on micro level power supply is
exponentially increasing day by day due to the rapid innovations taking place in electronics
& instrumentation. Therefore researchers are putting effort to reduce the dependence on
conventional batteries and investigating methods of obtaining electrical energy from other
unconventional sources. In this context, vibration energy harvesting has received growing
attention during the past decade. The research motivation is due to the reduced power
requirement of small electronic components, which are often used in active and passive
monitoring applications. Mechanical vibrations are found amost everywhere in the
running automobile appliances, civil structures, railways and so on, and in most of the
cases these vibrations will be dampened for the comfort. Recently, research is also carried
out to generate electricity in shoes, dancing floors, generating energy in thread mills using
human energy. The maor advantage of vibration energy harvesting is that it is an
unconventional source of energy which can utilize the ambient vibrations to generate micro
level power. Vibration energy harvesting using piezoelectric materials is found to be a
greatest attention for the researchers in recent past because the piezoel ectric materias have
large power densities when compared to the other basic transduction mechanisms. The
disadvantage being usage of some of the piezoelectric materials which are environmentally
unfriendly. However, there is a still large scope to develop these kind of harvesters for

defense, nuclear and other applications.

Most of the piezoelectric vibration energy harvesters developed earlier are in the form
of cantilever beams with one piezo ceramic layer called unimorph or two piezo ceramic
layers called bimorph. These harvester beams are fixed on the host structure and dynamic
strain is induced in piezo ceramic layers which results in an alternative voltage output
across the electrodes. Experimental research on piezoelectric energy harvesters aso
conducted to estimate the device performance for AC power generation. As an electrical
engineering point of view the aternating output voltage is also converted to a stable

rectified voltage through arectifier bridge and a smoothing capacitor.

Piezoelectric materials are molded as actuators in the form of cantilevers, discs and

cylinders. some of the typical piezoelectric materias include quartz, barium titanate, lead
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titanate, cadmium sulphide, lead zirconate titanate (PZT), lead lanthanum zirconate titanate,
lead magnesium niobate, piezoe ectric polymer polyvinylidene fluoride (PVDF), polyvinyl
fluoride (PVF). These actuators are used in different applications starting from developing

simple accel erometers to the complex ultrasonic surgical applications.

However, in the recent, piezoceramics are widely used to develop energy harvesting
devices. Earlier PZT materials are used to develop cantilever type piezoelectric energy
harvesters using bimorph structures PZT cantilever beams. PZT materia is very much
reliable for energy harvesting when compared to the other ceramics as well as piezoceramic
series because their coupling factors and short circuit senstivities, permittivity and

compliance are very much high when compared to the other materials.

In the present work extensive studies are conducted on the PZT-5H type piezodectric disc
actuators, and the applicability of the energy harvesting actuators for vibration energy
harvesting. A novel energy harvesting device which can generate micro level power is
developed and tested under experimental conditions. Initially, the distribution of the
composition and bonding levels of the PZT -5H materials aso observed. Studies are also
conducted to understand the characteristics of these PZT-5H actuators, the performance
under different temperature conditions, fatigue conditions are observed. By conducting the
above experiments the reliability and the durability of these PZT- 5H energy harvesting
actuators is studied for the development of efficient energy harvesting device. Anaytica
studies are conducted using MEMS modul e to estimate the maximum voltage generated  in
the piezo electric materials. The significance of the PZT 5H materias is anaytically
checked during these studies. These actuators may be stacked to develop a device that can
generate maximum output. A mathematical model is developed for the devices and
vibration studies are conducted to identify the significant frequencies of vibration for
maximum power output. Experiments are conducted on these novel PZT 5H based energy
harvesting device to observe the maximum power output that could be generated at the

significant frequencies.
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Chapter 1

I ntroduction
Nowadays, technology is playing a crucia role for accomplishing the goals very quickly. The

knowledge of Information technology, Electrical and Electronics Engineering, Computer Science
Engineering, Mechanical Engineering, Civil Engineering etc. are required for the smooth running
of any industry and research organization. For al these departments electrical energy is essential.
Scientists and researchers worked to gain electrical energy through wind, solar, tidal waves and
fossil fuels. Earlier trials were also made to generate electrical energy using vibrations of
structures and operating machinery.

During past decade, the research of energy conversion techniques employing ambient vibration
has been of high interest for many scientists and engineers. The electricity is taken out from
vibrating machines and structures can be employed for powering the wireless sensors, micro
power electronic devices, distributing direct current into rechargeable cells and electrical power
storage devices. Especialy by powering the smart wireless sensor instruments which can be used
for structura health monitoring of machines, civil structures and air crafts. By using vibration
energy generating electricity can be possible only by means of perovskite materials. PZT (Lead
Zirconate Titanate) is one of the perovskite which is having high piezoel ectric coupled constant.
When the mechanical pressure or load is acted on the PZT, dynamic strain can be created. This
dynamic strain leads to separate the anions and cations charges on to the surface; thus resulting
in generation of electrical energy. Vibrations are often observed in automobiles, human motions,
civil structures, rotating machines, hydraulic pipes, pneumatic pipes, aircrafts, missiles, rockets,
rocket launching pads etc. The knowledge of piezoelectric materials and their behaviour such as
crystal structure of material, mechanical and electrical properties of the material, manufacturing
methods of the PZT discs, geometry properties, design concepts, vibration concepts, modal
analysis, finite element methods, computational methods , signal processing, electrica circuit
analysis are essentially needed for maximum energy generation. Piezoelectric materials are
highly sensitive therefore they may be used for sensing purposes and for damage detection of
bearing cracks, gears, bridges, fatigue cracks of aircrafts, plates in vibration analysis approach.

Surface embedded piezoelectric materials can also be used for structural health monitoring of



aircraft structures when aerodynamic loads are severe and for continuous monitoring of civil

structures.

1.1Evaluation of Harvesting Energies
Based on the literature survey, text books and internet sources the collected data mentioned in

Table.1.1. Comparison in power density is done for temperature gradient, rechargeable batteries,
non-rechargeabl e batteries, solar panels ad vibrations. Power density is very low for rechargeable
batteries and high for Temperature gradient power sources. For vibrations power density is

200p W/em®, which isin the second high position amongst the power sources.

Table 1.1: Evaluation of the harvesting energies and the ener gy storage methods.

Sour ces of Power Power density I nformation sour ce
Temperature gradient 320 u W/cm? from 5°C Thermolife
Rechargeabl e Batteries 9 p W/em® Commonly available

Non rechargeable Batteries 48y W/em® Commonly available
Solar panel 20 to 60 p W/cm® Commonly available
Vibrations 200 u W/cm® Roundy [ 56]

1.1.1. Vibrations

The power density from vibrations is 200 pW/cm?®, which may be observed from certain
building structures. Vibrations are observed in plenty from automobile vehicles, operated
production machines, air crafts, missiles, human body organs and due to aerodynamic loads.
Vibrations beyond the designed value considered as negative effect on the life of the structures,
therefore, alot of research has been performed earlier to control the vibrations rather to utilize
the vibrations to convert the vibration energy into electrical energy. Tablel.2 gives some details

of vibration sources, frequencies and amplitudes.



Tablel.2. Frequency and Amplitude of Vibration Sources

Vibration Source Frequency(Hz) Amplitude(mm)

Air Compressors 4-20 25.4x10°
Handling Equipment 5-40 25.4x10°
Pumps 5-25 25.4x10°
Building Service 7-40 25.4x10™
Foot Traffic 0.5-6 25.4x107

Acoustics 100-10000 25.4 x107 to 25.4x10™

Punch Presses Upto 20 25.4 x10 to 25.4x10™

Transformers 50 -400 25.4x10™ to 25.4x10°

1.2 Objectives of the Thesis

Based on the literature survey in the area of vibration energy harvesting, it is noticed that most
of the researchers have worked profoundly on electromagnetic and el ectrostatic mechanisms but
the amount of research work conducted on piezoelectric vibration based energy harvesting
mechanisms is very less. The literature survey has been performed with the aim to understand
the mathematica modelling,

phenomenon, experimental setups, applications and merit and demerits of piezoelectric

materias of the different transduction mechanisms.

The objectives of this research are to profoundly study the effectiveness of piezoelectric element

characteristics of materials, eectromechanica coupled

(PZT-5H) for effective energy harvesting. The detail objectives of the study are given below.

= To study the effect of piezoelectric coupling coefficient on the electrical displacement by

analyzing the piezoel ectric constitutive equations.

= To conduct the characterization studies on the piezoelectric element (PZT-5H) to

understand it’s durable life under compression, fatigue and heat.

= To conduct experimental studies on by fabricating piezoelectric device and to estimate

the output voltage and power under different frequency excitation.

» Tovalidate the analytical results with the experimental results

» Tounderstand the effect of temperature on the performance of energy harvester.

= To optimize the output voltage generated by the energy harvester for charging the

electronic devices.




1.3 Significance of dissertation

This research work improves the confidence levels of scientists and researchers in the field of
vibration based piezoelectric energy harvesters. It makes to aspire in the design of energy
harvesting devices, to fabricate the piezoelectric disc type actuators for maximizing the output

power generation.

1.4 Research Method of thethesis

After doing the rigorous literature survey, the research methodology of thevibration energy
harvesting using piezoelectric disc type actuators in this dissertation covers the concept of basic
linear constitutive equations, the mathematical modelling of vibration based piezoelectric disc
with input base excitations, the experimental validations and the effect of environmental factor
on energy harvester. In this research method, the effect of piezoelectric coefficient on the output
parameters plays an important role in vibration energy harvesting devices. It is understood that
scientists did not convey in-depth communication of the electromechanical relations. The most
important mathematical equations are derived in order to evaluate the effect of piezoelectric
coupling coefficient on the output voltage generation. The mechanica and electrica
characteristics of piezoelectric disc type actuator are studied experimentaly. By the process of
characterization, the operating loading and life conditions of piezoelectric disc type actuator
could be known. MATLAB Simulink is used as a method of optimizing the power output for
charging the low power MEM S and the wireless sensor nodes.

1.5 Organization of the Dissertation

The total thesis contains six chapters, starting from the first chapter to final chapter linked
together to give information about the method of generating the electricity by using piezoelectric
materials with the means of utilizing vibrations. The overview of the each chapter is mentioned
below. Chapter 1 gives an introduction to piezoelectricity, currently used unconventional
sources of energy, conversion principles and describes about the different sources of vibrations
for generating piezoelectricity. Chapter 2 presents the detailed summary of the literature
published earlier by Academicians and Researchers in the field of Piezoelectricity and Vibration
Energy Harvesting.

Chapter 3 describes the characterization of piezoelectric disc type actuators for their
sustainability under mechanica and electrical loads. Chapter 4 deals with modeling, simulation

studies conducted on piezoelectric disc type actuators for maximum energy generation under
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sustainable conditions (Frequency, Acceleration and Temperature). Chapter 5 deals with proto
type modeling of energy harvester and experimental studies conducted on piezoelectric disc type
actuators under various accelerations from 25 Hz to 100 Hz. Chapter 6 summarizes the
significant conclusions of this research. The relationship between displacement field and
piezoelectric coupling coefficient to analyze further the effect of output voltage with
piezoel ectric coupling coefficient is mentioned in Appendix A .

1.6 Back ground of Piezoelectricity

There are many materials which are useful for manufacturing automobile parts, sophisticated
circuit boards, electronic components, defence equipments, armed devices etc. but some
materials are having the property of generating the electricity by applying the mechanical
pressure which are caled piezoelectric materials. In the last two chapters described the
introduction and literature survey parts of dissertation. In this chapter mentioned the linear
constitutive equations of piezoelectricity which are applicable for anaytical and experimenta
studies of piezoelectric disc type actuators and al'so mentioned the applications for designing the

vibration energy harvester.

1.6.1Lead Zirconate Titanate (PZT)

This section intends to mention the influence of the crystal structure of the piezoel ectric nature of
materials, it is by no means a detailed study on the crystallography of piezoelectric materias. In
dielectric materias, the regular repetitive arrangement of atom, ions or molecules in a lattice is
called the crystal structure. The presence of the piezoelectric phenomenon in materias depends
on the internal crystal structure of the dielectric; unlike electrostriction which is independent of
the internal structure and thus can occur in liquids and gases. In particular, the piezoelectric
effect can only occur in crystals which do not possess a center of symmetry. From the direct
piezoel ectric effect point of view, when the materia is elastically deformed, the center of gravity
of the positive and negative charges are displaced and the lack of symmetry prevents a net
electrical cancellation. The summation of these electric dipoles lead to a macroscopic non-zero
polarization field. From a mathematical point of view, when the crystal possess a center of
symmetry then the piezoelectric coefficients which are third rank tensors, must cease to exist .
Therefore a material with a center of symmetry cannot exhibit piezoelectric effects. In the study

of crystallography, there exist a total 32 different crystal classes out of which 20 possess the
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piezoelectric capability. The 32 classes are divided into seven groups such as triclinic,
monoclinic, orthorhombic, tetragonal, trigonal, hexagonal and cubic. These groups are aso
concomitant with the elastic nature of the material where triclinic represents anisotropic material,
orthorhombic represents orthotropic material and cubic are usually isotropic materials. The
choice of crystal structure of the piezoelectric to be adopted in this work were based on the
following factors: the generality of the piezoelectric material to accommodate a greater variety of
directional actuation, avoiding over-generalization of having more independent material
coefficients than is necessary, the availability of numerical data from manufacturer or literature.
Having considered this, the chosen crystal structural model for this research work is that of the
"orthorhombic - class mm2". The piezoelectric material and the non-piezoelectric material
(substrate) considered in this work will be, at most, orthotropic. This means that it can be
anything up to orthotropic; including isotropic and transversely isotropic. In particular, two types
of piezoelectric materials widely used in smart structure applications are piezo-ceramics which is
usualy poly-crystaline materials such as (Pb(Zr,Ti)O3) and piezo-polymers such as polyvinyl
fluoride (PVF).
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Fig.1.1 Atomic structure of PZT
Due to polarization methods (to initiate the piezoelectric properties), the piezoceramic often

adopt the mm6 crystal structure whereas the piezopolymers are of the mm2 crystal structure. The



former can be considered as a degenerate subset of the latter crystal structure. Thus the choice of
mm2 structure for the present work is general enough to cover the piezoelectric materials often
associated with smart structures. Fig 1.1 shows the crystal structure of lead zirconate titanate
perovskite at the room temperature. The chemical formula of lead zirconate titanate is Pb[Zr, Ti ..
»]Os, x=0.52. It is also called PZT. At x=0.52, PZT shows a large dielectric constant, high
piezoelectric response and poling efficiency. The lattice parameters a, b, ¢ anda of PZT at
different ‘x” values is mentioned in table 1.3 [64].

Tablel.3. Lattice parametersof PZT

X Phase Form a( Z\) b(;&j ora C(:&j
0.00 0] P 5.85 11.77 8.23
0.10 R SD 4.14 89.73° -
0.20 R SD 4,12 89.71° -
0.30 R SD 411 89.70° -
0.40 R SD 4.09 89.70° -
0.48 R+T SD 4.08 89.72° -
0.52 T SD 4.01 - 4.14

Note - O: Orthorhombic , R: Rhombohedral , T: Tetragona , P: Powder, SD: Sintered disk

1.6.2 Characteristics of PZT

i. Dampingratioisvery low
ii.  Good machinability
iii.  High brittleness
iv.  Senditivity for voltageis very high
v. Castability ishigh




vi. PZTsareflexible. It can be usable for various voltage electrical drive circuits

vii.  PZTscan also be usable under the various frequency environments.
1.6.3 History of Piezoelectricity
History of piezoelectricity since 1880 to 2017 is mentioned in Table 1.4. Curie brothers
discovered the direct piezoelectric effect by using Tourmaline, Quartz, Topaz, Cane Sugar and
Rachelle Salt in the year of 1880[54].

Table 1.4 History of piezoelectricity

Y ear Name Material Remark
1880 Pierre Curie & | tourmaline, quartz, topaz, | Direct piezoelectric effect
Jacques Curie cane sugar and Rochelle salt
1881 Lippman Quartz Converse piezoelectric effect
Early 1990 | - - Topic of scientific interest
1916 Paul Langevin Quartz crystals between two | Langevin transducer & Ultra
metal plates sonic submarine detector
1917 Robert A Quartz crystals between two | He supported the work of
metal plates Langevin
1917-1940 | W.G.Cady Quartz crystals between two | Developed the devices based on
metal plates the work of Langevin
1940-1965 | US, Japan and | BaTios family Deemed in developing
Soviet Union piezoel ectric materias
1965-1980 | Japaneese BaTios family Piezoceramic ignitors,
developments ultrasoninc transducers
1980-2017 | Indiainvolved Lead Zirconate Titanate Piezoceramic products & Energy
harvesters

1.6.4 Applications of Piezoelectricity

Fig 1.2 represents the pictorial presentation of the overal

view of applications of

piezoelectricity. There are two types of piezoelectric effects. Oneis the direct piezoelectric effect
and the second one is indirect or converse piezoelectric effect. Converse piezoelectric effect is
defined as it converts the voltage into mechanical strain or deformation. Converse piezoelectric

effect is subdivided into two categories such as resonant applications and non-resonant

8



applications. Maximum applications are under resonant condition. Under resonant condition, the
applications of converse piezoelectric effect are for ultrasonic cleaning, dental descaling, wave
filters, scanning probe microscopy etc. Voltage and power generations takes place under the
applications of direct piezoelectric effect. In this dissertation, research work is carried out on the
application of direct piezoelectric effect that is voltage generation by applying impact load on the

piezoel ectric disc type actuators.

Applications of Applications of the
the direct effect converse effect
- — : | | Not
0]
Piezoel ectric sensors - [ Resonant ]
for the measurements :
of mechanica [ I _ |
stress, pressure an Ultrasonics [ Radlo_ ] ‘ Resonant \
L accel erations (High energy ultra engi nclaerl ng Sensors

L sonic waves) |

frequency and

time(Quartz clocks)

Fig.1.2 Applications of piezodectricity
1.7 Linear constitutive equations of piezoelectricity

The four categories of linear piezoel ectric constitutive equations are mentioned bel ow(Equations
1.1-1.8) [55].

Strain-Charge Form:

[S]=[sl[s ]+[d][E] (11)



[D]=[d][s ] +[e][E] (1.2)

Stress-Charge Form:
[s1=[KI[SI-[€l[E] (13
[D]=[€l[S]+[e][E] (14
Strain-Voltage Form:
[S]=[s][s ]+[g][D] (15
[E]=[-gl[s ]+[e][D] (1.6)
Stress-Voltage For m:
[s I=[KI[S]-[al[D] (17
[E]=[-ql[S]+[e] '[D] (1.8

1.7.1 Electrical impedance of PZT disc type actuator

The impedance is a distinctive property for piezoelectric disc type actuators. For calculating the
electrical power from output voltage the property of impedance is essential .It is very important
property for vibration based piezoelectric disc type energy harvesters .Electrical impedance is
well-defined as the voltage developed from piezodlectric disc type actuator divided by the
current through the piezoelectric disc type actuator. Fig.3.3 shows the variation of impedance
over a frequency range for non-piezoelectric dielectric elements. The behaviour of Impedance

over a Frequency is quadratic non-linear. It follows the equation of y=0.3405x*-64.103x+4940.2.

Correlation is 98.32%.
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Fig.1.3 Electrical impedance over a frequency for a dielectric material
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Fig.1.4 Electrical impedance over a frequency for piezoelectric material
Fig 1.4 shows the response of electrica impedance over a range of frequency for piezoelectric

material under both resonance and anti- resonance conditions. For the resonance condition,
electrical impedance is decreasing with the frequency and for the anti-resonance condition
electrical impedance is increasing with the frequency. At the frequency range of 54Hz to 60 Hz
there is a peak ascent in electrical impedance. It reflects the beginning of the zone of anti-
resonance frequencies of piezoelectric material. The various operated frequencies effects the
impedance of piezoelectric disc type actuator. Every natural frequency causes to create

resonance and non-resonances in the impedance.
1.7.2. Equivalent Electrical Circuit of Piezoelectric disc type actuator

To study the behaviour of impedance, an equivalent electrical circuit is modeled. Fig.1.5 shows
the equivalent electrical circuit of piezoelectric disc type actuator. It consists of L, R,C and Cp.
This circuit is mainly to study the simulation of piezoelectric resonance behavior. The following
assumptions are considered for accurate simulation.

i.  Thevaueof C must be smaller than Cp.

ii. CandCp mustbein paralel connection but not in series connection.
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Fig.1.5. Equivalent éectric circuit of piezoelectric disc
The unit of frequency isin Hz. The natural frequencies for resonance and anti-resonance can be

calculated by using equations 1.9 & 1.10.

1

f =
resonance a:)\/ﬁ

(1.9)

1

anti—resonance — C
p

C+Cp

f (1.10)
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1.8 Piezoelectric effect
Direct Piezoelectric Effect:
When the compressive load (F) is applied on the piezoelectric disc type actuator, a dynamic
strain will be induced and thereby generates voltage across the terminals, which can be measured
by the voltmeter. Here the force is input, sample is piezoelectric materia and the output is
voltage.Fig.1.6 shows the schematic representation of principle of direct piezoelectric effect
under the application of compressive load.
Inverse Piezoelectric Effect:
When the voltage is supplied to piezoelectric disc type actuator, mechanical deformation takes
place, then this principle is called as inverse piezoelectric effect. This inverse piezoelectric effect
is used for increasing the damping factor and isolation purposes of vibration systems.

F
_— l — /V Volt meter
N— -
PZT Disc ;
N— A -
F

Fig.1.6 Principle of direct piezoelectric effect
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Fig.1.7 Direct piezoelectric effect with electrical circuit

T

Fig 1.7 represents the electrical circuit of the principle of direct piezoelectric effect. Half wave
rectifier is used to convert AC to DC. A Capacitor (C) is meant for storing the DC Voltage for
continuous supply of voltage.

1.8.1 Selection of PZT-5H

PZT-5H type disc type actuators are selected by considering the various parameters such as
piezoelectric constant , permittivity and compliance for generating the maximum voltage and
power. In this research direct piezoelectric effect is used for generating the maximum power. In
order to gain maximum power piezoelectric constant should be high for the piezoelectric
actuators, therefore PZT 5H is having high piezoel ectric constant in comparison to PZT-2, PZT-
4 and Ceramic B. These parameters are mentioned in table 1.3.
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Table 1.5 Comparison of PZT-5H in relation to other materials [61]

CeramicB | PZT-2 | PZT-4 | PZT-5A PZT-5H
Piezoel ectric constant 26 26 50 64 100
Permittivity 35 13 38 50 100
Compliance 52 71 75 100 100

1.9 Introduction to COM SOL Multi-physics

In this dissertation COMSOL5.0 Multiphysics was used for studying the frequency responses,

acceleration dependence and load dependence of energy harvester, therefore COMSOL 5.0

introduction has been mentioned.

COMSOL Multiphysics

J

Structural Mechanics
-Piezoelectric devices

0

Electrical converter module

-Electrical circuits

g

Frequency Domain
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Fig 1.8 Flow chart presentation of overall view of COMSOL 5.0 Multiphysics tool

The overall view of COMSOL is shown in Fig 1.8. In this dissertation COMSOL is employed for
simulating the piezoelectric disc type actuator at various accelerations from 20g to 100g under
various frequencies of 25 Hz to 100 Hz. The analytical results which are obtained from
COMSOL are validated with experimental results. In the past, many researchers were worked on
energy harvesting by electrostatic and electromagnetic transduction mechanisms but the output
power was not enough to operate certain micro electromechanical systems; therefore,
piezoelectric transduction mechanism fulfilled that need. High power density is observed in
relation to electro static and el ectromagnetic mechanisms. Many researchers were also worked in
piezoelectric transduction mechanism, though power density is high, but requirement of power
and voltage could not be achieved. It is observed that the design aspects of energy harvester may
be considered; therefore, in this dissertation an attempt is made to maximize the voltage by
fabricating the prototype model of piezoelectric energy harvester .Simulation studies are done
and these results are validated with experimental data. The output obtain from piezoelectric
transduction mechanism is AC but the application of DC is very much required for operating
wireless sensor nodes and low powered electronic devices. MATLAB Simulink Toolbox is used
for conversion and maximizing the power. Based on literature survey, it is observed that
piezoelectric transduction mechanism may be used for controlling the vibrations apart from
generating the electricity.
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Chapter 2
LITERATURE REVIEW

In this chapter presented the literature survey starting from the pioneer work done by Hua-Bin
Fanga & Jing-Quan Liu in 2006, severa researchers have done commendable work in the
various aspects of piezoelectric energy harvesting. Most of the work is grouped into piezoelectric
generation using cantilever beams, human powered piezoelectric generation, micro-scale
implementation and impact coupled devices. The present chapter summarizes the work
performed by several researchers on the various aspects of piezoelectric energy harvesting.
References 1-16 represents the research related to the voltage generation from cantilever beam
type energy harvester, references 17-20 represents the research related to the electricity
generation from human powered category, references from 21-28 represents the category of
impact coupled devices, references from 29-37 represents the category of micro level voltage

generation and the remaining represents the category of vibration based energy harvesters.
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Fig.2.1 Number of papers published per year in piezoelectric energy harvesting
Fig.2.1 discusses about the number of papers published since January 1998 to May 2017. It
shows the growth of research in the field of piezoelectric energy harvesting. Since 1998 to 2007,
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the number of papers published per year in piezoelectric energy harvesting is less than hundred.
The maximum papers were published in 2016.

2.1 Piezoelectric gener ation using cantilever beam

The research of piezoelectric energy harvesting is started with cantilever beam based. Many
researchers have done and still doing their research on cantilever beam type in paralle to the
category of human powered, impact coupled, micro scale level and application oriented vibration
based energy harvesting.

In the year of 2006, cantilevered type piezoelectric micro power generator is proposed by Bin
Fanga & Jing-Quan Liu. In their work composite based cantilever with nickel mass is used. It
can be operated at low frequencies of 600 Hz to 610 Hz and 2.16 mw power and voltage is 0.89

V AC peak to peak are generated [1]. Hu brothers designed a cantilever beam based energy
harvester by attaching a fixed mass at the free end and concluded that the power density can be
increased from 200 to 300 mW/cm?® by varying the inductance from 1x10™ to 2x10”® under fixed

end mass [2]. Marco Ferrari demonstrated experimentally in 2009 that the more dynamic strain
can be created by coupling the piezoelectric converter to permanent magnets. The added
nonlinearity to cantilever beam was studied by using a MATLAB Stochastic Differential
Equation (SDE) tool box [3]. Instead of single cantilever beam, bulk cantilever PZT thin films
are used by Huicong Liu to optimize the voltage and power from micro watts level to milli watts
level. He experimented paralledd and series connections and concluded that the parallel
connections of PZT thin films generates the maximum output of 90 mV which is three times
more than the power generated in series connections at the load resistance of 800 kQ [4].
Anaytica models are demonstrated with high tip mass in relation to the applications of
structural health monitoring and for wireless sensor nodes [5]. After that by using magneto
electric transducers, unimorph piezoelectric transducers and comb shaped piezoelectric

cantilever beam are used for increasing the power density from 100 mW/cm®  to 10 m W/cm®

by using ambient vibrations. Electro-mechanical coupled equations are developed to predict the
responses of the piezoelectric cantilevers [6-8]. More electrical energy conversion can be taken
place in proportion to the induced strain in the piezoelectric cantilevers, therefore by giving the
radio frequency signa , strain is induced in the cantilevers. Instead of using unimorph
cantilevers, bimorph cantilevers are manufactured and kept in array and used for producing more

electrical energy under ambient vibrations. Three times more power is reached in comparison to
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single unimorph piezoelectric cantilever [9-16]. The similarities are found from references 1 to
16 is that all were used piezoelectric cantilevers and the power generated was in micro watts.
Even though the generated voltage is 1 V which is low but the exceptional work was done by
Marco Ferrari in 2009 by using magnet developed a strain in the piezoelectric material.

2.2 Human power ed piezoelectric generation

Jon etal used a PV DF film and unimorph piezoel ectric composite patch which were inserted into
a shoe, demonstrated a model for generation of eectricity while waking; even though it is
soothing to hear and very fascinating for scientists and researchers to develop their confidence
levelsin the applications of piezoelectric energy harvesting. The drawback is that if the person is
having Plantar fasciitis and Achilles tendinitis, that shoe cannot be useful and aso the maximum
power of more than 2 mW cannot be generated by the health human beings [17]. Even though
John etal work is not applicable everywhere but the developed power is in milli watts. In
comparing the works of references [1-16], reference [17] is done the better work and developed a
power of 10 mW. Jose et al aso worked on generating electricity by four various human motions
where as John et a used only one human motion that is walking. Jose et a used four different
motions such as breathing, walking, typing and upper limbs motion. The maximum power is
generated during walking i.e 900 mW at the load of 650 N under the frequency of 1 Hz. He has
generated more power than reference [17]. Even though the mechanical power loss is high for
walking motion but the generated power is also high. Jose et al mainly focused on to supply the
power for audio and computation functions and for replacing the lithium ion batteries [18].

So far studied that maximum power can be generated only by giving the human motion through
walking but Jamaludin et a demonstrated that by giving the motion via hand on the piezoelectric
disc type actuator the electrical power can be generated. Jamaludin presented the compl ete steps
for designing and developing an innovative piezoelectric generator prototype by using 4-axis
machine including the factors considered for the best design. The process consist of designing
the model refer to generator working principal and some new fabrication methods for the small
thickness plate to be used for the piezoelectric generator. This aternative method of fabricating
the 8mm thickness nylon plates by using 4-axis Modula Machine exposed the ability of that
machine to operate such thin work piece. This innovation prototyping methodology can be

applied for other similar project. A rapid prototyping machine was used for fabricating the nylon
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device. The maximum voltage developed was 19.65 V [19]. The draw back from hand operation
is that the power generated is not continuous. Therefore for supplying the continuous power, the
power storage devices should be used.

M. Loreto aso worked on human power by walking. Piezoelectric patches were inserted in the
sole of the shoe. The maximum generated power is 6.08 V. Bimorph patches were used The
advances made from this research build the framework for further experimentation with the tools
necessary to use the piezoelectric fibber composite bimorph (PFCB) effectively in numerous
applications [20].

2.3 Micro-scale implementations

Chao et a demonstrated the energy harvesting in micro level by considering various devices
such as photovoltaic, thermo electric generator, vibration energy transducer, fuel cell and electro-
magnetic generator. Various power densities were described in their research work. Power
density for piezoeectric materials is high in comparison to other sources. Therefore in this
dissertation piezoelectric disc type actuators are used for gaining maximum power output [29].
S.P.Beepy aso worked on micro level energy scavenging and compared the output generation
three conversion mechanisms by analytical approach. Equations of motion with damping for the
mechanisms are also presented [30]. In the references 1-30 used PZT material was used for
doing research to generate electricity, whereas Huan et a worked on zinc oxide crystal to
generate electricity. Analytical studies were done and results are validated with experimental
values of two years old research paper. The generated voltage was 10 mV [31]. Ahmedreza et al
mainly worked on how to regulate the power which was generated from the piezoelectric
element when it was under excitation, for that full bridge rectifier was developed and dc to DC
converters were also used to optimize the power, mainly focused on power optimization. On the
design of piezoelectric discs or design of energy harvesters were not explained. Already worked
experimentation was used such as cantilever beam with piezoelectric patches. Although
efficiency in output was improved but the generated output power was very low i.e. in micro
watts. Ahmedreza et a work was addition to references 1-16 [32]. Fain et a aso worked on
cantilever piezoelectric beam model with tip mass in multiples. The source of vibratory motion
to cantilever beams was riding by cycle, car, train or during walking. A case was fabricated such
away to keep the laptop inside and which was surrounded by piezoel ectric cantilevers. When the

people were riding a car with this laptop case, the oscillatory motion was given to laptop which
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leads to the displacement of cantilevers thus electric power was generated. The power was
generated by this method was still in micro level and was not continuous supply. For
experimentation this work was good but the main drawback was laptop may be get damaged
[33].

Manu Pallapa compared the Piezoelectric Micro-Power Generators (PMPG) modelling
and simulation results obtained using four different approaches; (i) COMSOL Multiphysics 3.5a,
(i) Coventor, (iii) ANSYS and (iv) Lumped element anaysis. It is found that the four
approaches closely agree with each other. They indicate that while the nominal design of the
PMPG is sound, it is quite conservative and inefficient. The simulations provide the basis for
optimal design and fabrication of the PMPG [34]. Brijesh Kumar used zinc oxide materia for
developing electrical power. His work was similar to reference 31. Reference 31 used only nano
crystals but Brijesh used various nano sized zinc oxide geometrical structures. Zinc oxide is
ecofriendly material but the output power generated was in micro level. The importance of zinc
oxide was mentioned in their research that this material can be used for gaining electricity from
sun rays because of having semi-conductivity and at the same time it can be used for
piezoel ectricity due piezoel ectric nature, therefore zinc oxide may be used for hybrid purposes to
maximize the power generation. The limitation of their research that inverse piezoelectric effect
and specific applications were not discussed [35]. In the field of micro level energy harvesting
Jiyoung et al studied the literature from 2008 to 2012 on nano fiber energy harvesting and it’s
applications for supplying the power for electrical, electronic , mechatronic devices and wireless
sensor nodes. Piezoel ectric nano generators which were made of PVDF and PZT were used for
study. Nano fibers characterization was studied by using various experimental setups such as x-
ray diffraction, Fourier transform infrared, second harmonic generation, piezo-response force
microscopy and Raman spectroscopy and also presented the prerequisites which were required to
understand the nano fiber energy harvesting. In reference 31, zinc oxide was used for nano fibers
but Jiyoung et a reviewed on the nano generators made of PVDF and PZT [36]. Jiyoung et a
worked on piezoelectric nano fibers where Xudong worked on zinc oxide nano wires for
extracting the power. The maximum power predicted is as same as reference 36. The difference
between Jiyoung et a and Xudong was the materials for nano generators. The draw backs for
this research was very less power generation and may not be applicable for the devices which

functions on the platform of milli watts power [37]. Microstructural evaluation of piezoelectric
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ceramic was done by Ching Chang Chung [62]. At morphotropic phase boundary piezoelectric
response is high for the lead zirconate titanate material. At various “x’ values, lattice parameters
were found by using x ray diffraction tests. The detailed lattice parameters of PZT [64] are
presented under the section of 1.6.1.

2.4 Power generatorsfor broadband vibration energy harvesting

The cantilever beam piezoelectric generators and nano fiber PVDF, PZT and Zinc oxide nano
generators are studied so far for generating the electric power. The limitation was that the
generated power was in micro and milli watts. Now broad band vibration energy harvesting is
considered which includes el ectromagnetic, electrostatic and piezoel ectric mechanisms. Jin Y ang
et al worked on electro magnetic mechanism and extracted electrical power. Cantilever beam
was used which was made up of beryllium bronze. The design was complicated. It works on the
principle that when the current carrying the conductor the magnetic flux produces electricity.
Here, the cantilever beam moves within the magnetic field generates electricity. The conductor is
the cantilever beam based on the movement of cantilever beam between the magnets the current
depends on that. The maximum displacement was used is 4.2 mm and demonstrated the
maximum power. Experimentation was done within the 1g acceleration and within the
frequencies of 10 Hz [38].

Mao et al also worked on the electromagnetic energy harvesting and demonstrated that when the
magnet moves between two magnets the electricity can be generated. The power was produced
by using less than 1 Hz frequency. The vibration source was car riding vibrations. The device
was fitted at the back place of car inside the cabin. The generated power was very low which was
less than 1.5 micro watts. This power may not be used for all the devices and the limitations were
very high. It seems that this experimentation was done for the sake of writing a paper but the
application were very limited. The sensitive capability was 1Hz to 1 kHz [39]. L Tang €t d
worked on broad band electromagnetic energy harvesting by using vibrations. Cantilever beam
with tip mass was used between the two permanent magnets. The tip was placed at the bottom
surface of free end. Cantilever beam was made of piezoelectric material and the tip mass made of
magnet. The whole set up was excited by the shaker [40]. Louis demonstrated a energy harvester
working on ambient vibrations as the source. Tow piezoelectric patches were used for
experimentation; mostly cantilever beam model was used. The conclusion was under chaotic

vibrations maximum power can be generated but it was not true. Factually under the resonance
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conditions the maximum power can be generated [41]. Challa et a aso worked on vibration
energy harvesting by using magnetic forces. His work is similar to references 39 to 41 but the
difference was status of frequencies. References 39 to 41 worked on non-resonance frequencies
but Challa et a worked on resonance frequencies. Energy harvesting device was designed. The
cantilevered beam geometry was used as similar to L tang et a. At the frequency of 26 Hz the
maximum power generated was maximum of 280 micro watts. The work was not novel in taking
the geometry and experimentation [42].

2.5 Piezoelectric sensor applications

So far studied the cantilever beam based generating electrical energy under excitation of
different frequencies from 1 Hz to 10 Hz. Micro power was generated by nano generators made
up of PVDF, PZT and Zinc oxide. Some of the researchers worked on piezoelectric materials
when subjected to impact forces such a way electricity can be generated. Burger et al gave the
method of measuring the impact forces. There was no €electricity generated. Multiple
piezoel ectric sensors were used for experimentation. It can be found out by accelerometer but it
was not used [21]. Similar to Burger et a Kevin et a aso worked on piezoelectric sensors
application. Impact detection was measured by using piezoelectric sensors. It is completely
sensing the impact load not for generating the electricity. The method of Kevin et a work can
also be used for detecting the enemy’s submarines, missiles by using piezoelectric sensors. His
work is not energy harvesting by using vibrations [22]. Marco et a also had done research in the
application of piezoelectric sensors in similar to Burger and Kevin et a. Impact load was
measured by using piezoelectric accelerometers. The characterization method of piezoelectric
sensors was discussed in the range of high frequencies. In Marco et a focused mainly on
calibration of the piezoelectric sensor for measuring the impact loads but no power was
generated. The concept of engineering mechanics was used in their work [23]. Renaud et d
proposed the energy harvester in a prototype model by giving the motion to cubic ball which
having the weight of sixty grams but did not mention the material of the ball. Missile impact on
piezoel ectric unimorphs was considered but how much impact was given could not be measured.
By applying the work of Marco et a in addition to Renaud et al work would have been better.
The weight of impact cubic missile was very low. No exciter and no accelerometers were used
for experimentation. The source of vibration for their work was human hand operation with the

frequency of ten Hertz and micro watts power was developed. The power in micro watts can be
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used for charging the devices in limited [24]. Jacquelin et al used the two cantilever beams and
measured the power when it was impacted by a seismic mass. His work was similar to references
6-8 but the difference was the method of creating dynamic strains in the piezoel ectric cantilevers.
The existing work of Renaud et al was considered as the base for this work. Mechanical design
parameters were considered to optimize the output power. Electrical design parameters were not
considered in their work. Two unimorphs were used but did not mention the geometry of dliding
impact mass [25]. Janphuang et al also worked on piezoel ectric cantilever beam but the dynamic
strain was created by the motion of rotating gear. A novel ideawas applied to give displacement
to cantilever beam. A small mass was attached at the bottom of the free end of the cantilever
beam and fixed such a way that that mass was always in touch with the tooth of the gear. The
touching of the mass was not obstruct the rotating motion of the gear. The developed power was
in micro watts. FEM analysis was done. The mode of applying load is not ds3 mode but it was
d31[26]. Ferrari et a used bimorph cantilever beam was used. Steel was used as the substrut
material. Vibration source was exciter and optimum power was gained at the frequency of 20Hz.
There was no impact mass in experimentation [27]. Ki et a used the number of sticks to give
impact load on the piezoelectric materials. These sticks were operated by an electric motor.
There was no vibration source such as exciter. Impact load was given on the array of static
piezoelectric modules. The output voltage was observed at the various phase differences with
and without rectifiers. Their work was mainly focused on electrical aspects but not mechanical
design aspects [28].

The research work going on in the field of piezoelectricity in India is significant.
Balpande presented modelling and comparative evaluation of RF and PZT micro-power
harvester for wireless sensors network He presented the design considerations and practical
comparison of RF and in house power harvesting system. The results demonstrated the best
choice for power harvesting depending upon the situation [47].

S. Zhao worked on the piezoelectric stacks to get maximum power. This work was
similar to the reference of 38. Cantilever beam model was not used but the geometry of stack
was in millimeter size. The maximum power was developed in microwatts. At various pressures
and resistances, power density was calculated. Main drawback was power was very low [54]. So
far the researchers worked on lead piezoelectric materials and demonstrated the method of

generating power but Anshul et a presented a work on cantilever beam made up of lead free
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piezoelectric material; mainly focused on the finite element analysis of cantilever beam energy
harvester. The novelty of the work was only material i.e lead free piezoelectric material. In finite
element analysis the formulation remains the same for the both the lead piezoelectric materials
and lead free piezoelectric materials and proved that lead free piezoel ectric materials generated
maximum power in relation to lead piezoelectric materials [55]. In before sub headings studied
the energy harvesting by using vibrations of the piezoelectric cantilever beams and generated the

power in micro level of 100 to 500 mW. Hu et a studied the Eigen analysis on piezoelectric disc
type actuators by keeping mass at the center of the discs and aso studied the frequency

behaviour of discs without mass. This work was not related to energy harvesting rather to
vibration analysis. This work can be considered as the prerequisite for energy harvesting [59].
Many researchers worked on to generate maximum power either by using piezoelectric
cantilevers by initiating dynamic strain through exciter, manually and electromagnetic forces.
Nan et a proposed the novel idea in establishing the dynamic strain in the piezoelectric
cantilevers during riding in vehicles, the mechanism was made such that cantilever beam was
moved by lever and was given impact at the free end of the piezoelectric cantilever. At various

speeds of the vehicle impact |oad was generated [60].

2.6. Resear ch gaps and the scope for study
* In recent past, though piezoelectric elements are tested to generate voltage under

vibrations (bags, shoes, floors etc.), the potentiality of these experimentations is not upto
the level of fabricating the working devices.

» It isobserved from the piezoe ectric constitutive equations that the effect of piezoelectric
coupling coefficients provides low voltage , there the evaluation of the effect of
piezoel ectric coefficients is required to achieve more power.

» The piezoelectric reliability studies of those elements to suit as energy harvesting devices
under different loadings and different environments are not studied in the literature.

* Energy harvesting circuits were developed on clamped free beams for storing the energy
which comes as an output, however ,enhancement of power output for charging high
voltage devices is not yet done and the also the effect of temperature on the devices of

energy harvester is also awaiting for research.
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A piezoelectric energy harvester is proposed in this report. The innovation here is to take
advantage of impact made by hitting masses on PZT elements and it causes to produce voltage.

The generated voltage can be used for operating the portable electronic devices.
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Chapter 3

Characterization of Piezoelectric Disc Type Actuators

In the recent years, many scientists and researchers are using PZT transducers for vibration based
energy harvesting. While experimenting the energy harvesters especialy impact loaded type, the
knowledge of electromechanical characteristics of PZT disc types actuators are quintessential.
Experimentation for effective energy harvesting conducted within the limiting conditions will
lead to development of consistent devices, therefore, in this chapter described the importance of
electromechanical characterization of piezoelectric disc type actuators by testing them under
compressive strength test rig, fatigue test rig, hardness test rig and electrochemica impedance

analyzer.

3.1 Importance of electromechanical characterization

i) For yielding the maximum voltage of energy harvester.

ii) For protecting the energy harvester from the applied mechanical and electrical loads.
iii) For protecting the energy harvester from creep and fatigue failures.

iv) Forincreasing thelife of the energy harvester.

3.1.1 Compression strength of PZT transducer

Compressive strength of piezoelectric disc type actuator is found out for anticipating the applied
loading conditions. In order to design the energy harvester (EH) by using PZT disc type
actuators, according to the norms of product design one must know the properties of PZT discs.
PZT discs are manufactured by APC International limited, PZT material density(p) is 7.6 g/cm®,
Piezoel ectric voltage constant(gss) is 24.8 x10™ m?/C, relative dielectric constant (KT) is 3300,
modulus of elasticity (Y3) is 6.3x10™ N/m? , curie temperature(t) is 320°C and Piezoelectric
charge constant(dss) is 630x10™ m/V. Even though the manufacturers of PZT have provided the
values of above properties but not the values compressive strength, hardness and impedance of
PZT which are required data for the design of energy harvester. Therefore the compressive test

hardness test and impedance tests are conducted to design the energy harvester. The schematic
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representation piezoelectric disc type actuator is shown in Fig 3.1. In this dissertation, unimorph

piezoelectric disc type actuator is used. The PZT disc is made of two materials. Oneis brass disc

(35 mm diameter) and the PZT materia (28 mm diameter) is coated on the brass disc. The total

thickness of thediscis 0.2 mm.

Table 3.1: Electro-mechanical propertiesof piezoelectric material

Piezoceramic

Substrut material

S

h

Fig.3.1. Schematic representation of piezoelectric circular disc

SNO Property Notation Value
1 Density in kg/m® r 7600
Piezoelectric Voltage Constant
2 O33 24.8
(103 V m/N or 10° m?/C)
3 Relative Dielectric constant KT 1900
Young’s modulus in Pa

4 E 6.3x10%
5 Piezoel ectric Charge Constant(10™*2C/N or10m/V) dss 630

In this dissertation the piezoelectric disc type actuator is subjected to compressive load, for that

the stress strain behaviour of the piezoelectric disc is much needed, therefore , the PZT disc is
tested under electromechanical universal testing machine (model WDW-S20) which is shown in
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Fig.3.2. It consists of movable jaw, fixed jaw and data acquisition system. Movable jaw is used
to apply the load on the component and the data acquisition system is used for measuring the
load under different deflections, failure load under the function of time and failure load under the
deflection in transverse directions. The maximum load of 20 kN can be applied by this machine
with load accuracy of less than or equal to 0.5 % and deformation accuracy of less than or equal
to 0.5% of the real vaue. The diameter of piezoelectric disc type actuator is 35 mm, there is no
vice for holding for fixing the testing component, and therefore, a customized support is made to
support the component. A method of gradually applied loading is followed in order to measure
the ultimate compressive strength of the piezoel ectric disc type actuator. The observed maximum
compressive strength of PZT disc type actuator is 13.4 kN. Fig 3.3 shows the stress strain curve
of piezoelectric disc type actuator. In this figure stresses are intrigued on the Y-axis and
corresponding strains are intrigued along X- axis. As mentioned in Fig 3.1, piezoelectric disc
type actuator consists of two layers, top layer (ceramic) is having the property of brittle nature
and the bottom layer (brass) is having the property of ductile nature, therefore, this stress strain
curve is the combination of brittle and ductile curves. The curve from o to b is for ceramic

material and from b to g isfor brass material.
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Fig.3.2. Electro-mechanical universal testing machinewith PZT disc transducer
Different mark points can be seen on the stress strain diagram. When the piezoelectric disc type

actuator is experimented under compressive test rig, it goes through different stages before
reaching rupture stage. There is no yielding point for the ceramic materials due to its brittle
nature. The stress strain curve of piezoceramic is from o to b. The stress train curve for substrut
(brass) material isfrom b to g is shown in Fig 3.3 which includes proportionality state, yielding
state, ultimate stress state and breaking state. The strength at the proportional state of the substrut
material is 2400 N/mm? The strength at the yielding state of the substrut material is 2300
N/mm?. The strength at the ultimate stress state of the substrut material is 4300 N/mm?. The
strength at the breaking stress state of the substrut material is less than 4300 N/mm?. During the
experimentation of the pzt disc type actuator, the PZT is followed initialy by linear trend line,
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non-linear trend and again linearity. This might be the cause of brittle and ductile natures of both

main and substrut materials.
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Fig.3.3. Stress-Strain curve of PZT disc
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Fig.3.4. Deformation of PZT disc under the Time consider ation
During the experimentation of energy harvester under excitation, maximum elongation of

piezoelectric disc under different loads with the function of time is required. Therefore,
deformation of piezoelectric disc with the time consideration is studied and is shown in Fig 3.4.
Elongation is taken on the vertical axis and Time on X-axis. A linear behavior is observed
between the elongation and time. The observed maximum deflection may be 1.4 mm at the time
of 160 sec. The equation of trend line is y= 0.0088x — 0.0194. A non-inverse relationship can be

observed between two variables.
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3.2 Fatigue strength of PZT material

Unpoled During poling After poling
Fig.3.5Principle of Poling of PZT disc

The knowledge of the direction of polarization is essentia to apply the loads on the PZT disc
before going to use them for the better results otherwise results. The process of poling is shown
inFg.3.5.

3.2.1Experimental setup of Fatigue test

The schematic presentation of three point bending test machineis shown in Fig 3.6. It consists of
top bracket, moving crosshead, machine base and the data acquisition system. Piezoelectric disc
is located on the customized support. Cyclic bending load is applied on the PZT disc. Any
etching technique is not conducted for studying the domain structure of PZT material. A fatigue
test is conducted to know how much force the lead ball should execute on the unimorph PZT
disc such away that the dynamic strain can be occurred in the PZT thus energy transduction can

be taken place.
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Data Acguisition System

e
Machine Base

Fig.3.6Three point bending test with PZT on the support

The specimen for fatigue test is made by ASTM standards i.e, 40 mm x 3mm x 3mm. The
numbers of samples used are 25. The bending fatigue test is aso conducted at the frequency of
0.03 Hz and r, = 0.02. The maximum cyclic load, fmax, is determined on the basis of the
bending strength (f 1), where frax is designed to be less than 90% of f,. The bending stress is
calculated using the simple formula f =3M/2rt?, where M is the bending moment, and r and t are
the PZT radius and thickness. The cyclic loading is applied along the direction of the normal to
the surface of the PZT disc as shown in Fig 3.6. In the past some researchers had done
experimentation of using the etching techniques with electron back scatter diffraction for seeing
the domain structures of Piezoceramics and also used a scanning electron microscope for their
studies. Nowadays piezo ceramics are readily available in the market therefore no need to go
for studying the domain structure unless we require for optimization of properties by adding
different dopents. The strength of PZT disc is 130 MPa at the strain of 0.004 mm/mm. It is
observed that under three point bending test the life of the PZT disc is 10 cycles at a stress of
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38 MPaand is shown in Fig 3.7. If the host structure is operated at 25 Hz per hour per day then
the life of machine 18.26 years. A regression anaysis is carried out for SN curve of
piezoelectric disc. An inverse relationship can be observed between the stress and the life
cycles. The SN curveis followed by linear model equation with a negative slope of 13.203 and
an initial maximum stress of 143.67 MPa at zero load is y= -13.203 x+143.67. Coefficient
correlation is 0.9643. The maximum stress can be observed at zero loading is 143.67MPa.

Fatigue strength

140

120 y =-13.20x + 143.6
R2=0.964
100

80

Stress(M Pa)

60
40

20

0 1 2 3 4 5 6 7 8 9
Number of cycles(N)

Fig 3.7 SN curvefor PZT disc
3.3 Contact stressanalysis of PZT disc type actuator

Contact stress analysis is defined as the study of the analysis of stresses when the two bodies are
in contact periodicaly. Certain assumptions are considered for doing the contact stress analysis

which are mentioned bel ow:

. The size of the contact areais small compared with the size of the curved bodies.
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. Both contacting surfaces are smooth and frictionless.

. The gap, h between the un-deformed surfaces may be approximated by an expression of

the form h=Ax? +By (e.g. the contact between spheres, cylinders, and ellipsoids).

. The deformation is elastic and can be calculated by treating each body as an elastic half

space?.
P =
max
2p ab
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ol 0.5867
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Fig 3.8 Parametersfor contact stressanalysisof PZT disc type actuator
Fig 3.8 describes the input parameters and output parameters during the contact of lead cylinder

to piezoelectric disc type actuator. The lead cylinder is considered as body1 and the piezoelectric
disc is considered as body2. The poison’s ratio, modulus of elasticity and maximums stress of
bodyl are 0.42, 14 GPa and 18MPa. Whereas for body2 are 0.31, 51GPa and 140Mpa. The
radius of lead cylinder is 4.4 mm and the applied normal force 0.6867N. The observed Hertz
contact stressis 11.4MPa. These values are shown through the graph of normal deflection in Z-

direction and the Hertz contact stressin Fig 3.9. The normal stress is plotted on X- axis and the
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deflection in micrometer is plotted in negative Y - axis. The behaviour of contact stressin relation
to applied load and deflection is non-linear.

Stress  MPa —
-11.2 9.6 -8.0 5.4 —-4.8 -3.2 -1.6 0.0

i s

=152

—EOCGE- -

-22.8 |-

7o o I

Fig 3.9 Hertz contact stressin z direction of PZT disc type actuator
3.4 Surface mor phology studies of PZT disc type actuator

For effective voltage generation during the applied impact load on the piezoelectric disc type
actuator, the piezoelectric disc should be crack free and damage free, therefore, surface
morphology of piezoelectric disc type actuator is studied. These studies are done by scanning
electron microscope. Figure 3.10 represents the base morphology of the surface of PZT disc.

Fig 3.11 and Fig 3.12 shows the morphology of the cross sections of PZT discs without crack
and with crack. For obtaining the maximum voltage from piezoelectric disc type actuators

cracked free ones are better.
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SEM MAG: 2.00 kx | 20 pm
PGT-3 | NIT, Warangal

SEM HV: 20.0 kV WD: 10.89 mm | I VEGA3 TESCAN

SEM MAG: 2.00 kx
PGT-5 | S04 NIT, Warangal

Fig 3.11 SEM image of PZT-5H cross section without crack

SEM H\-l'i 20.0 kV WD: 13.95 mm | . I VEGA3 TESCAH
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SEMHV:20.0kV | WD:11.18 mm I | VEGA3 TESCAN

SEM MAG: 1.50 kx | Det: SE 20 pm
PGT-4 Date{midiy): 08/04M5 NIT, Warangal

Fig 3.12 SEM image of PZT-5H cross section with crack

3.5 Impedance of PZT-5H disc type actuator

An AC voltage is an output of vibration based energy harvester. In order to calculate electric
power the impedance property is very much needed. And also studying the influence of
freqguency on impedance of the piezoelectric disc type actuator needed to observe the
performance of piezoelectric energy harvester, therefore, electrochemica impedance analyzer is
used for measuring the impedance of PZT disc type actuator under various frequencies. Though
electrochemical impedance analyzer can be used for characterizing and enhancing the
performance of fuel cells but also it can be used for measuring the impedance of piezoelectric

disc type actuators under different frequencies.
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The experimental setup of electrochemical spectroscopy with the testing of PZT-5H disc type
actuator is shown in Fig 3.13. It consists of frequency response analyzer, main leads, voltage
sense leads, PZT-5H disc type actuator fitted between leads and the data acquisition system. The
voltage is supplied at various frequencies and observed the impedance values at those
frequencies. The impedance values are shown under various frequencies is shown in Fig.3.14.
From Fig 3.14, it can be observed that at lower frequencies the impedance of PZT-disc is
maximum i.e., a 100 mHz the impedance may be 30 kQ and at the frequency of 100 kHz, the
impedance value may be 30 Q, therefore the PZT disc type actuator patch may be operated at
higher frequencies for better results.

Freq. Response

(a) Analyzer
@Gan. Vael Tac
Load
Voltage Sense

Leads (Ve + Vae) l l

Main Cell — PLi
Leads (I + 1) -5H

Fig 3.13 Testing of PZT disc (a) Schematic representation (b) Electrochemical impedance
spectroscopy with PZT disc type actuator
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Fig 3.14 Impedance graph of PZT disc at various frequencies
3.6 Summary of the chapter

In this chapter mechanical and electrical properties of piezoelectric disc type actuator have been
studied. The mechanical properties such as compressive strength, hardness, fatigue strength and
surface morphology and electrical property such as electrical impedance at different frequencies
and at different phase angles are studied. The compressive strength of PZT-5H disc is 4267.516
N/mm? and the BHN is 78 for PZT material. Thus, these properties are useful for operating the
piezoelectric disc type actuator without causing damage. If the contact stress is beyond 11.4
MPa, crack formation takes place which is shown in Fig.3.12 and if the contact stress below 11.4
MPa, there is no crack formation which is shown in Fig.3.11. In Fig.3.14, at low frequencies
contact stress is high because of the amplitude with which coming for contacting with body two
is high. This chapter helps the designer to know the operating limiting loads for optimizing the
output voltage and the energy harvesting device.
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Chapter 4

Simulation Studies of Energy Harvester

This chapter describes the fabrication procedure of the uni-axial impact loaded energy harvester.
Mathematical modelling has been done. Electric voltage is generated from the energy harvester
by conducting the experiments on Syscon exciter at different frequencies. Simulation results are
validated by experimental values. The Frequency responses, load dependence and acceleration
dependences of the energy harvester are studied in COMSOL 5.0.

4.1 Mathematical modeling of energy harvester

Proof mass

Fig. 4.1 Schematic diagram of energy harvester
A coupled electromechanical one dimensional model is proposed that informs the response of

piezoel ectric disc type vibration energy harvester. The schematic diagram isillustrated in Fig.4.1
and consists of piezoelectric disc excited by a base input “y’. The thickness of piezoelectric disc
type actuator is ‘h’, and is having a mass m, and is connected to a full wave rectifying circuit for

converting AC to DC. A proof mass, M, is considered. In this Figure the circuit is considered as
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open circuit without bridge rectifier. Using the one dimensional configuration, the linear

piezoel ectric constitutive equations 4.1 t0 4.2 are as followed.

[S]=I[sl[s ]+[g][D] (4.1)

[E]=[-g][s]+[e]"[D] (4.2)
Mesr = Effective mass = 0.305 kg

& = Damping factor =0.05

dss = Piezoelectric coefficient = 630 x 1012

wn = Natural frequency of the harvester = 196,750 rad/s
I' = Req Cp Wn

Req = 5x 10° ohm

Co = 0.457 x 10° farads

Q = ratio of w and wy

w = Operated frequency

ke = Coupling factor =1.287

h=0.2 mm

The source of value of Reg and ke is collected [48]. s , E, D and S are defined as the normal
stress, Electric field, Electric displacement and normal strain, respectively. From adynamic
equilibrium analysis, the equations (4.3) to (4.4) can be found in terms of the energy harvesting
device parameters defined in Fig.4.1 [48]:

. . 2 2
X+ 2XW X+ W “X—W “d,v=-V (4.3)

. 2.
R CoV+V+ My R, dw “Xx=0 4.
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my =M +?p is the effective mass, x isthe displacement, x isthe time derivative x , x is

time derivative of x. Using Laplace transforms, the equations of displacement, output voltage

and power are evaluated. These equations (4.6) to (4.8) are normalized by the base input

acceleration and modified from Dutoit et al [48]. The dimensionless parameters in the equations

(5.6) to (5.8) are r,k.andQ.

X

y \/[1_ a+ 2xr)92]2+[(1+ k2)rQ+ 2xQ—rQ3]2 (46)
V| My RequBWnQ

i \/[1— W+ 2xNQ? ] +[ @+ kHre+ Q-] (4.7)
Pos | My /W, rk’R, / RQ?

W Ji-arane ] +[askyrara-ro?] 48

4.2 Simulation studies of Energy harvester
4.2.1 Introduction to Comsol Multiphysics

In this research work, two modules of Comsol 5.0 such as structural mechanics and
piezoelectricity were used for doing the simulation of energy harvester. There are different
geometric shapes such as sguare, rectangle and disc type can be modeled in COMSOL. In this
dissertation, based on the requirement, piezoelectric disc type actuator is modeled. A model of
unimorph piezoelectric disc type actuator is shown in Fig. 4.2 and consists of piezoelectric
material at the top and non-piezoelectric substrate material is in the bottom and is generated
based on the defined geometric properties mentioned in Table 4.1.In COMSOL Multiphysics
software, Frequency responses under Acceleration dependence and load dependence have been
studied for the piezoelectric disc type actuator. In order to measure the voltage generation and
electric power this actuator is simulated at various accelerations from 20g to 100g and at various
frequencies from 25 Hz to 100 Hz. These results are illustrated in the Fig. 4.3 to 4.12 for 25 Hz
frequency. These Figures indicate the responses of Voltage and electric power at various input
accelerations.
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Fig. 4.2 Model of PZT disc type actuator
4.2.2 Acceleration dependence of EH at 25 Hz
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Fig. 4.3 Variation of voltage at 25 Hz with 0 to 100g acceler ation
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Fig. 4.4 Variation of power at 25 Hz with 0to 100g acceleration
Fig.4.3 shows the variation of voltage under 0-100g input acceleration at the frequency of 25 Hz.

The output voltage is varying linearly with the input Acceleration. The maximum voltage may be
16.77 V a the acceeration of 100g and at 25 Hz. The uncertainty error observed may be
4.36%.The variation of power under 0-100g input acceleration at the frequency of 25 Hz is
shown in Fig.4.4. The output power is having quadratic non-linear relation with the input
Acceleration. The maximum power may be 12 mW at the acceleration of 100g and 25 Hz. The
uncertainty error may be 3.17%. Table 4.1 describes the values of voltage and power at various
accelerations such as 20g, 40g, 60g, 80g and 100g.

Table 4.1 Voltage and Power at the frequency of 25 Hz under variable accelerations

Acceleration (g) Voltage (V) Power (mW)
20 38 0.583
40 7.22 2.04
60 9.9 4
80 14 7.76
100 16.77 12
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4.2.3 Acceleration dependenceof EH at 35 Hz

Voltage(V) at 35 Hz,0-20g
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Fig. 4.5 Variation of voltage at 35 Hz with 0 to 20g acceleration
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Fig. 4.6 Variation of power at 35 Hz with 0 to 20g acceleration
Fig.4.5 shows the variation of voltage under 0-20g input acceleration at the frequency of 35 Hz.

The output voltage is varying linearly with the input Acceleration. The maximum voltage may be
5.98 V a the acceleration of 20g and at 35 Hz. The linear regression analysis is done. The
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equation of linear regression is V=0.3144a and the R-squared value 0.9639. By following the

regression equation the maximum voltage of 6.288 V is observed. The error observed is 4.89%.

It may be uncertainty type of error. At the accelerations of 13g and 179, the output voltage may

be completely linear.

The variation of power under 0-20g input acceleration at the frequency of 35 Hz is shown in

Fig.4.6. The output power is having quadratic non-linear relation with the input Acceleration.

The maximum power may be 1.477 mW at the acceleration of 20g and 35 Hz. By following the

polynomial regression equation i.e P= 0.0025a°+0.023a the maximum voltage of 1.46 mW is

observed. The uncertainty error observed is 1.1 %.If the coefficient determination is very closure

to 1 (hereit is0.9989), the error can be very low.

4.2.4 Acceleration dependence of EH at 45 Hz
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Fig. 4.7 Variation of voltage at 45 Hz under 0 to 20g acceler ation
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Fig. 4.8 Variation of power at 45 Hz under 0 to 20g acceleration
Fig.4.7 shows the variation of voltage under 0-20g input acceleration at the frequency of 45 Hz.

The output voltage is varying linearly with the input Acceleration. The maximum voltage may be
9 Vat the acceleration of 20g and at 45 Hz. The linear regression analysis is done. The equation
of linear regression is V=0.4732a and the R-squared value 0.9693. By following the regression
equation the maximum voltage of 9.464 V is observed. The error observed is 4.9%. It may be
uncertainty type of error. At the accelerations of 14g and 18g, the output voltage may be
completely linear.

The variation of power under 0-20g input acceleration at the frequency of 45 Hz is shown in
Fig.4.8. The output power is having quadratic non-linear relation with the input Acceleration.
The measured maximum power may be 3.47 mW at the acceleration of 20g and 45 Hz. By
following the polynomial regression equation i.e. P= 0.0062a°+0.0461a the maximum power of
3.402 mW is predicted. The uncertainty error observed is 1.9 %.1f the coefficient determination

isvery closureto 1 (hereit is 0.9974), the error can be very low.
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4.2.5 Acceleration dependence of EH at 55 Hz

Voltage(V) at 55 Hz,0-20g
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Fig. 4.9 Variation of voltage at 55 Hz with 0 to 20g acceleration
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Fig. 4.10 Variation of power at 55 Hz with 0 to 20g acceleration
Fig.4.9 shows the variation of voltage under 0-20g input acceleration at the frequency of 50 Hz.

The output voltage is varying linearly with the input Acceleration. The maximum voltage may be
15.5 Vat the acceleration of 20g and at 50 Hz. The linear regression analysis is done. The
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equation of linear regression is V=0.8044a and the R-squared value 0.9667. By following the
regression equation the maximum voltage of 16.088 V is observed. The error observed is 3.65%.
It may not be phenomenon error. At the accelerations of 14g the output voltage may be
completely linear. The variation of power under 0-20g input acceleration at the frequency of
50 Hzis shown in Fig.4.10. The output power is having quadratic non-linear relation with the
input Acceleration. The maximum power may be 9.87 mW at the acceleration of 20g and 50 Hz.
By following the polynomial regression equation i.e. P= 0.0191a+0.1104a the maximum voltage
of 9.848 mW is observed. The uncertainty error observed is 0.22 %.If the coefficient

determination isvery closureto 1 (hereit is0.9994), the error may be very low.
4.2.6 Acceleration dependence of EH at 60 Hz

It can be seen from Fig. 4.11, the variation of voltage under the acceleration of input excitation
amplitude of 20g to 100g. The maximum measured voltage can be 103.9 V at the input 100g
acceleration excitation. The minimum measured voltage can be 25 V at the input 20g
acceleration excitation. The relationship is linear between response and predicted variables. Fig.
4.12 shows the variation of power with excited acceleration of 20g to 100g. The maximum
power observed is 496.2 mW at 100g excitation and it is varying quadratic nonlinear with the
input excitation. The quadratic non linearity in the power to acceleration graph is validated the
ohm’s law.
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Fig. 4.11 Variation of voltage at 60 Hz with 20g-100g acceler ation
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Electrical Power(mW) at 60 Hz, 20g-100g
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Fig. 4.12 Variation of power at 60 Hz with 20g-100g acceleration

According to ohm’s law power is equal to square of voltage is divided by load
resistance.Fig.4.13 and Fig.4.14 shows the voltage and power variation at the excited frequency
60 Hz under the excited acceleration of 0 to 20g. The maximum observed voltage at 20g is 25V
and Power is 18.5 mW.
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Fig. 4.13 Variation of voltage at 60 Hz with 0-20g acceleration
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Electrica Power(mW) at 60 Hz, 20g
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Fig. 4.14 Variation of power at 60 Hz with 0-20g acceler ation

4.2.7 Acceleration dependence of EH at 65 Hz
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Fig. 4.15 Variation of voltage at 65 Hz under 20g-100g acceleration
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Electrical Power(mW) at 65 Hz, 20g-100g
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Fig.4.16 Variation of power at 65 Hz under 20g-100g acceler ation
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Fig. 4.17 Variation of voltage at 65 Hz under 0-20g acceleration
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Electrical Power(mW) at 65 Hz, 20g
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Fig. 4.18 Variation of power at 65 Hz under 0-20g acceler ation
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Fig. 4.19 Variation of voltage at 65 Hz under 0-40g acceleration
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Electrica Power(mW) at 65 Hz, 40g
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Fig. 4.20 Variation of power at 65 Hz under 0-40g acceleration

Voltage(V) at 65 Hz, 60g
120

100
80

60

Voltage(V)

40

20

60

o
=
o
N
o
W
o
N
o
a1
o

Acceleration(g)

Fig. 4.21 Variation of voltage at 65 Hz under 0-60g acceleration
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Electrical Power(mW) at 65 Hz, 60g
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Fig. 4.22 Variation of power at 65 Hz under 0-60g acceleration
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Fig. 4.23 Variation of voltage at 65 Hz under 0-80g acceleration
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Electrical Power(mW) at 65 Hz, 80g
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Fig. 4.24 Variation of power at 65 Hz under 0-80g acceleration
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Fig. 4.25 Variation of voltage at 65 Hz under 0-100g acceler ation
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Electrical Power(mW) at 65 Hz,100g
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Fig. 4.26 Variation of power at 65 Hz under 0-100g acceler ation
From Fig 4.15 to Fig.4.26 are shows the variation of voltage and power with respect to excited

accelerations at 20g to 100g, 0-20g,0-40g,0-609,0-80g and 0-100g under the operated frequency
of 65Hz.

The following salient points are observed at the operated frequency of 65Hz and at various

excited accelerations.

+» At 20g excited acceleration maximum voltage observed is 35.34 V and Power is 49mW.

0.0

At 40g excited acceleration maximum voltage observed is 71 V and Power is 194mW.

L X4

At 60g excited accel eration maximum voltage observed is 107.8 V and Power is 445mW.

0.0

At 80g excited acceleration maximum voltage observed is 135V and Power is 745mW.

A X4

At 100gexcited accel eration maximum voltage observed is 194 V and Power is 1178mW.

The maximum voltage is observed at the maximum force of 100g acceleration. The variation of
response voltages with input excited accelerations are linear. These are satisfying the linear
constitutive equation of the direct piezoelectric effect. According to this equation the electrica
displacement is directly proportional to the applied stress or pressure on the piezoelectric disc
type actuator. The constant proportionality is called the piezoelectric coupled coefficient. This
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coefficient is in times of 10%? units, which plays a crucia role in the analytical calculations of

output voltage and power which was discussed in chapter 3.

4.2.8 Acceleration dependence of EH at 70 Hz
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Fig. 4.27 Variation of voltage at 70 Hz under 0-20g acceler ation
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Fig. 4.28 Variation of power at 70 Hz under 0-20g acceleration
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Voltage(V) at 70 Hz, 40g
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Fig. 4.29 Variation of power at 70 Hz under 0-40g acceler ation
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Fig. 4.30 Variation of power at 70 Hz under 0-40g acceleration
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Voltage(V) at 70 Hz, 60g
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Fig. 4.31 Variation of voltage at 70 Hz under 0-60g acceleration
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Fig. 4.32 Variation of power at 70 Hz under 0-60g acceler ation
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Voltage(V) at 70 Hz, 80g
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Fig. 4.33 Variation of power at 70 Hz under 0-80g acceleration
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Fig. 4.34 Variation of power at 70 Hz under 0-80g acceleration
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Voltage(V) at 70 Hz, 100g
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Fig. 4.35 Variation of voltage at 70 Hz under 0-100g acceleration
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Fig. 4.36 Variation of power at 70 Hz under 0-100g acceler ation
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Voltage(V) at 70 Hz, 20g-100g
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Fig. 4.37 Variation of voltage at 70 Hz under 20g-100g acceleration
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Fig. 4.38 Variation of power at 70 Hz under 20g-100g acceler ation
From Fig 4.27 to Fig.4.38 are shows the variation of voltage and power with respect to excited

accelerations at 20g to 100g, 0-20g,0-40g,0-60g,0-80g and 0-100g under the operated frequency
of 70 Hz.

The following salient points are observed at the operated frequency of 70 Hz and at various

excited accelerations.
«» At 20g excited acceleration maximum voltage observed is 73 V and Power is 197 mW.
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*

At 40g excited accel eration maximum voltage observed is 144.13V and Power is
736 mW.
At 60g excited accel eration maximum voltage observed is 234 V and Power is 1688mW.

*e

°

*
*

At 80g excited accel eration maximum voltage observed is 306V and Power is 2944mW.
+»+ At 100gexcited accel eration maximum voltage observed is 350 V and Power is 4906mW.

The maximum voltage is observed at the maximum force of 100g acceleration i.e., 350 V. The
variation of response voltages with input excited accelerations are linear. These are satisfying the
linear constitutive equation of the direct piezoelectric effect which is mentioned in international
standards of American piezoelectricity. According to this equation the electrical displacement is
directly proportional to the applied stress or pressure on the piezoelectric disc type actuator. The
constant proportionality is called the piezoelectric coupled coefficient. This coefficient is in
times of 102 units, which plays a crucial role in the analytical calculations of output voltage and

power.

4.2.9 Acceleration dependence of EH at 73.5 Hz
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Fig. 4.39 Variation of voltage at 73.5 Hz under 0-20g acceleration
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Generated Electrical Power at 73.5 Hz, 20g

Power (mW)
- 288888

0 5 10 15 20
Acceleration(g)

Fig. 4.40 Variation of power at 73.5Hz under 0-20g acceleration
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Fig. 4.41 Variation of voltage at 73.5 Hz under 0-40g acceleration

67



Generated Power at 73.5Hz,409
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Fig. 4.42 Variation of power at 73.5Hz under 0-40g acceleration
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Fig. 4.43 Variation of voltage at 73.5 Hz under 0-60g acceleration
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Generated Power at 73.5 Hz, 60g
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Fig. 4.44 Variation of power at 73.5Hz under 0-60g acceleration
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Fig. 4.45 Variation of voltage at 73.5 Hz under 0-80g acceleration
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Generated Power at 73.5 Hz, 80g
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Fig. 4.46 Variation of power at 73.5Hz under 0-80g acceleration
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Fig. 4.47 Variation of voltage at 73.5 Hz under 0-100g acceler ation
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Generated Power at 73.5 Hz, 100g
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Fig. 4.48 Variation of power at 73.5 Hz under 0-100g acceler ation
From Fig 4.39 to Fig.4.48 are shows the variation of voltage and power with respect to excited

accelerations at 20g to 100g, 0-20g,0-40g,0-60g,0-80g and 0-100g under the operated frequency
of 73.5Hz.

The following salient points are observed at the operated frequency of 73.5 Hz and at various
excited accelerations.

*
L X4

At 20g excited accel eration maximum voltage observed is 110 V and Power is 535.6 mW.
At 40g excited acceleration maximum voltage observed is 218V and Power is 1764.46 mW.
At 60g excited acceleration maximum voltage observed is 347.4 V and Power is 4384.6 m\W.

0.0

L X4

*
0.0

At 80g excited accel eration maximum voltage observed is 428.5 V and Power is 6345.1 mW.

X4

At 100gexcited accel eration maximum voltage observed is 586 V and Power is 11694.3 mW.

*,

The maximum voltage is observed at the maximum force of 100g acceleration i.e., 586 V. The
variation of response voltages with input excited accelerations are linear. These are satisfying the
linear constitutive equation of the direct piezoelectric effect which is mentioned in international
standards of American piezoelectricity. Based on the linear constitutive equations, the electrical
displacement is directly proportional to the applied stress or pressure on the piezoelectric disc
type actuator. The constant proportionality is called the piezoelectric coupled coefficient. This

coefficient isin times of 10™ units, which plays a crucial role in the output generation. The role
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of piezoelectric coupled coefficient is demonstrated by using Buckingham’s pi theorem in
Appendix A.

4.2.10 Acceleration dependence of EH at 75.5 Hz
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Fig. 4.49 Variation of voltage at 75.5 Hz under 0-20g acceler ation
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Fig. 4.50 Variation of power at 75.5 Hz under 0-20g acceler ation
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Generated Voltage at 75.5 Hz, 40g
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Fig. 4.51 Variation of voltage at 75.5 Hz under 0-40g acceleration
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Fig. 4.52 Variation of power at 75.5 Hz under 0-40g acceleration
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Generated Voltage at 75.5 Hz, 60g
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Fig. 4.53 Variation of voltage at 75.5 Hz under 0-60g acceleration
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Fig. 4.54 Variation of power at 75.5 Hz under 0-60g acceleration
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Generated Voltage at 75.5 Hz, 80g
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Fig. 4.55 Variation of voltage at 75.5 Hz under 0-80g acceleration
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Fig. 4.56 Variation of power at 75.5 Hz under 0-80g acceleration
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Generated Voltage at 75.5 Hz, 100g
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Fig. 4.57 Variation of voltage at 75.5 Hz under 0-100g acceleration
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Fig. 4.58 Variation of power at 75.5 Hz under 0-100g acceler ation
From Fig 4.49 to Fig.4.58 are shows the variation of voltage and power with respect to excited

accelerations at 20g to 100g, 0-20g,0-40g,0-60g,0-80g and 0-100g under the operated frequency
of 75.5 Hz.

The following salient points are observed at the operated frequency of 75.5 Hz and at various
excited accelerations.
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«» At 20g excited accel eration maximum voltage observed is 92.17 V and Power is 344.17 mW.
¢ At 40g excited accel eration maximum voltage observed is 171.35V and Power is

1358.5 mWw.
+» At 60g excited accel eration maximum voltage observed is 247 V and Power is 3146.31 mW.
+ At 80g excited accel eration maximum voltage observed is 376.5V and Power is 5590.3 mW.
¢ At 100gexcited accel eration maximum voltage observed is 426 V and Power is 8423.17 mW.

The maximum voltage is observed at the maximum force of 100g acceleration i.e., 426 V. The
variation of response voltages with input excited accelerations are linear. These are satisfying the
linear constitutive equation of the direct piezoelectric effect which is mentioned in international
standards of American piezoelectricity. According to this equation the electrical displacement is
directly proportiona to the applied stress or pressure on the piezoelectric disc type actuator. The

constant proportionality is called the piezoel ectric coupled coefficient.

4.2.11 Acceleration dependence of EH at 80 Hz
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Fig. 4.59 Variation of voltage at 80 Hz under 0-20g acceleration
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Fig. 4.60 Variation of power at 80 Hz under 0-20g acceler ation
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Fig. 4.61 Variation of voltage at 80 Hz under 0-100g acceleration
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Electrical Power(mW) at 80 Hz, 100g
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Fig. 4.62 Variation of power at 80 Hz under 0-100g acceler ation

From Fig 4.59 to Fig.4.62 are shows the variation of voltage and power with respect to excited
accelerations at 0-20g and 0-100g under the operated frequency of 80 Hz.

The following salient points are observed at the operated frequency of 80 Hz and at various
excited accelerations.

¢ At 20g excited accel eration maximum voltage observed is 47 V and Power is 89 mW.

A X4

At 409 excited accel eration maximum voltage observed is 118.13V and Power is 540 mW.

X3

S

At 60g excited accel eration maximum voltage observed is 160 V and Power is 1120 mW.

5

S

At 80g excited accel eration maximum voltage observed is 220V and Power is 1494 mW.

X4

At 100gexcited acceleration maximum voltage observed is 264 V and Power is 2283 mW.

L)

The maximum voltage is observed at the maximum force of 100g acceleration i.e., 264 V. The
variation of response voltages with input excited accelerations are linear. These are satisfying the
linear constitutive equation of the direct piezoelectric effect which is mentioned in international
standards of American piezoelectricity. According to this equation the electrical displacement is
directly proportiona to the applied stress or pressure on the piezoelectric disc type actuator. The
constant proportionality is caled the piezoelectric coupled coefficient. This coefficient is in
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times of 10™ units, which plays a very important role in the generations of output voltage and

power.

4.2.12 Acceleration dependence of EH at 85 Hz
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Fig. 4.63 Variation of voltage at 85 Hz under 0-20g acceleration
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Fig. 4.64 Variation of power at 85 Hz under 0-20g acceleration
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Voltage(V) at 85 Hz, 0-100g
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Fig. 4.65 Variation of voltage at 85 Hz under 0-100g acceleration
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Fig. 4.66 Variation of power at 85 Hz under 0-100g acceleration
From Fig 4.63 to Fig.4.66 are shows the variation of voltage and power with respect to excited

accelerations at 0-20g and 0-100g under the operated frequency of 85 Hz.

The following salient points are observed at the operated frequency of 85 Hz and at various

excited accelerations.
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*

At 20g excited accel eration maximum voltage observed is 28V and Power is 33 mW.

*e

.0

At 40g excited acceleration maximum voltage observed is 63V and Power is 180 mW.

L)

*

At 60g excited accel eration maximum voltage observed is 90 V and Power is 323 mW.

0

*
X4

At 80g excited accel eration maximum voltage observed is 120V and Power is 583 mW.
++ At 100gexcited accel eration maximum voltage observed is 150 V and Power is 883 mW.

The minimum voltage is observed at the force of 20g acceleration i.e., 28V.The maximum
voltage is observed at the maximum force of 100g acceleration i.e., 150V. The variation of
response voltages with input excited accelerations are linear. These are satisfying the linear
congtitutive equation of the direct piezoelectric effect which is mentioned in internationa
standards of American piezoelectricity. According to this equation the electrical displacement is
directly proportiona to the applied stress or pressure on the piezoelectric disc type actuator. The
constant proportionality is called the piezoelectric coupled coefficient. Though, this coefficient is
in times of 10™ units, it may not affect to reduce the output voltage and power for charging the

micro power operated electro mechanical devices.

4.2.13 Acceleration dependence of EH at 90 Hz
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Fig. 4.67 Variation of voltage at 90 Hz under 0-20g acceleration
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Fig. 4.68 Variation of power at 90 Hz under 0-20g acceler ation

Voltage(V) at 90 Hz, 40g

N
a1

&

w
a1

W
o

N
(63}

N
o

=
&)

=
o

[

o

Acceleration(g)

Fig. 4.69 Variation of voltage at 90 Hz under 0-40g acceleration
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Fig. 4.70 Variation of power at 90 Hz under 0-40g acceler ation
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Fig. 4.71 Variation of voltage at 90 Hz under 0-60g acceleration
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Fig. 4.72 Variation of power at 90 Hz under 0-60g acceler ation
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Fig. 4.73 Variation of voltage at 90 Hz under 0-80g acceleration

85



Electrical Power(mW) at 90 Hz, 80g
250

200
150

100

Electrical Power(mWw)

50

Acceleration(g)

Fig. 4.74 Variation of power at 90 Hz under 0-80g acceleration
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Fig. 4.75 Variation of voltage at 90 Hz under 0-100g acceler ation
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Electrical Power(mW) at 90 Hz, 100g
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Fig. 4.76 Variation of power at 90 Hz under 0-100g acceler ation

From Fig 4.67 to Fig.4.76 are shows the variation of voltage and power with respect to excited
accelerations at 0-20g,0-409,0-60g,0-80g and 0-100g under the operated frequency of 90 Hz.

The following observations are made at the operated frequency of 90 Hz and at various excited
accelerations.

¢ At 20g excited acceleration maximum voltage observed is 20V and Power is 17 mW.

X4

At 40g excited accel eration maximum voltage observed is 40V and Power is 70 mW.

*,

.0

At 60g excited accel eration maximum voltage observed is 62 V and Power is 146 mW.

L)

5

S

At 80g excited accel eration maximum voltage observed is 83V and Power is 219 mW.

*
L X4

At 100gexcited accel eration maximum voltage observed is 97V and Power is417 mW.

The minimum voltage is observed at the force of 20g acceleration i.e.,, 20V.The maximum
voltage is observed at the maximum force of 100g acceleration i.e., 97V. The variation of
response voltages with input excited accelerations are linear. These are satisfying the linear
congtitutive equation of the direct piezoelectric effect which is mentioned in internationa
standards of American piezoelectricity. According to this equation the electrical displacement is
directly proportiona to the applied stress or pressure on the piezoelectric disc type actuator. The
constant proportionality is called the piezoelectric coupled coefficient, which plays a crucial role

in the analytical calculations of output voltage and power which was discussed in chapter 3.
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4.2.14 Acceleration dependence of EH at 95 Hz
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Fig. 4.77 Variation of voltage at 95 Hz under 0-20g acceleration
Electrica Power(mW) at 95 Hz, 20g
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Fig. 4.78 Variation of power at 95 Hz under 0-20g acceleration

From Fig 4.77 to Fig.4.78 are shows the variation of voltage and power with respect to excited

accelerations at 0-20g under the operated frequency of 95 Hz.

The following observations are made at the operated frequency of 95 Hz and at various excited

accelerations.
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« At 20g excited acceleration maximum voltage observed is 16V and Power is 11 mW, which
issmaller than the 90Hz at 20g acceleration.

The maximum voltage is observed at the force of 20g acceleration i.e., 16V. The variation of
response voltages with input excited accelerations are linear. These are satisfying the linear
congtitutive equation of the direct piezoelectric effect which is mentioned in internationa
standards of American piezoelectricity. According to this equation the electrical displacement is
directly proportional to the applied stress or pressure on the piezoelectric disc type actuator. The
constant proportionality is called the piezoelectric coupled coefficient. This coefficient is 600 to
640 in times of 10™*? units, which plays essential role in the analytical calculations of output

voltage.

4.2.15 Acceleration dependence of EH at 100 Hz
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Fig. 4.79 Variation of voltage at 100 Hz under 0-20g acceler ation
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Electrical Power(mW) at 100 Hz, 20g
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Fig. 4.80 Variation of power at 100 Hz under 0-20g acceleration
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Fig. 4.81 Variation of voltage at 100 Hz under 0-100g acceler ation
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Electrical Power(mW) at 100 Hz, 0-100g
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Fig. 4.82 Variation of power at 100 Hz under 0-100g acceleration
From Fig 4.79 to Fig.4.82 are shows the variation of voltage and power with respect to excited

accelerations at 0-20g,0-409,0-60g,0-80g and 0-100g under the operated frequency of 100 Hz.

The following observations are made at the operated frequency of 100 Hz and at various excited
accelerations.

*
L X4

At 20g excited accel eration maximum voltage observed is 13V and Power is 6.7 mW.

5

S

At 40g excited accel eration maximum voltage observed is 28V and Power is 35 mW.

*

At 60g excited accel eration maximum voltage observed is 40 V and Power is 60 mW.

R/
°

At 80g excited accel eration maximum voltage observed is 48V and Power is 106 mW.

5

S

At 100gexcited accel eration maximum voltage observed is 64V and Power is 163 mW.

The minimum voltage is observed at the force of 20g acceleration i.e., 13V.The maximum

voltage is observed at the maximum force of 100g acceleration i.e., 64V.

The variation of response voltages with input excited accelerations are linear. These are
satisfying the linear constitutive equation of the direct piezoelectric effect which is mentioned in

international standards of American piezoelectricity.
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According to the constitutive equations of the piezoelectricity the electrical displacement is
directly proportiona to the applied stress or pressure on the piezoelectric disc type actuator. The

constant of proportionality is called the piezoel ectric coupled coefficient.
4.3 Summary of the chapter

In the chapter 3, as a prerequisite for designing the energy harvester and to know the limitations
of the operating loads of the energy harvester, the mechanical and electrical properties of PZT
disc type actuator have been studied.

In the chapter 4, the simulation studies of energy harvester have been done under the
dependencies of frequency and acceleration as a prerequisite for designing the energy harvester.
Simulation studies are also done at various frequencies and excitations of the energy harvester
for optimizing the experimental work such as minimizing the time of experimentation and to
evaluate the specific operated resonance frequencies for generating the maximum values of

voltage and power

The direct piezoelectric transduction mechanism is applied on the piezoelectric disc type

actuators. Distributed parameter model is considered and excited at various accelerations.

The output voltage and output power are measured and observed their behaviour with respect to
input excited accelerations. It is observed that the output power is followed by the quadratic non
linearity and is proven by the ohm’s law (P= V?/R) and the output voltage varied linearly with

the input excitations; and these results are confirmed by the regression analysis.

Resonance and non resonance frequencies of the energy harvester are studied through simulation
studies. The maximum values of voltage and power are observed at the resonance frequencies.
The minimum values of voltage and power are observed at non resonance frequencies. Although
the excitation of the acceleration is high, however, maximum voltage and power cannot be

obtained if the energy harvester is not excited with resonance frequency.

At the resonance frequency, however, the piezoelectric constant does not vary with the various

excitations but effects the development of dynamic strain in piezoelectric disc type actuator,
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which can be considered as one of the reasons for obtaining the maximum generated values of
voltage and power.

Simulation studies of energy harvester are quintessential to design and to know the operating

frequencies of the energy harvesters; therefore simulation studies are done in this chapter 4.

In the next chapter, simulation results of energy harvester are validated by the experimental
values of energy harvester. The validation of results is done at various frequencies but at 20g
excitation based on the availability of experimental facility.
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Chapter 5

Experimental Studies of Energy Harvester

5.1. Design procedur e of energy harvester

Based on the prerequisite work of research, it is observed that the maximum researchers had
contributed in the vibration energy harvesting is by using cantilever beam with tip mass for
dynamic flexibility of the beam. PZT 5H rectangular unimorph and bimorph patches are used on

the sub structure in the longitudinal directionin d,; mode. In this device there are three partsie.

lead material, PVC pipe and piezoelectric disc type actuators (PZT 5H). Pipe dimension is 15
mm X 28 mm, mass 5gm (10mm X 5mm) and piezo 35 mm X 0.2 mm. In a pipe thereis one slot
in which two piezo elements are placed and one lead mass is put in middle upper and bottom of
the piezoelectric disc type actuators. The prototype model of energy harvester (EH) is shown in
Fig5.1(a) & (b).

5.1.1. Design of lead cylinder

Lead has good impact properties so it is selected as material for impacting. Lead is very soft,
highly malleable, ductile, and a relatively poor conductor of electricity. It is very resistant to
corrosion The shape of the hitting mass is cylindrical so that area of contact is larger and it can
produce uniform impact force on piezoelectric disc type actuator. The dimensions are chosen as
5mm thickness and 10 mm diameter. Density of lead is 11.35 g/cm®. Mass of piezoelectric
elementsas m=V xr Where, V= volume of hitting mass, r =Density of lead

pd?

m= x| xr 51
2 (5.1)

Where, d= diameter of hitting mass= 10 mm, |= length of a mass= 5mm

m=445gm= 5gm
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5.1.2 Design of PVC cylinder

The cylinder is to be designed to fit piezoelectric elements in it also to carry hitting
masses in it. The inner and outer diameter of a cylinder is chosen as 28 mm and piezoelectric
elements can fit properly in it. Cylinder is made with one compartment with 2 piezoelectric

elements. This compartment carries a hitting mass.

The total length of cylinder is taken as 15 mm so that compartment length is 15 mm. This gives
the enough space to hitting mass to oscillate. However the more accurate length of compartment

can be found by experimental analysis.

The material for cylinder is plastic PVC (polyvinyl chloride) pipe as it is having good
mechanical properties. PVC is general purpose plastic. It is amorphous in nature. It can be cut

easily for manufacturing and it is cheap. The density of PVC is 1.4 g/cm®.

Mass of cylinder, M =V xr =207 gm

Where, V= volume of cylinder, density of PVC,r = 1.4 g/cm®

d, = outer diameter of cylinder = 28 mm,

Table 5.1 Geometry properties of energy harvester

PVC pipe 15 mm X 28 mm
Piezoelectric disk 35mm X 0.2 mm
Lead mass 5gm
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5.1.3 Material properties of piezoelectric disc type actuator

PZT disc is having a density of 7600 kg/m®, Voltage Constant is 24.8x10° m?/C, Relative
Dielectric constant(K™ )= 1900, Young’s modulus (E)= 6.3x10'° N/m? Piezoelectric Charge
Constant (10"2C/N or10™ m/V) , dgs= 630 , PVC is having a density r = 1.35 — 1.45 (g/cm°),

Modulus of elasticity (E)=51 GPa and lead Density r = 11.3 g.cm™, Young’s modulus (E)=16

GPa and Poisson’s ratio(jt)=0.44[ 15]. The mass of

Impact load is ins1d®
[which is not visible]

the EH is0.3 Kg.

| Top supporting plate

Unimorph PZT Disc

Hollow Cylin

Hitting mass
,‘

]

Unimorph PZT Disc

der

| Bottom supporting plate

Fig. 5.1 (a) Prototype M odel of Energy Harvester (b) Schematic diagram of EH

5.2 Experimental results

/V

Energy
Harvester

r
Data Acquisition System

\

Amplifier :>

v Exciter

Oscilloscdpe

Fig.5.2 Schematic diagram of experimental set up with energy harvester
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The schematic diagram of experimental setup with energy harvester is shown in Fig.5.2. It
consists of four parts, i) Amplifier ii) Electro-dynamic exciter iii) Oscilloscope and iv) Data
acquisition system. These parts are explained later briefly. Fig.5.4 represents the actual model of

power oscillator.

5.2.1 Digital storage oscilloscope

- e e o ..,,,-...‘..

=) () (. -

Fig. 5.3(a) Digital signal oscilloscope

Yariable knob  Funciton  Autoset, Run/Stop, Single
and Selectkey keys and Default settings
Horizontal
Ko confrols
____Trigger
i conirols
... Vertical
controls
Power | EXT
button trigger
Functicn Logic ISB Hest port, CH1-CH2  Math,
Generator Analyzer Deme and Ground  input Reference and
oufput 182 input terminals Bus keys

Fig. 5.3(b) Front panel of Digital signal oscilloscope
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USE Device  USB Host R5232
port port port Meodule Slot 1

Calibration &

_Mc:-dule
Slot 2

GCafNeo Go Cround strap Key lock Power input
autput connector socket

Fig. 5.3(c) Rear pane of Digital signal oscilloscope

Figure 5.3(a), (b) & (c) shows a digital oscilloscope model GWINSTEK GDS-2104A, is an
instrument which used for converting the displaying the output of the energy harvester when it is
under excitation during experimentation. And displays the analog signal and stores it in digital
form for signal processing. Sinusoidal excitation is given to piezoelectric energy harvester
through 20g Syscon vibration shaker. Fig.5.3(c) represents the rear panel of digital signa
oscilloscope.
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5.2.2 Power oscillator

i Oscillator

e

> : a0
Frequency display*

=
R \325 .

Frequency an

.

Hose to exciter

Fig.5.4 Oscillator with Amplifier
This power oscillator consists of two parts. Oneis Oscillator and another one is amplifier.

5.2.3 Electro-Dynamic Exciter

Fig.5.5 represents the compl ete experimental set up for testing the energy harvester. It consists of
electro dynamic exciter for exciting the energy harvester, a four channeled digital signa
oscilloscope, Oscillator, Amplifier and connecting cable. Prototype model of Energy harvester is
shown in Fig.5.4. Oscillator can give frequency from 25 Hz to 20 KHz. In order to enhance
maximum dynamic strain in the piezoelectric disc type actuator, the lead mass should impact
more load with high amplitude, therefore operating the energy harvester at low frequencies such
as 25 Hz to 100 Hz is preferred.

99



Fig.5.5 Electro dynamic exciter

Fig.5.6 Prototype model of Energy Harvester
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= ’ g

ﬁergy Harvester
.

Fig.5.7 Energy harvester on Exciter
The total weight of the exciter is 40 kg. It can withstand payload up to 3 kg. The weight of the

energy harvester is 0.3 kg.
5.3 Experimental results of Energy Harvester
5.3.1 Energy Harvester at 70 Hz at theinput excitation of 20 g

The prototype model of energy harvester is mounted on exciter and excited through oscillator at
various frequencies from 25 Hz to 100 Hz. The maximum voltage observed between 70 Hz to 80
Hz and at 90 Hz, therefore, energy harvester is tested experimentally at 70 Hz, 73.5 Hz, 75.5 Hz,
80 Hz and 90 Hz. The simulation results are validated with experimenta results. The energy
harvester istested at the frequency of 70 Hz under the input excitation of 20g. The voltage verses
time signal is recorded by digital signa oscilloscope. The variation of voltage with respect to
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time under the excitation of 20g at the frequency of 70 Hz is shown in Fig.5.8. The observed

peak voltageis68 V.
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5.3.2 Energy Harvester at 73.5Hz at 20g
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Fig.5.8 Output Voltageat 70 Hz

50

60

The energy harvester is tested at the frequency of 73.5 Hz under the input excitation of 20g. The

voltage verses time signal is recorded by digital signal oscilloscope. The variation of voltage

with respect to time under the excitation of 20g at the frequency of 73.5 Hz is shown in Fig.5.9.
The observed peak voltageis 115 V.
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Fig.5.9 Output Voltageat 73.5Hz
5.3.3 Energy Harvester at 75.5Hz at 20g

The energy harvester is tested at the frequency of 75.5 Hz under the input excitation of 20g. The
voltage verses time signal is recorded by digital signal oscilloscope. The variation of voltage
with respect to time under the excitation of 20g at the frequency of 75.5 Hz is shown in Fig.5.10.
The observed peak voltageis85 V.

Voltage at 75.5 Hz,20g
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80 ﬂ I
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20 l}
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Time(ms)

Fig.5.10 Output Voltageat 75.5 Hz
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5.3.4 Energy Harvester at 80 Hz at 20g

The energy harvester is tested at the frequency of 80 Hz under the input excitation of 20g. The
voltage verses time signal is recorded by digital signal oscilloscope. The variation of voltage
with respect to time under the excitation of 20g at the frequency of 80 Hz is shown in Fig.5.11.
The observed peak voltageis50 V.

Voltage at 80 Hz, 20g
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Fig.5.11 Output Voltage at 80 Hz
5.3.5 Energy Harvester at 90 Hz at 20g

The energy harvester is tested at the frequency of 90 Hz under the input excitation of 20g. The
voltage verses time signal is recorded by digital signal oscilloscope. The variation of voltage
with respect to time under the excitation of 20g at the frequency of 90 Hz is shown in Fig.5.12.
The observed peak voltageis19 V.
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Fig.5.12 Output Voltageat 90 Hz
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Fig.5.13 Output Voltage at various frequencies
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The response of voltages at various frequencies such as 70 Hz, 73.5 Hz, 75.5 Hz, 80 Hz and 90
Hz isshown in Fig. 5.13. Through this figure the comparison of voltagesin relation to other
frequencies can be understood. The maximum voltage is observed at the frequency of 73.5 Hz

under the input excitation of 20g.
5.3.6 Comparison of Analytical and Experimental results at various frequencies

Table 5.2 Comparison of analytical and experimental valuesat 20 g

Frequency (Hz) | Analytical VoltageinV | Experimental VoltageinV | % Error
70 73 68 74
735 110 115 4.3
75.5 92.17 85 8.4
80 47 50 6
90 20 19 53
140 -
120 -

100 ~

80 1
60 1 Analytical VoltageinV
40 - m Experimental Voltagein V
1
0
80 90

70 735 755

Voltage (V)

Frequency (Hz)

Fig.5.14. Comparison of analytical and experimental results at 20g

Analytical results which are described in the chapter 4 are validated with the experimental
results at the frequencies of 70 Hz, 73.5 Hz, 75.5 Hz, 80 Hz and 90 Hz. Table 5.2 shows the
comparison of the results of analytical and experimental values at the frequencies of 70 Hz, 73.5
Hz, 75.5 Hz, 80 Hz and 90 Hz. More dynamic strain is observed at 73.5 Hz and the less dynamic
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stain is observed at 90 Hz in the energy harvester. It may be understood based on the principles
of piezoelectric energy harvesting [15] that the frequency at which the maximum voltage is
obtained is considered as resonance frequency; therefore 73.5 Hz is the resonance frequency for

this energy harvesting device.

5.4 Effect of temperatureon energy harvester (EH)
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Fig.5.15 Output Voltage at various temperatures between 25 Hzto 90 Hz
Fig.5.15 shows the variation of voltage under various temperatures at the frequency range

of 25 Hz to 90 Hz. In this figure the resonance frequency seems very closure to 80 Hz. It
is required to draw the graph from the frequency range of 65 Hz to 90 Hz for observing
the maximum voltage and optimum frequency value; therefore Fig.5.16 is drawn. The
piezoelectric disc type actuators are heated in the electric oven at 20°C, 40°C, 60°C and
80°C for a period of one hour and tested on 20g exciter under sinusoidal excitation at the
frequencies of 25 Hz, 35 Hz, 45 Hz, 55 Hz, 65 Hz, 70 Hz, 73.5 Hz, 75.5 Hz, 80 Hz and
90 Hz. The effect of temperature on the energy harvesting device is studied. At 20°C: V
peak is 122 V and a 80°C: V pesak is 80 V. The output power as a function of
temperature can be calculated by the change of piezoelectric coupling constant that is
proportional to piezoelectric constant and inverse of square root of dielectric constant
[68].1t may be the reason that the low temperature of the environment raises the brittle

nature of the lead zirconate titanate; therefore, dynamic strain can be increased to
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increase the output voltage generation. The value of coupling coefficient can be increased
by decreasing of temperature. Fig.5.16 shows the variation of voltage at various
temperatures under the excitation of 65 Hz to 90 Hz. The maximum voltage is observed

at the frequency of 73.5 Hz and 20°C.
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Fig.5.16 Output Voltage at varioustemperatures between 65 Hzto 90 Hz
5.5 Power Conversion from AC to DC

Power Conversion from AC to DC

l

DC to DC converter

\ 4

Full waverectifier

Fig.5.17 Pictorial presentation of power conversion
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Effect of temperature on the performance of energy harvester is studied so far. Factualy, the
voltage is generated from energy harvester is aternating current (AC). Many power electronic
devices functions on direct current but not on AC, therefore conversion of power is much
needed. The pictorial presentation of power conversion is shown in Fig.5.17. Full wave rectifier
is used to convert power from AC to DC. In order to study theoretically MATLAB Simulink tool

is used, therefore Full wave rectifier circuit is shown in Fig.5.18.

5.6 Rectification of the output of energy harvester from AC to DC

Continuoug . .
, Diode Diodel
powergu

: 5
@ AC e

Voltage Scope
@ DlDdEB D|Dd92 @

Mean Valueh [Mean

P 7076
L

Displayd

Fig.5.18 Simulink model of Full wave rectifier

A full wave rectifier is able to produce a positive haf cycle for both the positive and negative
half cycles (full wave) of the applied AC Voltage. The bridge rectifier accomplishes this by
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using 4 diodes in a ‘bridge’ configuration.Fig.5.19 to Fig.5.21 shows the input parameters of Full
wave rectifier. The input peak voltage is considered the maximum voltage and frequency
obtained from analytical solutionsi.e. 110V and 73.5 Hz; therefore, AC to DC rectification is
donefor the voltage of 110V at 73.5 Hz under 20g input excitation.

B Block Parameters; AC
[—AC Voltage Source (mask) (link) :

Ideal sinuscidal AC Voltage source.

— Parameters -

Peak amplitude (\V):
| 110]

Phase (deg}:
|0

Frequency (Hz):
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Sample time:

|0

Measurements |N|:|ne '_'_]

oK | Cancel Help ] Apply I

T T

Fig.5.19 Simulink Block parameters of Full waverectifier
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For rmosh applications Lhe inker nal indocbtanee shoold bBe sel Lo
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Fig.5.20 Simulink Diode Block parameters of Full waverectifier
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Fig.5.21 Simulink Resistance Block parameters of Full waverectifier
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Fig. 5.22 DC Voltage from rectifier
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Fig.5.22 shows the converted AC into DC voltage of 110 V.

5.7 Mathematical modelling of boost switching converter (BSC)

For converting DC to DC in maximum level BSC can be used and also it is a high efficient step

up one. By assuming the continuous mode, the mathematical modelling is done for the BSC and

the terminology is given to understand the design and operation principle of BSC, which is

shown in Table5.3.

Table 5.3 Terminology of BSC

Peak inductor current

pk

Min inductor current

Ripple Current

Ripple Current Ratio to Average Current

Off Duty Cycle

Switch Off Time

Average and Load Current
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i = (Vm _VTrans)Ton i
. . . . k — 0

The relationship of voltage and current for an inductor is: i L

o (Vo =V )T

AI :( in Trans) on
For a constant rectangular pulse: L
=i (Vout _\/in +VD )Toff
When the transistor switcheson the current is: ~ © L
Aj = (Vout _Vin +VD )Toff
L

Where Vp, isthe voltage drop across the diode, and V145 1S the voltage drop across the

transistor. Note that the continuous/discontinuous boundary occurs when iq is zero.

(\/in - VTrans )Ton _ (Vout =Vip + VD )Toff

By equating through deltai, we can solve for Vout: L L

VT +V T, =V, T +Vo o T, +Vo T,

in"on in " off out Trans "on

Vin _VTransD = (Vout +VD )(1_ D)
A\VAR\VARRD.
V — _in Trans _V
out (1_ D) D

If the voltage drops across the transistor and diode is neglected then:

Fig.5.23 shows the simulink model of DC-DC Boost converter. Fig.5.24 shows the output
parameters such as DC boosted voltage and Power. The observed maximized voltage is 220 V
and power is22 W. Off Duty cycleis considered as 0.5.
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Fig. 5.23 Smulink model of DC-DC Boost converter
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Fig. 5.24 Outputsof DC-DC Boost converter
5.8 Summary of the chapter

In this chapter proto type model of a unimorph piezoelectric vibration energy harvester is
developed. Analytical results are validated with experimentation at the frequencies of 70 Hz,
73.5 Hz, 75.5 Hz, 80 Hz and 90 Hz under the acceleration of 20g. The maximum voltage is
observed at 73.5 Hz in both anaytically and experimentally, which is considered as a resonance
frequency for the presented energy harvesting device. As a case study, the effect of
environmental factor on energy harvester is studied experimentally. The maximum voltage (122
V) is observed at the temperature of 20°C, the reason may be temperature effects the brittleness
variation of the lead zirconate titanate; therefore at low temperature raises the property of
brittleness of the material and increases the piezoelectric constant which leads to increase the
output voltage generation. As second part of this chapter, DC-DC Boost converter is designed to
increase the DC output voltage and power by using MATLAB Simulink toolbox.
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Chapter 6

Conclusions and Scope for Future Resear ch

6.1 Results summary

In the chapter 3, the mechanical and electrical parameters of PZT discs are studied
experimentally, generally, the limitations of applied loads are depended on the design of
piezoel ectric energy harvesters; therefore, the characterizations of piezoelectric disc type
actuator are studied as a prerequisite to design the piezoelectric energy harvester and for
doing experimentation. In this chapter, operating limiting values are observed. The
maximum contact stress is observed as 11.4 MPa. If the operating stress is acted beyond
the contact stress, the damage of PZT disc may be occurred which is shown in the
chapter 3, Fig 3.12.

The simulation studies of energy harvester are mentioned in chapter 4 and these studies
are done under frequency and acceleration dependences by considering the damping
factor of 0.001. The range of excited frequencies is from 25 Hz to 100 Hz. The

maximum voltage is observed at 73.5 Hz.

Harvesting the electrical energy through utilizing the vibrations at different excited
frequencies including 25Hz to 100 Hz the reliability and sustainability of PZT wafers
plays an important role under normal loading conditions. The output voltage curve is
linear at excited lower frequencies and accelerations. Voltage curve becomes non-linear
under lower frequencies and highly accelerated loads. It may be because of the Hertzian
contact pressure causes to increase in the mobility of positive and negative charges in
PZT.

Analytical values are compared with experimentation, at the acceleration of 20g under
the frequency of 73.5 Hz, the output voltage during experimentation is observed as
4.54% more than the obtained in analytical studies.

At 20°C the generated voltage is 6.08% more than the normal temperature experimental
value of 20g acceleration at 73.5 Hz.
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Vi.

Vii.

The generated optimum DC Voltage through simulation is 91.3% higher than AC

Voltage which is generated during experimentation.

Available DC Voltage can be used for operating the DC power devices such as fans for
cooling engines, functioning of the LED lights , wireless sensors networks and

electronic devices.

6.2 Conclusions

The theoretical analysis of piezoelectric constitutive equations revealed that the
piezoelectric coupling coefficient plays the major role to maximize the output power;
therefore, PZT-5H materia is chosen in this dissertation. Electrical and mechanical
properties are studied experimentally in the chapter 3 as a prerequisite to the design of the
energy harvester. In the chapter 3, the limiting operating loads are observed. Among all
properties, the value of contact stress is found significant for operating the energy
harvester within the elastic limit.

The selection of piezoceramic material is very important for developing maximum power
generated energy harvester. The generation output voltage and power are depended the
value of piezoelectric constant and dynamic strain.

In the chapter 4, simulation studies of energy harvester have been done in support to the
design of energy harvester under various frequencies and accelerations by considering the
limiting conditions which are mentioned in the chapter 3. Resonance and non resonance
frequencies are observed from the simulation studies of the energy harvester. These
studies helped to generate maximum values of voltage and power by experimentation.
The conceptual studies can be implemented in the simulation which are complex in
experimentation for minimizing the wastage of material, operation time and finaly
capital.

The optimum electrical load depends on electromechanical coupling but the maximum
power outputs are affected and the order of the power outputs is same for al unimorphs.
This observation supports the idea that the large power outputs are due to large dynamic
flexibilities originating from the large elastic compliance values of the unimorphs.

The experimental studies of the properties of PZT-5H disc actuators divulged the limiting

conditions of the operation of energy harvester, for increasing durable life. The analytical
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Vi.

Vii.

viii.

model predicted the electrical voltages and power with good accuracy for al vaues of
excitations.

The output voltages of analytical method satisfied the linearity of theoretical method. The
experimental results of energy harvester revealed that exciting the energy harvester at
resonance freguencies leads to increase the output voltage. The analytical results are
validated with experimental results and also good agreement is observed with the
experimental values.

The experimentation of energy harvester under different temperatures is done. It is found
that the importance of temperature in optimizing the output voltage and power. By
increasing the temperature of energy harvester leads to decrease the output voltage and
decreasing the temperature of energy harvester leads to increase the output voltage. It
may be due to increase of piezoelectric constant at low temperature, the output power
raises. At high temperature, the piezoelectric constant may be decreased and leads to
reduce the output power. At high temperature, the bond strength between the
piezoceramic and the brass may be reduced.

The output from piezoelectric transduction mechanism is alternating current. Direct
current is required to operate low power DC devices and wireless sensor nodes in the
satellites and to supply enough power and voltage; further, to optimize the output of
energy harvester; the simulation study of power conversion is done. Simulated the AC
voltage of energy harvester in DC-DC booster converter, it is found the maximum DC

voltage, which can also be used for charging the electronic devices.

6.3 Scope for futurework

Novel devices of EH can be designed for maximum power output by using lumped mass EH
on clamped free beams.

Multistage EH devices with the help of rectangular PZT discs can also be constructed.
Electric field plays a key role therefore one can look into this area of the manufacturing PZT
discsin the future for gaining the maximum power output.

Effect of environment on EH especially temperatures between -10°C to 0 °C to be done. It

can be more redlistic in the lower temperature environment.
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There is awide scope for vibration control and generating the electricity by using PZT discs

for naval applications.

There is a scope of increasing the output voltage by increasing the piezoelectric constant for
aerospace and military applications.
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Appendix A

Effect of piezoelectric coupling coefficient in generating the power output

In this chapter studied the effect of piezoelectric coupling coefficient through the analysis of
dimensions. Analysis of dimensions is the mathematical procedure which gives solution to
engineering problems. And also helps to find out the role of importance of different parameters
in analytical and experimental studies such a way designing of any product makes easy, builds
confidence in the designer to fabricate the product and makes ease of understanding inferences

within the research.

In general every mathematica modeling is the combination of dimensional and non-dimensional
guantities in the form of dependent and independent variables. Anaysis of dimensions leads to

form the mathematical modelling provided dependent and independent quantities are known.
A.1 Meritsof Analysisof dimensions [65]:

i) For forming mathematical modelling in terms of various parameters

i) For knowing the relative importance of each parameters within the mathematical modelling.
iii) Planning for conceptual design of energy harvesters based on mathematical modelling.

iv) Planning for the fabrication of the vibration based energy harvesters.

v) Planning for experimentation of vibration based energy harvesters.

A.2 Dimensional homogeneity of equations:

The process of dimensional homogeneity plays a very important role in order to find out the
algebraics missing in the process of developing a mathematical modelling; therefore dimensional
homogeneity is a recommended method to adopt in al research works. The method of
dimensional homogeneity is not confined to a particular engineering field rather it is applicable
to all type of engineering fields of research. There are two types of mathematical modeling. One
isrational and another one isirrational. In the rational type dimensional homogeneity exists and

in irrational type dimensiona homogeneity does not exist. Dimensional homogeneity is defined

126



by Fourier’s law which states that any mathematical modelling of piezoelectricity should express

the physical phenomenon and should be rational .

Generally, the mathematical modelling of any engineering and science problem is expressed with
the combination of different variables. There are two types of engineering systems. One is a
simple system and the second one is complex system. For the simple system mathematical
modelling is easy based on the assumptions. In this system mathematical modelling yields good
results. In the complex system, assumptions cannot be made, making mathematical modelling is
very difficult because of involving so many variables and aso no analytical solution is possible.
At that time analysis of dimensions gives solution to make mathematical relations among
variables especially forming a electromechanical coupled equations for the vibration based

energy harvesters.

[ Dimensional analysis }

v

\ 4
[ Rayleigh method } [ Buckingham Pi method ]

Fig A.1 Pictorial presentation of classification of Dimensional analysis
Dimensional analysis can be done by using two methods. One is Raleigh’s method and another

one is Buckingham’s method. The pictorial presentation of classifications is shown in figure 4.1.
There are two theorems of Buckingham.

i) Theorem-I: It states that the relationship between independent dimensionless groups from all

variables

i) Theorem-I1: It gives the formula of number of dimensionless groups (N, )

N, =N, - N,

fo] v
N, isthe number of variablesand N, is the number of dimensions

These dimensionless groups are called as Pi groups.
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A.3 Rayleigh method [65]:

Rayleigh established this method in 1899, for determining the effect of temperature on the

viscosity of agas.
In this method a functional relationship of both dependent and independent variables is

articulated in dimensionally homogeneous an exponential equation. Thus suppose 'y ' is some

function of variablesy , y,y ...y ,. The equation can be established in the functional form:

Yy =fTy(Y,yYs ¥ -

In the above functional form ‘y ’ is the dependent variable, whiley ; vy,,y,; .y., are the

independent variables. Information is required about the dependent quantities and the

independent quantities controls the variation of dependent quantities.

The exponential form of equation can be expressed as y =cy(? v,%y,% .¥.", . Inwhich ¢

is the dimensionless constant which may be determined either from the physical characteristics
of the problem or from experimental measurements. The exponents a, b, ¢ ...n are then evaluated
on the basis that the equation is dimensionally homogeneous. The dimensionless parameters are
then formed by grouping together the variables with like powers.

A.4 Buckingham 'l method [66-67]:

The Buckingham ' method describes that if there are 'N,' dimensional variables existed in a
occurrence, which can be totally defined by ' N, ' fundamental dimensions and are related by a
dimensionally homogeneous equation. The correlation among the 'N,' variables can be
expressed in the form of (N,—N,)dimensionless and independent [T expressions.
Mathematically, if any variable k depends on the independent variablesk,,k;,Kk,........ K,;
functional equation may be written ask, = f (k,, ks, K,........ k,)  which can be transformed to
another functional relationship f,(k,,k,, K,........ k,) = Pwhere P is a dimensionless constant. This

isasifx=f(y)=y*+P

x-y*=f(xy)=P
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In accordance with the Buckingham theorem, a non-dimensional equation can thus be

obtained in the following form. f, (M, M,,M;...... MN,.n)=PR

Wherein every dimensionless - expression is expressed by coalescing "N, ' quantities out of
the total ' N, ' quantities with one of theresidual (N, —N,) quantities. The'N," quantities can be

appeared frequently in each of then terms and are subsequently entitled repeated variables. Thus
the different M terms may be established as

M, = kKK ... k™
M, = kKK K™k
M, = k®KP%S....... k™K
M, = k2k2KS* ... k™K

__ |, an-my, bn—-my, cn-m mn-m
n, . =k&mkomgem k™ "k

In the above equation each individual equation is dimensionless and the exponents a,b,c,d...m
etc., are determined by considering dimensional homogeneity for each equation so that each I
term is dimensionless. The final general equation for the phenomenon may then be obtained by

expressing any one of the Il terms as a function of the others as

N, =f,(N,,M,M,..... M)
n,=f,(M, MN,mMN,..... M)
M, =f,(M,,M,,M,....... M)

M= f, (M, My, My
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A.4.1 Outline procedur e for Buckingham method:

The following is the outline of the procedure to be followed when the dimensiona analysis is

carried out by the Buckingham M-method.

i) List all the quantities both dependent and independent existed with in the occurrence.
i) Write down the dimensions of existed variables.

i) The variables of “N,’ is served as repeating variables. These variables should not be
dimensionless. No two “ N’ variables have the same dimensions.

iv) A dependent variable should not be considered as a repeating variable for obtaining a
good functions of mathematical modelling.

V) Write down the general equations of various I expressions and expressed with the
products of repeating variables. Then find out the unknown powers by using algebraic
equations.

vi) By repeating the above step, the number of dimensiona equations of the M terms can
be obtained.

vii)  Final equation for the physical phenomenon can be obtained with M terms.
Piezoelectric linear constitutive equations:
The constitutive equationg48] for PZT are
S=ss +dE

D =ds +eE

WhereSisthe strain

. . 1 1
s isthecompliance= ==
Youngsmodulus E

s isthemechanical stress, D istheelectricdisplacement, E istheelectricfield
d isthe piezoel ectricchargeconstant
e isthedielectric permittivity constant

Dimensions of properties are s =ML'T?
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E = M%L_%Til, s = M T2
d =M 72721t D = M2l er
S =M°LT°, e =M 'L°T*?
Number of relevant variables (n) = 7, Number of repeated variables (m) = 4
Number of dimensional groups=n-m=3
Repesated variablesares ,E and d and theremaining variablesare S ,D ,s ande
p,=s S°D"s%"
a y 9/ b c d
MOLTOI® =MLT *(M°LT?) (M 2L Trl) (MLT?) (MLT1?)
By comparing the powerson bothsides p,=s s
p,=E S°D"s’%*

MPLTI® =M72L72T 4 (M °L°T°)a(M %L%Tl)b (MALT?) (MALeT4 2

MOLOTO[O = MY 27 271 MOLOT0 @ Ml 2pPart U MeIATE ¢ Mi3TAp2 @
Thereforep, = E s*2
p,=d S*D"s%"
MOLTOI = M%L%Tl(MOLOTO)a(M %L%‘rl)b (ML) (MALeT 2
p,=d D ¥s ¥
According to Buckingham pi theorem f (pl,pz,p3) =0
f(ss,Es**,dD¥s¥)=0

d D¥?s ¥4 = f (Ts, Es”z)
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s 2552 E2g¥2
D =f 2 7 2
d d

D =f(s *s%d ? E*s*d ?)
D =f(s ’s¥d?)
D =f(E’s¥d?)

D =f(s *s%d ? E*s*d ?)

Therefore Electric charge is the function of applied stress, Elastic compliance, Electric field,
piezoelectric coupling coefficient. By observing the above relations the effect of piezoelectric
coupling coefficient causes to enhance the output voltage generation from piezoel ectric disc type
actuators.
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