
 

DEVELOPMENT OF NEW PIEZOELECTRIC 

GENERATOR WITH OPTIMUM POWER FLOW FOR 

ENERGY HARVESTING 

A Thesis submitted to Gujarat Technological University 

For the Award of  

 Doctor of Philosophy  

In 

Electrical Engineering 

By 

Vrunda R Kotdawala 

Enrollment No. :129990909003  

Under supervision of 

DR. V. N. KAMAT 

 

 

GUJARAT TECHNOLOGICAL UNIVERSITY 

AHMEDABAD 

October-2020



 

ii 
 

 

 

 

 

 

 

 

 

 

 

 

 

© Vrunda R Kotdawala 

 

 

 

 

 

 

 

 

 

 

 



 

iii 
 

DECLARATION 

 
I declare that the thesis entitled “DEVELOPMENT OF NEW PIEZOELECTRIC 

GENERATOR WITH OPTIMUM POWER FLOW FOR ENERGY HARVESTING” 

submitted by me for the degree of Doctor of Philosophy, is the record of research work carried 

out by me during the period from December 2012 to December 2019 under the supervision of 

DR. V. N. KAMAT, Managing Director, Baroda Electric Meters,Vallabh Vidhyanagar and 

this has not formed the basis for the award of any degree, diploma, associate ship and 

fellowship, titles in this or any other University or other institution of higher learning. 

 

I further declare that the material obtained from other sources has been duly acknowledged in 

the thesis. I shall be solely responsible for any plagiarism or other irregularities, if noticed in 

the thesis. 

 

 

 

 

Signature of the Research Scholar: _____________________   Date: 23.10.2020 

 

Name of Research Scholar: Vrunda R Kotdawala 

 

Place: Ahmedabad. 

 

 

 

 

 



 

iv 
 

CERTIFICATE 

 

I certify that the work incorporated in the thesis titled as DEVELOPMENT OF NEW 

PIEZOELECTRIC GENERATOR WITH OPTIMUM POWER FLOW FOR ENERGY 

HARVESTING submitted by Vrunda R Kotdawala was carried out by the candidate under 

my supervision/guidance. To the best of my knowledge: (i) the candidate has not submitted 

the same research work to any other institution for any degree/diploma, Associateship, 

Fellowship or other similar titles (ii) the thesis submitted is a record of original research work 

done by the Research Scholar during the period of study under my supervision, and (iii) the 

thesis represents independent research work on the part of the Research Scholar. 

 

 

Signature of Supervisor:       Date: 23.10.2020 

 

Name of Supervisor: DR. V. N. KAMAT 

Place: VallabhVidhyanagar 

. 

 

 

 

 

  



 

v 
 

Course-work Completion Certificate 

 

This is to certify that Mr./Mrs./Ms. VRUNDA R KOTDAWALA. enrolment no. 

129990909003 is a PhD scholar enrolled for PhD program in the branch ELECTRICAL 

ENGINEERING of Gujarat Technological University, Ahmedabad. 

 

(Please tick the relevant option(s)) 

 

He/She has been exempted from the course-work (successfully completed during 

M.Phil Course) 

 

He/She has been exempted from Research Methodology Course only (successfully 

completed during M.Phil Course) 

 

He/She has successfully completed the PhD course work for the partial requirement for 

the award of PhD Degree. His/ Her performance in the course work is as follows- 

 

Grade Obtained in Research Methodology 

 

(PH001) 

Grade Obtained in Self Study Course (Core subject) 

 

(PH002) 

 

BB 

 

BB 

 

 

 

 

Supervisor’s Sign 

(Dr. Vithal N Kamat) 

 

 



 

vi 
 

Originality Report Certificate 

 

It is certified that PhD Thesis titled DEVELOPMENT OF NEW PIEZOELECTRIC 

GENERATOR WITH OPTIMUM POWER FLOW FOR ENERGY HARVESTING 

submitted by Vrunda R Kotdawala has been examined by me. I undertake the following:  

a. Thesis has significant new work / knowledge as compared already published or are under 

consideration to be published elsewhere. No sentence, equation, diagram, table, paragraph or 

section has been copied verbatim from previous work unless it is placed under quotation 

marks and duly referenced. 

b. The work presented is original and own work of the author (i.e. there is no plagiarism). No 

ideas, processes, results or words of others have been presented as Author own work.  

c. There is no fabrication of data or results which have been compiled / analyzed. 

d. There is no falsification by manipulating research materials, equipment or processes, or 

changing or omitting data or results such that the research is not accurately represented in the 

research record.  

e. The thesis has been checked using https://www.urkund.com (copy of originality report 

attached) and found within limits as per GTU Plagiarism Policy and instructions issued from 

time to time (i.e. permitted similarity index <=25%).  

 

Signature of Research Scholar: ……………..   Date: 23.10.2020 

Name of Research Scholar: Vrunda R Kotdawala 

Place: Ahmedabad 

 

 

Signature of Supervisor:……………..    Date: 23.10.2020 

Name of Supervisor: DR. V. N. KAMAT 

Place: VallabhVidhyanagar 

 



 

vii 
 

Copy of Originality Report 

 

 

 

 

 



 

viii 
 

 

Ph. D. THESIS Non-Exclusive License to 

GUJARAT TECHNOLOGICAL UNIVERSITY 

 
In consideration of being a Ph. D. Research Scholar at GTU and in the interests of the 

facilitation of research at GTU and elsewhere, I, Vrunda R Kotdawala having Enrollment 

No. 129990909003  hereby grant a non-exclusive, royalty free and perpetual license to GTU 

on the following terms:  

a) GTU is permitted to archive, reproduce and distribute my thesis, in whole or in part, and/or 

my abstract, in whole or in part ( referred to collectively as the “Work”) anywhere in the 

world, for non-commercial purposes, in all forms of media;  

b) GTU is permitted to authorize, sub-lease, sub-contract or procure any of the acts mentioned in 

paragraph (a);  

c) GTU is authorized to submit the Work at any National / International Library, under the 

authority of their “Thesis Non-Exclusive License”; 

d) The Universal Copyright Notice (©) shall appear on all copies made under the authority of this 

license;  

e) I undertake to submit my thesis, through my University, to any Library and Archives. Any 

abstract submitted with the thesis will be considered to form part of the thesis. 

f) I represent that my thesis is my original work, does not infringe any rights of others, including 

privacy rights, and that I have the right to make the grant conferred by this non-exclusive 

license. 



 

ix 
 

g) If third party copyrighted material was included in my thesis for which, under the terms of the 

Copyright Act, written permission from the copyright owners is required, I have obtained such 

permission from the copyright owners to do the acts mentioned in paragraph (a) above for the 

full term of copyright protection.  

h) I retain copyright ownership and moral rights in my thesis, and may deal with the copyright in 

my thesis, in any way consistent with rights granted by me to my University in this non-

exclusive license.  

i) I further promise to inform any person to whom I may hereafter assign or license my copyright 

in my thesis of the rights granted by me to my University in this non- exclusive license.  

j) I am aware of and agree to accept the conditions and regulations of PhD including all policy 

matters related to authorship and plagiarism.  

 

Signature of Research Scholar:     Date: 23.10.2020 

Name of Research Scholar: Vrunda R Kotdawala 

Place: Ahmedabad  

 

Signature of Supervisor:………………...   Date: 23.10.2020 

Name of Supervisor: DR. V. N. KAMAT 

Place: VallabhVidhyanagar 

 

Seal:  

  

BARODA ELECTRIC  
METERS LTD. ANAND

M.D.



 

x 
 

Thesis Approval Form 

 

The viva-voce of the Ph.D. Thesis submitted by VRUNDA R KOTDAWALA (Enrollment 

No.129990909003) entitled DEVELOPMENT OF NEW PIEZOELECTRIC 

GENERATOR WITH OPTIMUM POWER FLOW FOR ENERGY HARVESTING  

was conducted on Friday, 23.10.2020 , at Gujarat Technological University. 

(Please tick any one of the following option)  

 The performance of the candidate was satisfactory. We recommend that he be awarded the 

PhD degree. 

 Any further modifications in research work recommended by the panel after 3 months from 

the date of first viva-voce upon request of the Supervisor or request of Independent Research 

Scholar after which viva-voce can be re-conducted by the same panel again.   

(briefly specify the modifications suggested by the panel) 

 

 

 The performance of the candidate was unsatisfactory. We recommend that he should not be 

awarded the Ph.D. degree. 

(The panel must give justifications for rejecting the research work) 

 

 

 

 

-------------------------------------------------- 
Dr Vithal N Kamat 

Name and Signature of Supervisor with Seal 
 
 
 

--------------------------------------------------- 
Dr (Mrs.) C S Rajeshwari 

External Examiner -1 Name and Signature 

--------------------------------------------------- 
Dr R Balasubramanium 

External Examiner -2 Name and Signature 

-------------------------------------------------- 
 

External Examiner -3 Name and Signature 
 

M.D BARODA ELECRTIC METERS LTD,ANAND

           ____

           ____



 

xi 
 

Abstract 
Ambient vibration based energy harvesting using piezoelectric harvester has been of great 

interest for researchers for low power wireless, remote and embedded applications. In this 

work a novel polyvinylidene fluoride (PVDF) based nanocomposite with enhanced 

piezoelectric property has been developed in laboratory by synthesizing PVDF with multi 

walled carbon nanotubes (MWCNT) for ambient vibration energy harvesting. The 

piezoelectric properties of the composite have been optimized by adjusting composition of 

MWCNTs in PVDF and tuning different process parameters. The PVDF-MWCNT 

composite thin films with cantilever structure is then tested on vibration source for energy 

harvesting and compared   with base PVDF material films. The parameters like material 

composition, baking temperature, spinning speed, poling voltage on composite are 

adjusted to optimize piezoelectric properties of material. FTIR, XRD, scanning electron 

microscope (SEM) analysis and ferroelectric measurement results confirms better 

piezoelectric properties in new PVDF-MWCNT composite. Measurement of Parameters 

like charge constant, dielectric constant, young’s modulus and coupling coefficient shows 

reasonable good improvement in PVDF-MWCNT composite. The new composite film 

generates 2 to 2.5 times higher voltage than pure PVDF film. Further, for optimizing 

power flow in load circuit, different kinds of energy harvesting circuit topologies have 

been studied, analyzed and compared. Then a modified self tuned non linear energy 

harvesting circuit with adaptive control has been proposed. The circuit provides set value 

of output voltage using feedback control of the duty cycle of the switching device. The 

intended circuit harvests energy 1.5 times higher than conventional bridge circuit. Energy 

harvesting module with novel composite and self tuned circuit shows overall gain of 3.5 in 

the extracted energy. Further, an analytical expression for electromechanical model has 

been derived and a new simulation model called Mechatronic model using Matlab 

Simulink is proposed. The simulation model is validated with experimental results. It is 

also compared with equivalent electrical model used in past research works. It has been 

found that novel mechatronic model gives results proximate to experimental results as 

compared to electrical equivalent model. The mechatronic simulation model has proved to 

be a very useful tool for study and analysis of behavior of different kinds of piezoelectric 

material for energy harvesting purpose. 
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Chapter-1 

1  Introduction 

1.1 General 

For many low-power portable and wireless electronic applications the finite energy density 

of chemical batteries places limits on their functional lifetime. Through the use of energy 

harvesting techniques, ambient vibration energy can be captured and converted into usable 

electricity in order to create self-powering systems which are not limited by finite battery 

energy. Typical energy harvesting systems are composed of two components, a transducer 

that converts the mechanical energy into electrical energy and a power converter that 

efficiently delivers the harvested energy to the electronic load. The practical design of 

energy harvesting systems must include both components and consider how coupling 

between the two affects overall system performance.  

In order to effectively design an energy harvesting system for a specific application, a 

model is needed that accurately characterizes the energy harvesting process. One proposed 

solution to mitigate the problems associated with finite battery energy is to create self-

powering systems using energy harvesting techniques. Energy harvesting, or energy 

scavenging, is a broad term which refers to the process of converting environmental 

energy into electricity. When the power requirements are sufficiently low it may be 

possible to operate the system entirely on harvested energy. The sources of environmental 

energy may be solar, thermal, acoustic, and vibration. 

 

While converting mechanical vibrations into electrical energy is not a new concept, the 

widespread implementation of such systems has remained elusive. Gap with previously 

reported systems are found and a new harvesting system with improved properties of 

piezoelectric material composite with a power converter which can harvest energy with
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minimum intrinsic losses and allows optimum power flow has been proposed to help in the 

realization of functional energy harvesters.  

1.2  Ambient Energy Harvesting  

Ambient energy harvesting is the process of obtaining usable energy from natural and 

man-made sources around us in the environment. On our globe, there is abundant amount 

of ambient electromagnetic energy from wireless communication systems such as 

television and radio transmitters, cellular, satellite and some others. Moreover, other 

sources include motion, light, heat, wind, sound, oceanic waves and underwater currents. 

 Human activities definitely produce some amount of energy that can be converted in to 

useful energy if harnessed properly.  

Some of the good harvesting techniques in terms of energy density, efficiency, life and 

cost per watt involve electromagnetic, electrostatic, thermoelectric, photovoltaic, and 

piezoelectric. Piezoelectric energy harvesting attracting many new development due to its 

high power density, its higher efficiency and its suitability for vibration and other types of 

motion. On application of vibration input piezoelectric material produces usable voltage in 

output called direct piezoelectric effect. In electrostatic energy harvesting, an input voltage 

is required that can be alternated by relative vibratory motion between the capacitors. The 

voltage output in piezoelectric energy harvesting comes out from the constitutive 

equations of the material and is not dependent on any external input voltage. Unlike 

electromagnetic devices, piezoelectric devices can be produced on macro-scale and micro 

scale wing by well established fabrication technologies. Practical energy density refers to 

what is achievable with present materials and manufacturing technologies. As per [54] the 

piezoelectric harvester provides maximum practical energy density.  Piezoelectric 

harvesters can have an energy density of up to 35.4 μJ.mm−3 compared to 4 μJ.mm−3 for 

electrostatic harvesters and 24.8 μJ.mm−3 for Electromagnetic harvester.  

1.3   Vibration based piezoelectric Energy Harvesting 

While a number of potential sources are available for energy harvesting, the focus of this 

work is on converting ambient or mechanical vibrations into optimum usable power 
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through piezoelectric energy harvesting. Sources of vibration are typically divided into two 

categories for energy harvesting, narrowband and broadband.  It is also necessary to 

understand nature of vibrations available from mechanical structures. Free vibration is the 

common reaction of a structure to some force or motion. The response of the structure is 

determined by the type and characteristics of the structure and the generated vibrations are 

dependent on the structure's mechanical properties. Forced vibration is the reaction of a 

structure to a repetitive force which makes structure to vibrate at the excitation frequency. 

Sinusoidal vibration is a particular class of vibration and is not very common in nature. 

The structure is excited by a forcing function that is a pure single frequency in manner 

used as an excellent engineering tool to understand complex vibrations by splitting them 

into simple, single mode vibrations. The displacement at any point on the structure can be 

expressed as a sinusoidal function of time. Vibrations available in moving vehicle are due 

to compounded effect of the uneven road surface, vibrations from engine, buffeting wind 

etc. Instead of computing each of these effects, they are commonly illustrated as random 

vibrations. Random vibration quantifies the average vibration level over the time for given 

frequency range. Mechanical vibrations are available from sources such as car engine 

compartment, trains, ships, helicopters, bridges, roads, floors of offices, railway stations, 

nightclubs, speakers, window panes, walls, household appliances  like fridges, washing 

machines, microwave ovens, pumps, motors, compressors, chillers, conveyors) and many 

more even human body motion is also a great source of vibrations. 

 

For vibration energy harvesters, mechanical energy is imparted to the transducer via direct 

contact with the vibrating source. The transducer then converts the mechanical energy into 

electrical energy, through one of several possible transduction mechanisms like magnetic, 

electrostatic, piezoelectric, etc. A mass spring damper system is typically used to model 

the mechanical domain of the transducer. This modeling technique assumes that the 

portion of mechanical energy transferred to the electrical domain is small compared to the 

total mechanical energy in the source, and models the transducer as an ideal second order 

system. Using the second order system model, the response of the harvester to a 

mechanical input will be greatest when the exciting vibration frequency match with the 

transducer’s resonant frequency. As the vibration frequency generally cannot be 
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controlled, harvesting energy optimally using single harvester from different mechanical 

vibration source is difficult. Since frequency of vibration energy captured from vibrating 

structures are typically low and cannot be controlled; only low frequency narrowband 

source excitations are considered in this work. Typically, a piezoelectric energy harvester 

is a cantilevered beam with one or two Piezo material layers.  The harvester beam is 

located on a vibrating host structure and the dynamic strain induced in the piezo elements 

generates an alternating voltage output across the electrodes attached to the piezoelectric 

layers. A cantilever type harvester tested under base excitation produces alternating 

voltage due to the oscillatory base motion of the structure. 

 

In the case of piezoelectric generators, the energy conversion takes place via the direct 

piezoelectric effect where a voltage is induced or charge flows onto the electrodes of a 

piezoelectric material when a stress is applied to it. The amount of electricity generated is 

dependent on the amount of force used in compressing or deforming the material, the 

amount and type of deformation of the material’s structure and the speed or frequency of 

compressions or vibrations to the material. Energy conversion is at its highest when a 

maximum deformation or strain of the piezoelectric material is applied within safe 

operating limits. An important parameter governing the transduction from mechanical 

energy to electrical energy is called the coupling factor, which is defined as the ratio of 

electrical energy output to the mechanical energy input, and is related naturally to the 

material’s intrinsic piezoelectric and electromechanical properties. High efficiency is 

related to a material having a high coupling constant. 

 

Other challenges with using piezoelectric materials include impedance matching, coupling 

of the energy source and transfer from the transducer to the electronics load. Impedance 

matching is required in electrical circuits to optimize the energy transfer efficiency rarely 

continuous which makes this task harder. Mechanical vibrations can vary in frequency. 

When considering the power duty cycle, enough power needs to be generated over a 

period of time to satisfy the demand on energy requirements. For an  energy source, the 

design of the transducer element and accompanying charge control electronics is critical to 

success. So while you can tune a harvester to work at a particular resonant frequency, you
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 lose the efficiency if this frequency changes due to background interference. The ideal 

solution is a broadband harvesting device which receives energy from a variety of 

frequencies simultaneously but at the moment no such device exists. 

1.4   Background of Research Problem 

Past researchers have used model which includes energy harvesting structure, the power 

converter, and the electronic load/energy storage unit. The model proposed here also uses 

basic vibrating cantilever structure as energy harvester part. Following deficiencies or gaps 

have been observed from literature review. 

1. While previous research works have shown progress in modeling, implementing, and 

characterizing the different components of an energy harvester, the majority of previous 

work focuses on demonstration of the concepts and not on the design of a practical system. 

2. Previous researches on piezoelectric energy harvestings are mostly done under ideal 

conditions in laboratory with readily available piezoelectric harvesters and pure sine wave 

vibration generator or shaker, real life experiments are not illustrated. Study and Survey of 

frequency and amplitude of mechanical vibrations available in different structures and 

equipments were not concerned and their researches were centered to response of 

transducers at resonant frequency. 

3.  Researchers who worked on preparing PVDF composite with different materials. Their 

main focus was not specifically improving piezoelectric properties for energy harvesting 

purpose. They had paid attention for other mechanical applications of PVDF. Some 

researchers have prepared PVDF and CNT composite but again their interest were to 

improve mechanical or chemical properties for mechanical field application.  Improving 

piezoelectric properties by changing composition for energy harvesting purpose was not 

prime goal. 

4. When a power converter is included in the energy harvesting system, it is often designed 

separately from the transducer and there is no system-wide optimization of the energy 

harvester. In this situation, either the transducer is optimized without a specific power 

converter in mind, or the power converter is demonstrated with an ideal transducer. 

Further following facts put constraints and draws boundary on area of research work to be 

carried out here.                                  .
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An important parameter governing the transduction from mechanical energy to electrical 

energy is called the coupling factor. High efficiency is synonymous to a material having a 

high coupling constant but there are other factors which play an important such as material 

constants, material and electrode geometry, frequency of operation and its range, 

electromechanical losses, frequency response, amplitude of the vibrations, damping effect 

and acceleration and lastly the output load.  

 

For optimum efficiency, engineering design of the device must go through several 

iterations of analytical and functional modeling and careful consideration of piezoelectric 

material and the geometry. Unpredictable nature of vibrations available in different 

structures places limitation on output energy harvested by the device. Optimization of all 

the factors for energy harvesting is difficult, so the study is concentrated on optimization 

of material’s property of a particular piezoelectric polymer composite, and designing a 

power converter which can harvest energy with minimum intrinsic losses. 

1.5  Motivation  

Recent advances in low power electronic design and fabrication have reduced power 

requirements for individual nodes. It has been predicted that power consumption could be 

reduced up to hundreds of microwatts depending on the application. This has opened the 

possibility for self-powered sensor nodes, and the need to power remote systems or 

embedded devices independently has motivated many research efforts focused on 

harvesting electrical energy from various ambient sources. Mechanical vibration is a 

potential power source that is abundant enough to be of use and is easily accessible 

through micro electromechanical systems for applications from small household 

appliances to large infrastructures. 

The research motivation in this area is due to the reduced power requirement of small 

electronic components, such as the wireless sensor networks used in passive and active 

monitoring applications. Piezoelectric energy harvesters can be used as power sources for 

wireless sensors, low power applications in remote areas, thereby replacing currently used 

batteries which suffer from a finite lifespan and pose environmental issues during disposal. 

There are many low power applications like supplying electronic circuits, wireless 
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applications, battery charging, powering vehicle lighting and sound system, Using gadgets 

while travelling In remote areas, Thus to make self powered, portable and compact system 

for low power application. 

Piezoelectric Energy harvesting has environmental benefits of reduction of chemical waste 

produced by replacing batteries and potential monetary gains by reducing maintenance 

costs. If this can be achieved, the requirement of an external power source, maintenance of 

frequent battery replacement and the chemical waste of conventional batteries can be 

reduced considerably. Thus, by scavenging ambient energy surrounding an electronic 

device, energy harvesting solution should have the ability to provide permanent power 

sources that do not require periodic replacement. Such systems can operate in an 

autonomous, self powered manner, reducing the costs associated with battery replacement, 

and can easily be placed in remote locations or embedded into host structures. 

Another reason for piezoelectric energy harvesting attracting so much new development 

includes its high power density, its superior efficiency and its suitability for ambient 

vibration and other motion forms that are omnipresent.  
Further PVDF polymer has advantages like higher output voltage , higher dielectric 

strength, wide frequency range, good Ferro and pyro electric response , mechanically 

strong, high tensile strength, high modulus of elasticity and  good dynamic response as 

compared to piezoceramic materials. Further when PVDF combined with CNT keeps the 

polymer in stable piezoelectric state almost permanently, Increases sensitivity to vibration, 

dielectric property, pressure sensitivity, tensile strength and halt crack propagation, 

Modules of elasticity. These are the promising factor for generating more power from the 

composite. 

1.6   Research Objectives 

This study focuses on development  of a new piezoelectric polymer based low power 

generator  by synthesis of PVDF (Poly vinyledene fluoride)and MWCNT (Multi Walled 

Carbon Nanotubes) materials, which contributes higher piezoelectric response to input 

vibration energy. A low-loss power converter circuit with full-wave bridge rectifier and a 
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high efficiency buck converter has been prepared which can capture very low power 

generated by piezoelectric harvester. 

Considering the above stated motivational factors, gaps observed in old researches and 

said constraints following Research objectives have been derived. 

1. To develop a CNT reinforced composite to improve piezoelectric response of PVDF 

polymer based harvester. 

2. To optimize power flow in load circuit by designing a converter which  operates over a 

range of ambient vibration frequency levels. 

3. To develop a simulation model of piezoelectric generator for energy harvesting from 

ambient vibration sources that reflects general behavior and response of energy harvesting. 

4.  To prepare a prototype of energy harvesting module and to compare simulations results 

for validation. 

1.7  Scope of the work 

This work explores the design of polymer based piezoelectric element used with vibration-

based energy harvesters to implement self-powered electronic systems. It is often desirable 

to keep the overall size of the self-powered system to a minimum, which means that an 

efficient energy harvester with a small footprint is needed. In order to design an energy 

harvester capable of meeting these needs, a model is required which captures both its 

electrical and mechanical behavior. The model must not only capture the general behavior 

of the energy harvester under ideal design conditions, but must also account for non-ideal 

effects, including changes in the vibration source and parasitic losses associated with the 

physical implementation of the system. This work focuses on the development of 

electromechanical modeling which include the effects of both non-ideal operation and 

parasitic within the energy harvesting system. Prime importance has been given to 

development of a composite piezoelectric polymer with enhanced piezoelectric property 

which in turn results in increased power generation. To simulate real life actual condition 

two prototype structures for generating variable frequency and variable amplitude 

mechanical vibrations have been fabricated for experimental work. A power converter 

circuit used offers very low intrinsic finite losses and which captures general behavior of 

the energy harvesting system, but also account for the non-idealities systems.
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A material suitable for piezoelectric energy harvesting, often referred to as a high energy 

density material, is characterized by the large magnitude of product of the piezoelectric 

stress constant, g and the piezoelectric strain constant d that is (d.g). The piezoelectric 

polymer PVDF has the highest piezoelectric voltage constant, g31, of 216 × 10−3 m²/C but 

has low d31 constant. To get higher (d31.g31) one of them should be improved. CNT when 

added to PVDF shows improvement in mechanical properties including sensitivity to 

pressure and young’s modulus. This characteristic of composite (PVDF +CNT) has been 

conceptually used in this work to improve piezoelectric response of material. 

 

A new composite material of PVDF and CNT has been synthesized in laboratory with 

different compositions using solution cast method and polling has been done to achieve 

better piezoelectric response.  

Two different vibration sources have been fabricated. One using mechanical eccentric 

motor system which generates variable low frequency random vibrations which are not 

pure sine in nature and other using woofer based electromagnetic system which provides 

wide range of sine wave vibrations to test behavior of piezo element at different frequency 

and amplitude.    

An analytical model has been developed using Simulink in Matlab.  Analysis of energy 

harvesting has been done and results are compared with experimental results. 

A new self tuned power converter with adaptive control consist of integrates a low loss 

bridge rectifier with a high efficiency buck converter has been prepared which is capable 

of capturing very low power generated by piezoelectric harvester. 

The configuration used here for harvester is a cantilever beam with a power converter, 

where induced vibration causes mechanical strain and deformation in the cantilever arms 

leading to a generation of electric charges which are harvested from the device. 

Piezoelectric cantilever energy harvester can have proof mass attached; this helps to tune 

the vibration to the required frequencies. The proof mass and subsequent beam shapes can 

have an effect on the damping and amount of energy harvested. Such type devices may be 

then arrayed in either series or parallel as per requirement of power output.  
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Methodology of research, results/comparison 

This work is divided in three major sections.   

A. Optimization of Piezoelectric properties of PVDF-MWCNT based composite. 

B. Optimization of Power flow by introducing appropriate energy harvesting circuit. 

C. Development of a mechatronic simulation model for the study of behavior of different 

kinds of piezoelectric materials for energy harvesting. 

1.8 Organization of chapters 

This report consists eight chapters. Chapter wise details are mentioned as below; 

 

Chapter - 1:  This chapter deals with an introduction to the study, motivation of 

the study, and objectives and scope of the study.  

 

Chapter - 2:  The second chapter presents the literature review of earlier studies. 

 

Chapter - 3:  The third chapter includes why PVDF and CNT composite has been 

selected for the research work, composite preparation method, and 

testing of piezoelectric properties, optimization of composite 

parameters and comparison with PVDF. 

 

Chapter – 4:  This chapter includes comparison and analysis of energy harvesting 

circuits used earlier foe energy harvesting, Proposed Self tuned 

power converter circuit with adaptive control for optimum power 

flow and presents design and optimization of used.  

 

Chapter - 5:   This chapter presents analytical expression derived, development of 

novel mechatronic model for the energy harvesting system using 

simulink, comparison of developed model and the existing model.  
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Chapter - 6:  This chapter describes experiments done with lab test setup,   

fabricated mechanical and electromagnetic source for different 

frequencies, testing of developed piezo generator and Result 

analysis on the bases of experiments and simulation results. 

 
Chapter – 7: This chapter summarizes and concludes the report stating the scope 

for further work. 

 

1.9 Summary 

This chapter describes about an introduction to the study, motivation of the study, and 

objectives and scope of the study.  
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CHAPTER  2 

2 Literature Review 

2.1  General 

There is great potential in ambient vibration energy which can be converted in to useful 

electricity. Piezoelectric materials are chosen for energy harvesting due to high power 

densities. There are many low power wireless electronic and portable device applications 

which relays on the finite energy density of batteries which places limitation on their 

function and life. Vibration energy available in the environment can be trapped and 

converted into electrical energy which creates self-powered systems which are not limited 

by finite battery capacity. Ferroelectric polymers are gaining popularity in the field of 

energy harvesting as they are flexible and can withstand large strain as compared to 

inorganic piezoelectric materials, which make them attractive energy harvesting from 

mechanical vibrations.  

 

One of such kind of polymer is PVDF. Further some of the studies show that adding small 

amount of CNT in this polymer improves its sensitivity to mechanical vibrations. Some of 

the mechanical vibration energy sources are machine or civil construction vibrating 

structure, blowing air, current of liquid. This kind of waste vibration energy can be utilized 

for low power generation. As the energy harvested by this transduction is generally low, 

selection and design of power converters and energy storage also becomes crucial. 

Following literature has been reviewed to know what has been done in the area of 

piezoelectric energy harvesting before, what were the motives of past researchers and what 

the outcomes of their researches were. This has become useful in extracting some 

important conclusions as well as to find limitations and gaps in the previous studies and so 

as to define objectives of this work appropriately. 
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2.2 Potential of PVDF and CNT composite as piezoelectric 

material 

Different piezoelectric materials have been compared in [69]. The most widely used 

commercial piezoelectric material is the various phases of lead zircronate Titanate (PZT). 

Unfortunately, ceramic transducers are fragile and it is very difficult to produce them in 

large sizes. Polymer piezoelectric materials have been known to exist since the end of the 

twenties but the discovery of Polyvinylidene Fluoride, during the sixties, made them useful 

for commercial ultrasonic transducer applications. Piezoelectric polymers are associated 

with a low noise and inherent damping that makes them very effective receivers as well as 

broadband transmitters for high frequencies tasks.  

 

Poly (vinylidene fluoride-hexafluoropropylene) [P(VDF-HFP)] films were prepared in 

[61] show strong piezo and pyroelectric effects. He investigated the polarization buildup in 

stretched P(VDF-HFP) copolymer films, cast from a dimethylsulfoxide/acetone solution. 

He observed a hysteresis loop of the polarization as a function of the electric field during 

poling of the stretched PVDF-HFP copolymer films with varying electric fields. The 

polarization values found were lower than that of PVDF films prepared by solvent casting 

method. It seems that HFP copolymer leads to a decrease in the amount of switchable 

dipoles. A uniform polarization is observed in the throughout the sample thickness.  

Dielectric properties of the untreated multiwalled carbon nanotubes -poly(vinylidene 

fluoride) (MWNT/PVDF) composites were studied in [40]. At low frequencies, the 

dielectric constant of a composite with about 2.0 vol % of MWNT increases rapidly and 

the value of the dielectric constant was found as high as 300. The experimental results 

suggested that the dielectric properties of MWNT/PVDF composites may be improved 

significantly without the chemical functionalization to carbon nanotubes. 

Through extensive experimental vibration testing and theoretical verification found that 

the nanotube-based polymers yield better response characteristics to vibration than those 

of the plain pvdf polymer[7]. More specifically, it is demonstrated that the dominant 

mechanism responsible for improved sensing performance is the increased 
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Young’s modulus of elasticity of the nano tube based polymer for the samples considered 

here. 

A procedure for the production of carbon nano tube (CNT) reinforced poly(vinyl dine di-

fluoride) (PVDF) powders was developed in[45].The mechanical performance of the nano 

composite containing 2.5 wt.-% CNT and 1.25.ppm of MAH increased  tensile modulus, 

tensile strength, and strain to failure by 34, 30, and 22%,respectively, as compared to 

PVDF. In [35] a CNT and P(VDF-TRFEE) composite was fabricated by solvent 

evaporation and melt pressing. The inclusion of CNT allows the dielectric properties of the 

P(VDF-TRFEE)   material to be adjusted such that lower poling voltages can be used to 

induce a permanent piezoelectric effect in the composite. In [28] it was observed that with 

a 1.0 wt. % addition of MWCNTs to the polymer-based micro cantilevers, almost a double 

rise in the response to vibration is achieved by adopting the proposed optimum CNT 

dispersion method instead of commonly used uniform CNT distribution method. 

High discharged energy density in poly (vinylidene fluoride) (PVDF) based copolymers 

has attracted considerable research interests in the past years. Crystal properties greatly 

influences on the dielectric and energy storage properties. It is shown that γ-PVDF is 

allowed to work under higher electric fields than α- and β-PVDF in the absence of phase 

transition in α-PVDF and early polarization saturation in β-PVDF. Consequently, γ-PVDF 

exhibits the highest energy density of 14 J/cm3 under 500 MV/m of electric field. 

2.3 Electromechanical modeling of energy harvester  

A performance based investigation was done to find the amount of power expended for a 

vast range of human activities [57]. The researcher explored the possibility of eliminating 

bulky and inconvenient power systems by harnessing the energy expended in everyday 

activity and using it to generate power for a computer. The paper contains a survey of 

various power generation methods ranging from body heat and breath to finger and upper 

limb motion. An analysis of the power available from each of the different locations is 

presented. He claimed that 67 W of power is wasted during walking and if a piezoelectric 

device is mounted inside a shoe with a conversion efficiency of 12.5% could get 8.4 W 

powers. The major challenges faced regarding power harvesting are amount of power 

generated by piezoelectric materials is very low. Hence, enhancing the amount of energy 
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generated by the power harvesting device or developing new and innovative methods of 

accumulating the energy to power portable devices and wireless nodes are the key research 

areas. In most of the earlier researches into energy harvesting used capacitor as a storage 

element for supplying electronics devices. Though, the capacitor has poor energy storage 

capacity due to its rapid discharging time, that cause frequent on and off of electrical 

output due to capacitor charging and discharging. This kind of characteristics of capacitor 

is not appropriate for supplying electronics devices continuously. The, option can be 

rechargeable battery for powering electronics for a longer period of time by continuously 

charging by ambient vibrations.  

 

Advancement in power storing method like rechargeable batteries with piezoelectric 

harvester must be found for wide use of energy harvesting system. Moreover, the 

efficiency of the energy harvesting circuit must be optimized to make maximum power 

transfer to the storage element. The latest researches in the field of low power applications 

must be studied and implemented to maximize power flow from the piezoelectric harvester 

and to minimize losses in the circuit. Gains in this area are a necessity for the successful 

use of piezoelectric materials as power harvesting devices. Additionally, the intended 

location of the power harvesting system must be identified so that its placement can be 

optimized and the excitation range realized to allow for tuning of the power harvesting 

device. Thus, practical applications for energy harvesting like wireless nodes and self-

powered portable electronics are figured out to promote the research in this area.  

In [17] a film sensor of PVDF material connected to a simply-supported Plexiglas beam 

with an aspect ratio of 0.11 was tried to produce electrical signal. The aim of this power 

harvesting experiment was to get sufficient energy from the strain induced on the piezo 

film by the bending beam to power a telemetry circuit. The energy produced from the 

PVDF patch was build up in a capacitor. A switch was added to the circuitry to permit the 

capacitor to charge to a predetermined value of 1.1 V, at which point the switch would 

open and the capacitor would discharge through the transmitter. Once the capacitor had 

discharged to a value of 0.8 V, the switch would close and the capacitor would be 

permitted to recharge and repeat the process. The operation of the power harvesting system 



2 Literature review 

16 
 

was found to provide the required energy to power the circuitry and transmit a signal 

containing information regarding the train of the beam a distance of 2 m. 

  

A lumped element model (LEM) using an equivalent circuit model to explain the power 

generated from the forced vibration of a cantilever beam with a piezoelectric element 

connected was discovered [37]. It was established that the LEM provided results in line 

with those produced using a finite element model from excitation frequencies ranging from 

DC through the first resonance of the beam. A similar result was found during a second 

model validation using results from experiments. The aim of the study was to try a flyback 

converter to increase the efficiency of the power transfer from the piezoelectric patch to a 

power storage medium. The use of a flyback converter permits the circuit impedance to be 

matched with the impedance of the piezoelectric device. It was established that when using 

the flyback converter a peak power efficiency of 20% was resulted. The Rayleigh-Ritz 

formulation provides a discretized approximation (having finite degrees of freedom) of the 

distributed parameter system and yields more accurate approximations than SDOF models.  

   

Electrical characteristics of a piezoelectric power generator under quasi-static (duration 

>100 ms) and dynamic (stress duration <10 ms) stress applications were examined in [38]. 

The electromechanical model of piezoelectric generator is demonstrated and utilized to 

explain the effects of the two stress conditions. A computer simulation of the piezoelectric 

generator is utilized for comparison between the theoretical and experimental results. The 

simulation forecast that a quasi-static stress will generate a bidirectional generator output 

voltage, and a dynamic stress will generate a unidirectional output voltage. The simulation 

also forecast that, when equal stresses are applied to the generator, the dynamic stress will 

generate a 10/spl times/ higher output voltage than the quasi-static stress, inconsistent 

results reported by other investigators. The output voltage is different for the two cases 

because of the generator's resistive capacitive (RC) time constant. The dynamic stress is 

applied in a time that is less than the generator's RC time constant, and the quasi-static 

stress is applied in a time greater than the generator's RC time constant. The piezoelectric 

capacitance has enough time to charge in the quasi-static case, resulting in the lower 

output voltage. The simulation results are experimentally verified for leaded zirconate 
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titanate PZT 5H and PZT 5A materials. Simulated and experimental results are shown to 

be in good agreement. The author also demonstrated and discussed the design and 

modeling of a high power piezoelectric pulse generator .When mechanically compress the 

piezoelectric element produces a transient voltage pulse. This discovery presents a 

theoretical description of the pulse generator as well as methods to implement same in a 

computer model. The computer model of the pulse generator can be divided in two 

functional parts the mechanical model and the electrical model. The two models were 

connected by the electromechanical constants of the piezoelectric material. Further, he 

demonstrated techniques utilized to model the diagnostic system that calculates the 

generator output. Finally, two experiments piezoelectric projectile and bench test were 

carry out on the piezoelectric pulse generator for comparing the results with the computer 

model. Experiment gave the results that are very well in line with the computer model with 

the bench test diagnostics system. Experimentally, the peak current, peak power and power 

density were 36 A, 15.6 kW, and 96.7 kW/cm3, respectively.  

   

The author analyzed and discusses on maximization techniques for a high-power 

piezoelectric pulse generator. The piezoelectric generator’s output power maximization 

was done by increasing the product of generated voltage and output current. The 

maximization methods were developed from the mechanical and electrical models of the 

generator and provide design guidelines as to the geometric dimensions of the 

piezoelectric material and circuital conditions that will produce maximum power in the 

device. The theoretical results demonstrated that the peak stack voltage to increase with 

increasing applied force and increasing thickness to area ratio of the piezoelectric material. 

However, the peak output voltage and the peak output current increased with the 

decreasing of thickness to area ratio of the material. Further to the physical dimension, the 

peak stack current increased as the value of the antenna inductor decreases. The output 

power of the piezoelectric generator, which is the product of output voltage and current, 

linearly increased with the thickness to area ratio. The reason behind this result was due to 

the fact that the output voltage was larger compared to the output current. To verify the 

theoretical results and represent the performance of several types of piezoelectric materials 

with different thickness to area ratios experimental results were also given.  
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The results also showed the peak power output of the experimental generator ranging from 

7 to 28 kW with a corresponding power density from 9 to 173 kW/cm3.This investigation 

presented and discussed the conditions under which the output power of a piezoelectric 

pulse generator is maximized. The theory considers both the mechanical and circuital 

conditions of the piezoelectric pulse generator and seeks to maximize both the voltage 

generated when the piezoelectric is compressed and the peak current of the resulting 

discharge. The generated voltage and discharge current are independent and can be 

analyzed and maximized separately.  

 

The theoretical results showed that the stack voltage is linearly proportional to the 

thickness and cross-sectional area ratio (i.e., the TAR) of the piezoelectric material and the 

impact force, as long as the force did not exceed the stress or strain limitations of the 

material. However, the stack current was maximized when the TAR is minimized. 

Additionally, a low antenna inductance is also needed for a large stack current. The 

maximum output power of piezoelectric pulse generator calculated as the product of v and 

I. It showed that the output power is maximized for large TAR. The magnitude of was so 

large that it dominates the effect of which is a decreasing function of TAR. The optimum 

peak output power could not be found. As TAR gets larger, the equation describing the 

maximum output was in the indeterminate form (infinity.0). Although it was suspected that 

the mechanical failure of the material is the limitation of the maximum output power, in 

2004 he presented factors affecting the maximum peak power of a piezoelectric pulse 

generator. These factors consist the piezoelectric material’s thickness to area ratio TAR, 

the mechanical compression force, the material’s stress limitation and external circuit 

conditions.  

 

It can be identified that maximum peak power scales with increasing piezoelectric material 

volume. But, the volume of piezoelectric material should be increased with considering 

applied compressive force and material stress limits. Practical tests were conducted using 

commercially available piezoelectric materials and confirm theoretical predictions. The 

highest peak power measured in this investigation was 320 kW using a cylindrically-

shaped piezoelectric material with 0.89-cm diameter and 1.27-cm height, which translates 
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into a power density of 405.06 kW/cm 3. Typical output experimental results were in line 

with the theoretical predictions. The highest peak power measured in this investigation 

was 320 kW using the APC 840 material, which corresponds to a 405.06 kW/cm3 power 

density. 

 

An exhaustive and meticulous study of different piezoelectric beam structures and 

analyzed their advantages and disadvantages [42]. He prepared an assembly of 

piezoelectric bending beam in the insole of a shoe in order to convert mechanical human 

walking activity into electric power. He found the excitation mode 31 is more efficient 

than mode 33. He also analyzed different bending beam structures in order to select the 

most appropriate one to the application. He analyzed: piezoelectric bimorphs and 

heterogeneous bimorphs He concluded piezoelectric bimorph beams could be connected in 

parallel in order to add currents, or in series to add voltages. On the other hand, 

heterogeneous bimorphs is a structure of a non-piezoelectric element sandwiched between 

piezoelectric films only provided the elastic function.  

      

Beam-type piezoelectric generator was prepared and experimented [15]. The measured 

vibration levels remain relatively low. He mounted it on the handlebar of the bicycle 

supplying a lamp, which consists of a high brightness LED associated with an electronic 

circuit .This beam type piezoelectric generator which consists of a metal flexible beam 

upon which has been stuck a flexible piezoelectric materials MFC type "Micro Fiber 

composite" with a good flexibility and whose mechanical lifetime may reach several 

million cycles. Even with low levels of vibration, such transducer may be deformed 

considerably. The more the piezoelectric element was deformed or bent, the more 

electrical energy produced. A proof mass of 5.32 g was added at the end of the beam, to 

adjust its natural frequency at 12.5 Hz, and to amplify mechanically the deformation of the 

piezoelectric material. The electrical behavior of a vibrating piezoelectric transducer was 

modeled. He considered generator was excited around its resonance frequency and in the 

case of a little displacement for which the movement remains linear, the structure with 

piezoelectric elements was modeled as a simple mass spring damper mechanism. 
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Distributed-parameter electromechanical models that can accurately predict the coupled 

dynamics of piezoelectric energy harvesters were presented in [1]. Issues in the existing 

models were addressed and the lumped-parameter electromechanical formulation is 

corrected by introducing a dimensionless correction factor derived from the 

electromechanically uncoupled distributed-parameter solution .He also developed 

analytical solutions for the electromechanically coupled voltage response and vibration 

response validated experimentally for various cases. He derived single-mode analytical 

equations for finding closed-form relations for parameter identification and optimization. 

He evaluated Cantilevered beams with piezoceramic layers have been frequently used as 

piezoelectric vibration energy harvesters in the past. He compared several single degree-

of-freedom models, a few approximate distributed parameter models and even some 

incorrect approaches for predicting the electromechanical behavior of these harvesters. 

 

He presented the exact analytical solution of a cantilevered piezoelectric energy harvester 

with Euler–Bernoulli beam assumptions. The resulting expressions for the coupled 

mechanical response and the electrical outputs are then reduced for the particular case of 

harmonic behavior in time and closed-form exact expressions are obtained. He also 

presented Simplified equations for the coupled system, for output voltage, current, and 

output power. Finally, the model proposed was used in a parametric case study for a 

unimorph harvester, and important characteristics of the coupled distributed parameter 

system, such as short circuit and open circuit behaviors, were investigated in detail. Modal 

electromechanical coupling and dependence of the electrical outputs on the locations of the 

electrodes were also discussed. 

 

An estimation of power output, based on material constants in piezoelectric vibration-

based generators was given in [25]. He fabricated model of the generator using 

ferroelectrics ceramics tested. He built modified equivalent circuit model of the generator 

and it was validated by the measurement results in the generator. The power outputs of 

these generators were expressed as linear functions of the term composed of 

electromechanical coupling coefficients and mechanical quality factor of the generator. 

The relationship between device constants and quality factor and material constants k31 and 
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d31 was clarified. He estimated the power output using material constants and suggested 

appropriate piezoelectric material for the generator fabricated. 

A piezoelectric energy harvesting system as add on systems to a host structure located in a 

vibration rich environment was discussed in [58]. Piezoelectric layers were directly 

bonded to thin-film battery layers resulting in a single device capable of simultaneously 

harvesting and storing electrical energy when excited mechanically. Additionally, he 

proposed that self-charging structures be embedded into host structures such that they 

support structural load during operation. Experimental evaluation of a prototype self-

charging structure was then performed in order to validate the electromechanical model 

and to confirm the ability of the device to operate in a self-charging manner. Static three-

point bend testing as well as dynamic harmonic base excitation testing was performed such 

that the static bending strength and dynamic strength under vibration excitation can be 

assessed. Three-point bend testing was also performed on a variety of common 

piezoelectric materials and results of the testing provide a basis for the design of self-

charging structures for various applications. 

 

A parametric study of electric power generated as a function of the dielectric constant, 

transverse piezoelectric strain constant, length and thickness of the piezoelectric material 

for a time-harmonic surface pressure load was done by [47]. Transversely isotropic elastic 

and piezoelectric properties were assigned to the bimorph layers with brass chosen as the 

substrate material in the three-dimensional FE model. He conducted experiments to 

determine the sensitivity of power with respect to the geometric and material variables. 

The numerical analysis showed that a uniform decrease in thickness and length coverage 

of the piezoelectric layers results in a nonlinear reduction in power amplitude, which 

suggested optimal values. He found piezoelectric strain coefficient, d31 and the thickness 

of PZT-5H, as the most important design parameters to generate high electric energy for 

bimorph vibration harvesting device.      

2.4 Power converters for energy harvesting 

A work on wireless electrical power supply by extraction of electrical energy using a 

vibrating piezoelectric device was reported by [50]. He developed an adaptive circuit that 
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maximizes power transfer from the piezoelectric device. The objective of the research was 

to develop an approach that maximizes the power transferred from a vibrating 

piezoelectric transducer to an electrochemical battery. They presented a simple model of a 

piezoelectric transducer. A rectifier circuit is used and the model is used to find the point 

for optimum power flow. They introduced an adaptive approach to achieving the optimal 

power flow through the use of a switch-mode dc–dc converter. This approach was similar 

to the so-called maximum power point trackers used to maximize power from solar cells. 

They presented experimental results that validate the technique.  An estimate of converter 

losses can be calculated as the difference between the maximum and harvested power. The 

efficiency of the rectifier was not considered. The efficiency of the step-down converter 

was between 74 and 88% with the efficiency decreasing as the excitation was increased. 

At the highest excitation the losses were 18.87 mW. Because efficiency of the step-down 

converter suffers when the output voltage is significantly less than the input voltage, other 

dc-dc converter topologies may be more suitable for applications where high mechanical 

excitation of the piezoelectric element is expected. 

 

He did analysis of the converter in [26] discontinuous current conduction mode and 

derived an expression for the duty cycle-power relationship. Using parameters of the 

mechanical system, the piezoelectric element, and the converter; the “optimal” duty cycle 

can be determined where the harvested power is maximized for the level of mechanical 

excitation. It was shown that, as the magnitude of the mechanical excitation increases, the 

optimal duty cycle becomes essentially constant, greatly simplifying the control of the 

step-down converter. The expression was validated with experimental data showing that 

the optimal duty cycle can be accurately determined and maximum energy harvesting 

attained. The energy harvesting circuit was developed to improve on two previously 

constructed circuits. The first circuit used a controller to modify the PWM of a DC to DC 

step-down converter, which consumed a significant amount of power. Additionally, their 

circuit used the controller at all times, which means that when the piezoelectric produces a 

very small amount of energy the controller would be drawing more energy than available. 

To correct this problem, a second circuit was developed using a constant near-optimal duty 

cycle and the control circuitry was removed. However, the circuit was still inefficient 
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when less than 25 V open circuit was generated. Therefore, to further correct this issue the 

pulse-charging circuitry that turned on below 25 V open circuit was done away with and 

only direct charging was used in this range. This circuit was found to provide a 325% 

increase in power when excited at a level sufficient to produce 68 V open circuit and it 

alleviated many of the short comings of the previously used circuits. 

          

Implementation of a novel control scheme DC to DC converter was suggested in [16]. The 

converter was a phase-shifted full-bridge PWM converter designed to operate as a front 

stage of a power conversion system where the input was a variable low voltage high 

current source. The converter was designed to step-up the low voltage input to an 

acceptable level that can be inverted to a 120/240 VAC 60Hz voltage for residential 

power. A DSP based adaptive control model was developed, taking into account line 

variations introduced by the input source while providing very good load dynamics for the 

converter in both discontinuous and continuous conduction modes. The adaptive controller 

was implemented using two voltage sensors that read the input and the output voltages of 

the converter. The controller’s bandwidth was comparable to current mode control, 

without the need for an expensive current sensor, yet providing the noise immunity seen in 

voltage mode controllers. The intended input source was a fuel cell but in its absence a DC 

supply is utilized instead.  

 

The system was simulated for both discontinuous and continuous conduction modes and 

implemented and demonstrated for the continuous conduction mode. The tests results are 

shown to match the simulation results very closely.Control systems in power conversion 

have two main objectives: to ensure a constant output voltage and deliver a rapid transient 

response. In other words, controllers must suppress spikes and other deviations from the 

target voltage, and they must do so as quickly as possible ,within microseconds. They must 

do this in the face of widely varying plant dynamics, due to factors such as step loads in 

current, electrical noise, thermal fluctuations and long-term changes in the electrical 

characteristics of system components due to aging. In today’s power conversion products, 

the term “adaptive control” has become something of a misnomer, typically used to 

describe some form of single-parameter control such as power FET dead-time 
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optimization or control mode switching, for such cases, a tuning algorithm has been 

developed which applies a set of predefined rules or formula to an input signal in order to 

adjust a process. 

        

A completely new analytic expression of AC DC power output was derived in [66]. He 

showed that the harvested power depends explicitly on a number of non-dimensionless 

parameters. With it, an effective power normalization scheme is provided and can be used 

to compare power harvesting devices of various sizes and with different vibration inputs to 

estimate efficiencies. He derived the criterion for optimal load and power and studies the 

asymptotic behavior of power output for devices operated at the short and open circuit 

resonances. He found that selection of the correct operation frequency is important for 

achieving the maximal power flow. He proved that energy harvesting depends on the input 

vibration frequency and acceleration, the mass of the harvester, the load connected, the 

natural frequency, the damping factor, and the electromechanical coupling factor of the 

model.  

 

A new energy harvesting methodology called active energy harvesting was presented by 

[68]. He examined energy extracting using both kinds of piezoelectric and electrostrictive 

materials. For both the type of materials, an analytical model of energy harvesting method 

was presented, considering electrical as well as mechanical boundary conditions set for 

device by different harvesting circuits. This model has certain benefits over a harmonic 

analysis method. It creates a more instinctive depiction in terms of understanding the 

harvesting technique than the harmonic analysis method. Moreover, it defines conclusions 

in broader way, that means the mechanical input and electrical boundary conditions are not 

limited to sinusoidal form but it is represented by several important electromechanical 

boundary conditions. Finally, for nonlinear materials, such as electrostrictive polymer, a 

linear harmonic model became insignificant, as the presented model does not have such 

constraint. As a result of better perceptive the meaning of electromechanical boundary 

conditions in the energy harvesting process, questions were raised like what is the best 

electrical boundary condition for a given input mechanical excitation. And how to attain 

the maximum power transfer. And his work answered these questions by representing the 
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idea of active energy harvesting, which emphasizes switch mode power electronics to 

control the voltage or current of the piezoelectric and electrostrictive devices.  

 

Two control approaches, voltage control and charge control methods are presented. 

Basically, electronic circuits are not cent percent efficient, and they greatly affect the 

working of active energy harvesting method. Also the issues loss due to reactive power 

flow between the piezoelectric device and the energy storage device has been addressed. 

Experimental outcomes of active energy harvesting techniques are also presented for both 

piezoelectric and electrostrictive polymers. The model is validated by comparing theory 

and experimental results. The experimental results also confirmed better energy harvesting 

over simple diode bridge rectifier circuits. As per in depth theoretical analysis, the 

successful active energy harvesting method depends on three features of the model. 1. The 

electronics circuit must be designed for higher voltage than the open circuit voltage of a 

piezoelectric device. For optimization, the electronics circuit may need to utilize 

considerably higher voltage to the device. 2. The efficiency of electronics circuit directly 

affects the working of the model. This is due to the capacitive characteristics of the 

piezoelectric element which results in a significant amount of reactive power in the energy 

conversion method. 3. The voltage and mechanical input level must be in specific phase 

relations for optimizing power. 

 

A parameter tuning methods to obtain circuit element values for the buck converter to 

minimize the output voltage variation under load changing environments was reported in 

[70]. The conventional method using the concept of the phase margin was extended to 

have optimal phase margin that gives slightly improved performance in the output voltage 

response. For this, the phase margin became the tuning parameter that is optimized with 

the genetic algorithm. Next, the circuit element values were directly considered as the 

tuning parameters and optimized using the genetic algorithm to have very improved 

performance in the output voltage control of the buck converter. [59] Studied 

charge/discharge efficiencies of the energy storage devices which are of major concern. He 

studied equivalent model storage element. He found that the leakage resistances of the 

energy storage elements as the major factor affecting the charging and discharge efficiency 
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of the system. He proposed quick test method to experimentally study the charge/discharge 

efficiencies of the energy storage devices. The experimental results verify findings. He 

concluded that super capacitors are suitable and more desirable than the rechargeable 

batteries to store the energy in the piezoelectric energy harvesting systems. 

 

A simple adaptive control called SAC approach to maintain a robust performance against 

load variation of a boost DC to DC power converter system was presented in [21]. Output 

voltage of power converter becomes distorted under variable loads conditions. The 

regulation of the boost converter is comparatively hard due to system is non minimal phase 

with respect to the output voltage.  To implement the SAC technique the transfer function 

of the system must be strictly positive real that is ASPR. As the converter system does not 

have ASPR, a parallel feed forward compensator, PFC is required to apply the SAC 

algorithm. He initially designed a PI controller and makes a series connection with the 

linear model of the power converter at the operating point. Then a stabilizing PD controller 

was developed for the connected system. Inverse of the obtained PD controller was used 

for the PFC that renders the parallel-connected system to be ASPR. 

 

In [19] a new ac equivalent circuit for the CLL voltage output resonant converter, that 

offered improved accuracy compared with traditional FMA techniques was proposed. By 

employing describing function techniques, the nonlinear interaction of the parallel 

inductor, rectifier and load was replaced by complex impedance, thereby facilitating the 

use of ac equivalent circuit analysis methodologies. Moreover, both continuous and 

discontinuous rectifier-current operating conditions were addressed. A generic normalized 

analysis of the converter also presented. To further aid the designer, error maps were used 

to demonstrate the boundaries for providing accurate behavioral predictions. A comparison 

of theoretical results with those from simulation studies and experimental measurements 

from a prototype converter, were also included as a means of clarifying the benefits of the 

proposed techniques. 

 

Resonant power converters have been recognized as a viable technology in this pursuit by 

virtue of providing: 1.zero voltage switching (ZVS) and/or zero current switching (ZCS) 
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of the power devices; 2.a reduction in component sizes; and 3. The incorporation of the 

normally detrimental effects of parasitic elements, as design components, thereby further 

improving power density. Owing to these properties, resonant converter technologies are 

finding their way into all manner of applications including consumer electronic devices 

and high-power factor telecommunications supplies, automotive battery charging and fuel 

cell backup supplies, as well as capacitor charging for pulsed power applications. 

However, the complex interaction between the resonant circuit, rectifier and load result in 

a nonlinear output voltage characteristic that is a function of frequency, thereby making 

output voltage predictions and converter designs that are robust to component tolerances 

time consuming, difficult, and cumbersome.  

 

Such factors have therefore impeded the widespread adoption of resonant converter 

supplies primarily due to the lack of viable mathematical models that can be rapidly 

employed during the design and evaluation process. He focused on enhanced techniques to 

facilitate the modeling, rapid analysis and design of the CLL resonant converter. This 

converter type was a member of the more generic LCLC class, and found particular favor 

by virtue of the required resonant tank inductors being conveniently formed from the 

leakage and magnetizing inductances of a transformer while providing a ZVS load-

independent operating point above resonance a particularly attractive feature for 

applications requiring a constant output voltage/constant input voltage/variable load 

characteristic. As discussed, accurately predicting the behavior of CLL converters is 

complicated by the nonlinear relationship of the output voltage with excitation (input 

voltage and switching frequency) and load.  

 

A  self-powered power management circuit for energy harvested by a piezoelectric 

cantilever was developed by [46]. A conventional   rectifier   with   a   buck boost 

converter in the discontinuous conduction mode is used to adjust the source impedance 

and produced a regulated output when input power is adequate to supply the load. A low 

power microcontroller is used for the MPPT and the voltage regulation purpose. In [2] 

experimental characterization of the energy harvesting system was done. The system 

considered in this work was comprised of a piezoelectric composite beam transducer and a 
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pulsed resonant converter (PRC). In addition to capturing the general electromechanical 

behavior, the system modeling developed in this work also considers the effects of non-

ideal operation of the transducer and power converter. Specifically, this work examines the 

effects of non-resonant frequency operation, conduction losses in the PRC, and non-ideal 

switch timing. In this work, lumped element modeling techniques are used to model the 

behavior of the piezoelectric transducer. Two system-level models are presented, one using 

a full lumped element model (LEM) of the transducer and the other using a simplified 

resonant transducer model. The finite losses in the PRC are included in both models. An 

experimental test bed was developed, which included several piezoelectric transducers and 

a discrete PRC implementation. Through experimental characterization of the energy 

harvesting system, it is shown that the full LEM accurately captures the behavior of the 

system over a range of vibration frequencies, and predicts response better while the 

simplified resonant model is only valid at a single operating frequency. He examined the 

effects of non-resonant frequency operation, conduction losses in the PRC, and non-ideal 

switch. The effects of harvesting energy on the mechanics of the transducer are also 

considered. 

 

In [3] author presented and demonstrated an adaptive energy harvesting circuit with low 

power dissipation, which is useful for efficient ac to dc voltage conversion of a 

piezoelectric micro power generator. The circuit is self sufficient, and it converts the 

piezoelectric strain energy irrespective to the load and piezo element properties without 

any external sensing element. The circuit uses a voltage doubler circuit, a buck converter, 

and an analog controller working on a single supply of 2.5 to15 Volts. Piezoelectric 

voltage is fed back and used to adjust the rectifier output voltage to consistently improve 

the harvested energy. The power loss of the controller unit was lower than 0.05 mW, and 

the efficiency of the system was about 60% for output higher than 0.5 mW. Experimental 

verifications results confirmed that the circuit reasonably improves the harvested power 

from a piezoelectric component in comparison to a standard bridge diode rectifier without 

any control circuit and the efficiency of the circuit is dependent on operation of the 

switching converter. 
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A new control scheme for an efficient parallel rectifier based on a synchronized switch 

harvesting on inductor (SSHI) process with the inductor in parallel with an active full-

bridge rectifier was proposed in [65]. The presented control methods aid parallel SSHI 

rectifier to improve the value of power extract energy harvested. The inductor connected in 

parallel causes the internal capacitor voltage of the piezoelectric component to be inverted 

instead of discharging it in each half cycle. Moreover, an active bridge circuit was 

implemented to decrease losses in the diode. 

  

A systematic analysis and comparison of all the principal types of power extraction circuit 

that allow this damping force to be increased, under both ideal and realistic constraints was 

presented in [32]. Particular emphasis was placed on low-amplitude operation. A circuit 

called single supply pre-biasing was shown to harvest more power than previous 

approaches. Previous circuits were designed to increase the energy harvested by 

simultaneous inversion of the piezoelectric capacitance via an inductor. For inductor 

having quality factors higher than 2 the single supply pre biasing circuit reported highest 

power density among the studied circuits. The absence of diodes in conduction paths, 

achievable with a minimum number of synchronous rectifiers, means that the input 

excitation amplitude was not required to overcome a minimum value before power can be 

extracted, making it particularly suitable for micro scale applications or those with a wide 

variation in amplitude.  

 

A circuit technique termed pre-biasing separately pre charges and discharges the 

piezoelectric capacitance and had a power gain over the simple bridge rectifier. While the 

pre-biasing and single-supply pre-biasing variants had the same theoretical power, the 

single-supply pre-biasing circuit requires fewer switches and fewer inductors. In theory 

any of the diodes in these circuits could be implemented with synchronous, bi-

directionally blocking switches, the pre-biasing circuit retains advantages in terms of 

higher performance and lower complexity. Such a single stage ac to dc converter has been 

designed and simulated using Matlab-Simulink at 50-kHz switching frequency. The step 

up and buck boost techniques could use same inductor and capacitor for smaller size and 

weight. The input AC voltage with amplitude of 10V is rectified and stepped up to 30V 
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DC. Detailed design guidelines are provided with the purpose of minimizing the size, 

weight, and power losses. 

 

An ac to dc rectifying system for vibration energy harvesting to generate outputs of four 

different voltage levels with a single power source was proposed in [34]. The presented 

dual output rectifier also used only four diodes. A switched capacitor buck converter 

produces two output voltages from a single input by voltage doubler circuit with designed 

load balance circuit. The presented technique is employed in a 0.35μm CMOS technology, 

and it occupies an area of 0.143 sq.mm. An SIFO rectifying system for vibration energy 

harvesting is presented. The proposed rectifier generates two dc outputs from a single PE 

generator by using the same components as in the conventional FB rectifier. The generated 

outputs are split by a dual-output SC dc–dc converter with the proposed load balancer. The 

dual-output generation scheme balances the power demand between the two outputs. This 

capacitive conversion system occupies a small area and provides four output voltages with 

an efficient control strategy and a low design complexity. 

 

In [36] energy harvesting for underground sensors from wideband ambient vibrations, e.g. 

thunder and field work is discussed. Based on the Butterworth van Dyke piezoelectric 

model, an improved model of a nonlinear bistable harvester has been presented, with the 

nonlinear input force modeled by a nonlinear capacitor. The nonlinearity of the harvester, 

achieved through the use of two magnets, results in increase of vibration amplitude. 

Hence, voltage and harvested power are increased. This technique was then implemented 

with SECE and parallel SSHI harvesting circuits to increase output power. The electronic 

breaker was used as a self propelled, low powered switch to detect extreme in the input 

and turn on and off automatically as required. The simulated harvested power from SCE 

and parallel SSHI circuits have gains of 2.96 and 4.72 over the standard linear harvesting 

topology. These gains result from the including nonlinearity in the terms of bistable mode 

operation, combined with the synchronized circuits for energy harvesting.  

2.5 Inference  

From literature review following points have been extracted.
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As compared to piezo ceramics, PVDF piezo polymer is more flexible, lightweight, and 

tough engineering plastic so it can be fabricated in variety of thicknesses, shapes and large 

areas and can be mounted easily on any vibrating structure. Crystalline properties of PVDF 

have great influence on their dielectric and energy storage properties.  Inclusion of CNT 

allows the dielectric properties of the PVDF and copolymers to be adjusted such that lower 

poling voltages can be achieved to induce piezoelectric effect in the composite. CNT 

dispersion pattern can be optimized to improve the response to vibration and relative 

change of the fundamental natural frequency. The carbon annotate-based polymers yield 

better response characteristics to vibration than those of the plain PVDF polymer. Sensing 

performance is increased due to increased Young’s modulus of elasticity of the nanotube-

based polymer. Carbon nanotube (CNT) reinforced poly (vinylidine di-fluoride) (PVDF) 

powders showed increased tensile modulus, tensile strength, and strain to failure, as 

compared to PVDF. At low frequencies, the dielectric constant of composite increases 

rapidly to a high value about 300 and the dielectric loss value found were less than 0.4, 

irrespective of the frequency. Poly (vinylidene fluoride) (PVDF) and multiwalled carbon 

nanotube (MWCNT) composite has very low   percolation threshold and high-elasticity 

which is useful in compression stress application area. Co polymer [P (VDF-HFP)] which 

exhibits stronger piezo- and pyroelectric effects, better chemical and thermal stability, 

longer lifetime and has lower polarization values than those of PVDF films under the same 

conditions but is it is impractical to use due to its high cost.  

 

Electromechanical energy harvesting models like Lump Element Model and Finite element 

model provide consistent results for excitation frequencies ranging from DC to the 

resonance frequency. Full LEM accurately captures the behavior of the system over a 

range of vibration frequencies, and predicts response better while the simplified resonant 

model is only valid at a single operating frequency. Whereas the Rayleigh-Ritz 

formulation provides a discretized approximation (having finite degrees of freedom) of the 

distributed parameter system and yields more accurate approximations than single degree 

of freedom (SDOF) models. Distributed-parameter solution provides accurate results but is 

quite complicated.  Whereas Lumped-parameter electromechanical formulation amended 

by introducing a dimensionless correction factor derived from the electromechanically 
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uncoupled distributed-parameter solution, it conveys simple and reasonably good results 

near to actual values.  

 

The output power of the harvester is the function of generated voltage and current. The 

thickness to area ratio (TAR) of the piezoelectric material and applied force are important 

factors to find out peak stack voltage. TAR of material has different effect on peak output 

voltage and peak output current. Peak output voltage increases with increase in TAR, 

however, in contrast the peak output current increased with the decreasing of TAR of the 

material. The output voltage is higher compared to output current hence output power of 

the piezoelectric generator, increases linearly with the thickness to area ratio.  The 

relations holds true as long as the force did not exceed the strain and stress limits of the 

material. Parametric study shows that electric power generated is a function of the 

dielectric constant, piezoelectric strain constant, length and thickness of the piezoelectric 

material. Piezoelectric strain coefficient and the thickness of material are the most 

important design parameters to generate high electric energy for vibration harvesting 

device.  

 

Quasi-static stress produces a bidirectional generator output voltage, and a dynamic stress 

produces a unidirectional output voltage but dynamic stress will generate a reasonably 

higher output voltage than the quasi-static stress as in the quasi-static case piezoelectric 

capacitance take more time to charge, resulting in the lower output voltage. Piezoelectric 

bimorph beams can generate more power as compared to unimorph beams and could be 

connected in parallel to add currents, or in series to add voltages. On the other hand, 

heterogeneous bimorphs is a structure of a non-piezoelectric element sandwiched between 

piezoelectric films only provides the elastic function. 

Different kinds of circuits and topologies and storage devices which have been used for 

harvesting energy from piezoelectric device are discussed in brief with their effectiveness 

and limitations. 

In parallel rectifier based synchronized switch harvesting on inductor (SSHI) circuit the 

inductor is parallel with an active full-bridge rectifier. The proposed control circuit helps 

parallel SSHI rectifier and significantly increase the amount of power extracted from PE 
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material. The inductor connected in parallel makes the internal capacitor voltage of the 

piezoelectric component to be reversed rather than discharging in each half cycle. Further, 

use of an active full-bridge rectifier instead of a passive rectifier reduces the threshold 

voltage of the passive diode. Efficiency of converter found was more than 92% and can 

extract four times more energy than an active full-bridge rectifier. A switched capacitor 

buck converter produces two output voltages from a single input by voltage doubler circuit 

and by designed load balancing circuit. Rectifier generates two dc outputs from a single 

PE generator by using the same components as in the conventional rectifier. The nonlinear 

bistable harvester used with SCE and parallel SSHI extraction circuits generated 

significantly high power outputs. 

Resonant power converter circuit can provide zero voltage switching (ZVS) or zero current 

switching (ZCS) of the power devices, a reduction in component sizes and inclusion of the 

normally detrimental effects of parasitic elements, as design components, thereby 

improving power density. Adjusting the energy harvesting element with the structure, the 

excitation can optimize the strain developed in the piezoelectric material under resonance 

condition. 

 

An approach to achieving the optimal power flow through the use of a switch mode dc to 

dc converter with adaptive controller was developed. Load is modelled as a constant 

current source. The circuit shows improvement in power over a factor of 4 as compared to 

simple bridge rectifier circuit. But the circuit used to modify the PWM of a DC toDC step 

down converter, consumes a significant amount of power. Additionally, circuit uses the 

controller at all times, which means that controller is drawing more energy than available 

whereas the piezoelectric device produces a very small amount of energy. It is observed 

that a big array of piezoelectric elements is required to make the controller applicable if 

the control circuit also can be supplied from the input vibration energy.  To correct this 

problem, a circuit using a constant near-optimal duty cycle was developed and the control 

circuitry was removed. However, this circuit was still inefficient when generated open 

circuit  voltage is less than 25 V.A phase-shifted full-bridge PWM converter  operate at 

front stage of a power conversion system where the input  with low variable voltage and 

higher current source. A DSP based adaptive control model takes into account line 
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variations introduced by the input source while providing very good load dynamics for the 

converter in both discontinuous and continuous conduction modes. Simple adaptive 

control (SAC) approach can maintain a robust performance against load variation of a 

boost DC to DC power converter system. In SAC algorithm, the transfer function of the 

controlled element should be almost strictly positive real (ASPR). Since the converter 

system does not possess ASPR, a parallel feed forward compensator (PFC) is needed to 

implement the SAC algorithm. Another adaptive energy-harvesting circuit consists of a 

voltage doubler, a step-down switching converter, and an analog controller operating with 

a single supply voltage. The controller uses the piezoelectric voltage as a feedback and 

regulates the rectified voltage to adaptively improve the extracted power and efficiency of 

the circuit with low power dissipation 

 

The concept of active energy harvesting, uses switch-mode power electronics to control 

the voltage and current of the piezoelectric devices. As power electronic circuits are not 

cent percent efficient, and thus influence the performance of active energy harvesting 

system. There is a loss due to reactive power flow between the piezoelectric device and the 

energy storage unit. Power efficiency of power electronics affects the performance of the 

harvesting system. In self-powered power management circuit a full-wave   rectifier   

followed   by   a   buck boost converter used in discontinuous conduction mode rectifies 

the input signal, adjusting source impedance, and provides a regulated output. A low 

power microcontroller is used for the MPPT and the voltage regulation purpose. 

 

A circuit technique termed pre-biasing separately pre charges and discharges the 

piezoelectric capacitance and had a power gain over the simple bridge rectifier. The pre-

biasing circuit maintains advantages in terms of higher performance and lower complexity. 

The capacitor has poor power storage characteristics as an energy storage device due to its 

quick discharge time, resulting the electrical output of such circuitry to switch on and off 

as the capacitor charges and discharges. The leakage resistances of the energy storage 

devices are the major factor that impact charge and discharge efficiency in the 

piezoelectric energy harvesting systems. . To store the energy in the piezoelectric energy 
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harvesting systems super capacitors are desirable and more accurate than the rechargeable 

batteries.  

From literature review gaps observed and are summarized as below. These gaps and 

objectives defined from that have already been mentioned in chapter 1. The literature show 

s the potential direction of research in the area of developing a piezoelectric energy  

harvester or generator using PVDF and CNT composite  with a power converter design 

which can  extract or transfer maximum power irrespective to vibrating host structure. 

 

 The majority of research focused on demonstration of the concepts by different 

techniques of modeling, implementing, and characterizing the different components of 

an energy harvester, but it lacks approach of designing a practically implementable 

system.   

 Researchers have been done on PVDF and CNT composite with different composition 

to modify or to improve particular material property and to check its suitability for 

particular application especially in the field of mechanical engineering. However some 

study observed change in piezoelectric property besides other properties. 

 Researches on piezoelectric energy harvestings are mostly done under ideal conditions 

in laboratory with readily available piezoelectric harvesters and pure sine wave 

vibration generator or shaker, real life experiments are not illustrated. Study and 

Survey of frequency and amplitude of mechanical vibrations available in different 

structures and equipments are not concerned and researches were centered on response 

of transducers at resonant frequency. 

 Power converter circuit used in the energy harvesting system, is often designed 

separately from the transducer and there is no system-wide optimization of the energy 

harvester. Either the transducer is optimized without a specific power converter in 

mind, or the power converter is designed with an ideal transducer. 

2.6 Summary 

Review of related literature has been done and some conclusions have been derived which 

helped in defining research objectives clearly. Next chapter would focus on PVDF and 

CNT Composite material for energy harvesting.
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Chapter -3 

 
3 Composite Preparation Methodology 

This chapter describes development of a PVDF based nanocomposite with enhanced 

piezoelectric property by synthesizing PVDF with MWCNT for ambient vibration energy 

harvesting. Experimental method for development of PVDF-MWCNT composite films 

using solution cast method and deposition of films by spin coating technique with varying 

material compositions and different input process parameters is discussed here. Effect of 

adjustment of  solvent proportion, MWCNT composition in PVDF matrix, baking 

temperature and polling of composite for improving material piezoelectric properties  for 

optimizing piezoelectric properties of the composite films have been studied. The PVDF-

MWCNT composite thin films with cantilever structure is tested on vibration source for 

energy harvesting and compared with base PVDF material films. The parameters like 

material composition, baking temperature, spinning speed, poling voltage of composite are 

adjusted to optimize piezoelectric properties of material. FTIR, XRD, scanning electron 

microscope (SEM) analysis and ferroelectric measurement results confirms better 

piezoelectric properties in new PVDF-MWCNT composite. Measurement of piezoelectric 

parameters such as charge constant, dielectric constant, young’s modulus and coupling 

coefficient shows reasonably good improvement in PVDF-MWCNT composite.  

3.1 Introduction 

The Polyvinylidene fluoride (PVDF) polymer is gaining popularity as a potential 

piezoelectric material for ambient energy harvesting. Though energy harvested  is of  

hundreds of micro to few milliwatts, it is a good  aspirant of self powered applications 

such as  powering wireless nodes, embedded electronics, biomedical imagining, robotics, 

industrial automation, structural health monitoring, healthcare, agriculture, civil and 
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defence , and for  fine control of the process conditions. The biggest advantage of such 

ambient energy harvester is that it can eliminate use of batteries which has the biggest 

constraint of limited life and frequent maintenance.  PVDF as an energy harvesting 

material has numerous advantages over piezoceramics like higher output voltage around 

10 times, higher dielectric strength 75v/micrometer, wide frequency range) 0.01Hz to 2 

GHz., good Ferro and pyro electric response 8-10v/deg cel, mechanically strong, high 

tensile strength, high modulus of elasticity, good dynamic response, can be fabricated in 

any shape, and low acoustic impedance which is close to water, human tissue and 

adhesive systems.  

 

But the problem with PVDF is that it has lower electromechanical coupling coefficient 

and lower piezoelectric charge constant as compared to piezoceramics. Many researchers 

have been working with different combinations of PVDF with other piezoceramics to 

improve energy harvesting. But mixing of polymer and ceramics is complicated process 

and faces challenges of homogeneous material structure. For industrial applications to 

improve mechanical a physical properties of pvdf researchers have experimented with 

PVDF and carbon nanotubes (CNTs) composites. CNTs have gained interest as nano 

materials due to their exceptionally outstanding properties like extremely high Young’s 

modulus around 1 Tpa. And ultimate tensile strength 10-200GPa, high electric and 

thermal conductivity. CNTs as lightweight, highly elastic, and very strong composite 

fillers.  

 

In this work MWCNTs have been selected for making composite material to improve 

piezoelectric characteristics of the base PVDF material. Inclusion of very small amount 

0.01%wt to 0.1%wt of CNT increase in Modules of elasticity and sensitivity to vibration,  

tensile strength decreases dielectric loss, reduces poling temperature and keeps polymer in 

stable piezoelectric state almost permanent[40].In presented work  PVDF-MWCNT 

composite  is developed using solution cast method. Further, piezoelectric properties are 

optimised by tuning various parameters like material composition, process temperature, 

spinning speed, poling voltage. 
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3.2 Background. 

PVDF is a semi crystalline polymer has four different phases  α, β, ϒ and δ. But naturally 

available form is α phase. For applications such as industrial, biomedical, defence, 

supplying wireless nodes crystalline β-phase PVDF is most promising phase due to its 

ferroelectric, piezoelectric and pyroelectric properties. β-phase PVDF has a planner 

TTTT,all trans zigzag chain pattern.β phase PVDF, has orientation of electropositive 

hydrogen atoms and electronegative fluoride atoms, such as the net dipole moment 

develops in the direction from fluoride atom to hydrogen atom,  perpendicular to the 

carbon chain direction.[7] That is the main reason of ferroelectricity  in β-phase PVDF. In 

pure PVDF, the β crystalline phase is achieved by stretching mechanically. In laboratory 

experimentation thin film stretching may cause failure of film due to crack formation. The 

polarization can be enhanced by tuning the permittivity or dielectric constant of the PVDF 

polymer via interfacial polarization, Interfacial polarization occurs from electrically 

heterogeneous materials, i.e. by inclusion of conductive material with nonconductive 

polymer matrix.[35] In our case by incorporating CNT in PVDF  material. Further, the 

piezoelectric behaviour also depends on degree of polarization achieved during poling. 

But for piezoelectric polymers applied electric field is limited to materials dielectric 

breakdown strength.  

3.3 Experiments 

3.3.1 PVDF Solution making  

Diffusion of a semi crystalline PVDF requires breaking of tough inter-chain bonds. The 

degree of dispersal depends upon the nature of solvents used. N, N-dimethylformamide 

(DMF) is a good solvent for PVDF and tetrahydrofuran (THF) is found to be a good 

swelling agent for PVDF. It has been reported that proportion of THF/ DMF with various 

mass ratios of affects formation of crystalline phase of the PVDF material.  

3.3.2 Materials  

The materials used in this study were poly(vinylidene)fluoride PVDF (pellet) typical 

Mw=534,000 ,density 1.74gm/ml( Sigma Aldrich), Multiwall carbon nanotubes MWNTs 



 

having diameter in the range of 10 nm, lengths between

nanolab), The solvents used during synthesis were Tetrahydrofuran (THF),C

(Mw=72.11, stablized) (Rakesh chemicals) and N,N

C3H7NO(MW=73.09) (Rakesh chemicals).,

 

Figure 
 
 

3.3.3 PVDF Solution Making

A 100 ml three neck flask charged with an appropriate amount of to mixture of PVDF (poly 

vinylidene fluoride) powder (Mw =534,000 ,density 1.74gm/ml from Sigma Aldrich),  and 

solvents N, Ndimethylformamide (DMF) and tetrahydrofuran (THF) from(Rakesh 

chemicals).1gm polyvinylidene fluoride dissolved in10g of THF/DMF mixture with different 

mass ratios(8:2,7:3,5:5,4:6) . The non

added to improve dispersion. 

(Heidolph instruments) at 60

solution is sonicated with high probe ultrasonicator (cole

solutions for different ratios of THF: DMF solvents 8:2, 7:3, 5:

The prepared PVDF solutions are then used for PVDF film making as well preparing PVDF 

MWCNT Composite.Figure:3.2 shows functionalization process flow and Table:3.2 shows 

chemical composition of the materials used for the sa

Table 
Sr.No.  Material name 

1  Poly (vinylidene fluoride) (PVDF) 

2  Tetrahydrofuran (THF) 

3  Dimethylformamide (DMF) 
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having diameter in the range of 10 nm, lengths between 12 micron, and purity >97% (Atus 

nanolab), The solvents used during synthesis were Tetrahydrofuran (THF),C

(Mw=72.11, stablized) (Rakesh chemicals) and N,N-Dimethylformamide (DMF), 

NO(MW=73.09) (Rakesh chemicals)., Triton, X-100 (Dow), distilled w

Figure 3:1 Process flow of PVDF-MWCNT Composite making.

PVDF Solution Making 

A 100 ml three neck flask charged with an appropriate amount of to mixture of PVDF (poly 

vinylidene fluoride) powder (Mw =534,000 ,density 1.74gm/ml from Sigma Aldrich),  and 

solvents N, Ndimethylformamide (DMF) and tetrahydrofuran (THF) from(Rakesh 

als).1gm polyvinylidene fluoride dissolved in10g of THF/DMF mixture with different 

mass ratios(8:2,7:3,5:5,4:6) . The non-ionic surfactant Triton, X-100 (Dow)10% has been 

added to improve dispersion. The mixture was then refluxed using Magnetic

(Heidolph instruments) at 60oC for 5 hours as shown in Figure: 3.3(a). 

solution is sonicated with high probe ultrasonicator (cole- parmer) for 20 minutes .The PVDF 

ifferent ratios of THF: DMF solvents 8:2, 7:3, 5:5, 4:6, 3:7 have been prepared.

The prepared PVDF solutions are then used for PVDF film making as well preparing PVDF 

Figure:3.2 shows functionalization process flow and Table:3.2 shows 

chemical composition of the materials used for the same. 

Table 3:1 Chemical composition of PVDF solution 
Material name  Chemical 

formula  
Poly (vinylidene fluoride) (PVDF)  -(CH2 -CF2 )

n
-  

Tetrahydrofuran (THF)  C
4
H

8
O  

Dimethylformamide (DMF)  C
3
H

7
NO  
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12 micron, and purity >97% (Atus 

nanolab), The solvents used during synthesis were Tetrahydrofuran (THF),C4H8O 

Dimethylformamide (DMF), 

distilled water. 

 
MWCNT Composite making. 

A 100 ml three neck flask charged with an appropriate amount of to mixture of PVDF (poly 

vinylidene fluoride) powder (Mw =534,000 ,density 1.74gm/ml from Sigma Aldrich),  and 

solvents N, Ndimethylformamide (DMF) and tetrahydrofuran (THF) from(Rakesh 

als).1gm polyvinylidene fluoride dissolved in10g of THF/DMF mixture with different 

100 (Dow)10% has been 

using Magnetic stirrer hot plate, 

(a). After stirring, the 

parmer) for 20 minutes .The PVDF 

5, 4:6, 3:7 have been prepared. 

The prepared PVDF solutions are then used for PVDF film making as well preparing PVDF -

Figure:3.2 shows functionalization process flow and Table:3.2 shows 

Quantity  

1gm  

8/7/5/4 ml  

2/3/5/6 ml  



 

3.4  PVDF-MWCNT composite solution making

The covalent functionalization of the surface of MWNTs  is essential for proper mixing and 

uniform dispersion of tubes in PVDF solution. Functionalization 

tubes, decoupling of clusters 

MWCNTs is the key factor for

MWCNTS in organic and aqueous solutions

 

3.4.1 Process of functionalization of MWCNTs

For functionalization, Multiwall carbon nanotubes MWNTs having diameter in the range of 

10 nm, lengths between10 to 12 micron, and purities

in a mixture of 3M concentrated

in ratio of 3:1 and ultrasonicated for 1h at 50

and sonicated again for 30 minutes at 50

water 10 ml and vacuum

oxidized MWNTs were washed with deionised water in to get 7 

oven at 40oC for 24 hours. This 

MWCNT called MWCNT

Table.3.2 shows Chemicals proportion for 

Table 3:2 Chemicals proportion for 
Sr no  Material Name 

1  Multiwall carbonnanotube 
2 Hydrochloric acid 
3 Sulphuric acid 

4 Nitrric acid 

5 Distilled water 
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MWCNT composite solution making 

The covalent functionalization of the surface of MWNTs  is essential for proper mixing and 

uniform dispersion of tubes in PVDF solution. Functionalization causes better

tubes, decoupling of clusters and improvise the chemical reaction .This chemical alteration of 

factor for achieving uniform dispersions and chemical stability of 

MWCNTS in organic and aqueous solutions. [45]. 

functionalization of MWCNTs 

Figure 3:2 Functionalization of MWCNT 
 

For functionalization, Multiwall carbon nanotubes MWNTs having diameter in the range of 

10 nm, lengths between10 to 12 micron, and purities >97% (Atus nanolab) 

3M concentrated sulphuric acid 15 ml and 1M concentrated

ratio of 3:1 and ultrasonicated for 1h at 50oC temperature, then 1M HCL 1ml was added 

again for 30 minutes at 50oC. The mixture was then diluted with deionised 

and vacuum-filtered using polycarbonate membrane. After filtration the acid 

oxidized MWNTs were washed with deionised water in to get 7 pH and dried

hours. This acid treatment will introduce carboxylic acid group of 

MWCNT called MWCNT-COOH.Figure.3.2 shows functionalization process flow and 

Chemicals proportion for Functionalization of MWCNT

Chemicals proportion for Functionalization of MWCNT
Material Name  Chemical Formula  

Multiwall carbonnanotube   -(C=C)-  
Hydrochloric acid   HCl  
Sulphuric acid   H

2
SO

4
  

Nitrric acid   HNO
3
  

Distilled water   H2O  

3 Composite Preparation Methodology 

The covalent functionalization of the surface of MWNTs  is essential for proper mixing and 

causes better exfoliation of 

the chemical reaction .This chemical alteration of 

achieving uniform dispersions and chemical stability of 

 

For functionalization, Multiwall carbon nanotubes MWNTs having diameter in the range of 

>97% (Atus nanolab) 30mg are added 

1M concentrated nitric acid 5 ml 

C temperature, then 1M HCL 1ml was added 

diluted with deionised 

. After filtration the acid 

pH and dried in vaccum 

reatment will introduce carboxylic acid group of 

Figure.3.2 shows functionalization process flow and 

Functionalization of MWCNT. 

Functionalization of MWCNT 
Quantity  

35 mg 
1ml 
15ml 

5ml 

10ml 
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3.4.2 PVDF-MWCNT Composite solution making 

The functionlized MWNT-COOH of specific mass (0.02wt%, 0.05wt%, 0.08%, 0.1wt %) 

are added to organic solvent N, Ndimethylformamide (DMF) 2ml. and sonicated for 30 

minutes. MWCNT and PVDF solutions are then mixed and refluxed at 60oC for 1hour and 

ultra sonicated for 30 minutes. Due to presence of MWCNT the solution turns dark in 

colour which confirms proper dispersion of MWCNTs in PVDF. The PVDF- MWNT 

samples were prepared with different proportion of MWCNTs in PVDF Solution. The 

chemical composition of PVDF-MWCNT Composite solution is shown in Table: 3.3. 

 

               
(a)                                                                                     (b) 

Figure 3:3 (a) Lab Set up for composite solution making (b) Liquid sample     
 
 
 

Table 3:3 Chemical composition of PVDF-MWCNT Composite solution 

Sr 
No.  

Material name  Chemical   Quantity  

1   Poly (vinylidene fluoride) (PVDF)  -(CH2 -CF2 )n-  1gm  
2  Multiwalled carbon  nanotube  -(C=C)-  0.02/0.04/0.06/0.08 

mg  
3  Tetrahydrofuran (THF)  C

4
H

8
O  4 ml  

4  Dimethylformamide (DMF)  C
3
H

7
NO  6 ml  
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3.5 PVDF and Composite Film  Development 

3.5.1  Spin coating 

Spin coating is the widely adapted method for deposition of uniform thin films on flat 

substrates. After calculations for particular size and thickness of film, the solution of 

required quantity is drop casted on a glass substrate.  The substrate is then rotated at high 

speed to spread the solution by centrifugal force. Substrate is rotated for particular time, 

with solution being spun off the edges of the substrate, until the desired film thickness is 

achieved. The solvent is generally volatile, and gets evaporated with the passage of time. 

Further, the Content of β phase in PVDF and Composite is responsible for piezoelectric 

behavior of the material. One of the means for enhancing β phase can be achieved by 

mechanical stretching of the film. However, it may result in damage or crack formation in 

the films. For that spin coating is found to be effective means for preparing thin films as the 

centrifugal force induces stretching effect in the molecular chains of PVDF and composite. 

The film parameters like uniformity, thickness and morphology depends on Spinning speed, 

time, solution viscosity and solvent evaporation rate. In our experiment the solution is spin 

coated using a spin coater (alpha scientific) to achieve uniform thickness. The solutions 

with different mass ratios of (THF:DMF)for PVDF film and with different concentration of 

functionalized  MWCNT-COOH for composites are drop casted on a glass substrates and 

spin coated at different speeds of 1500 rpm, 2000 rpm 2500 rpm and 3000 rpm for 1 

minute. Increment β-phase orientation with increase in spin speed is the result of stretching 

of PVDF molecular chains which corresponds to centrifugal force exerted by the spin-

coating mechanism. It is pointed out one more possibility that during mechanical stretching 

the existing crystalline order is destroyed and gets reorganized in β-phase when baked at a 

lower temperature. The results obtained are in agreement with the ones reported in the 

literature [62]. For higher value of speed of 3000 rpm cracks start forming in thin films 

causing damage in molecular chains due to the large centrifugal force experienced by the 

film and resulted in decrement in β-phase in the film.  



 

Figure 
 

3.5.2 Baking of the thin 

Baking temperature (crystallization temperature) affect the β

MWCNT films. Spin coated samples are baked for different temperatures,37°C(room 

temperature),60°C,90°C and 120°C in a preheated vacuum oven (optima Ind.) until the 

solvent is completely evaporated vacuum.

razor cut on the glass substrate and then peeled off. 

50 μm on glass substrate are produced. Sample of liquid and dried condition of film are as 

shown in Figure 3.5(a) and

Micrometer screw gauge.

 

 

           

(a)                                                                        
Figure 3:5 (a) Liquid sample spin coated on a glass substrate,(b) Dried sample
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Figure 3:4 Schematic diagram of spin coating of thin film.

 films  

Baking temperature (crystallization temperature) affect the β phase formation in the PVDF

MWCNT films. Spin coated samples are baked for different temperatures,37°C(room 

temperature),60°C,90°C and 120°C in a preheated vacuum oven (optima Ind.) until the 

s completely evaporated vacuum. After cooling at room temperature, samples are 

razor cut on the glass substrate and then peeled off. The thin films of thickness  ̴

50 μm on glass substrate are produced. Sample of liquid and dried condition of film are as 

) and 3.5(b).Thicknesses of all the films are measured using digital 

screw gauge. 

                                                                           (b) 
(a) Liquid sample spin coated on a glass substrate,(b) Dried sample

Experiments 

 
Schematic diagram of spin coating of thin film. 

phase formation in the PVDF-

MWCNT films. Spin coated samples are baked for different temperatures,37°C(room 

temperature),60°C,90°C and 120°C in a preheated vacuum oven (optima Ind.) until the 

temperature, samples are 

films of thickness  ̴25 μm and 

50 μm on glass substrate are produced. Sample of liquid and dried condition of film are as 

of all the films are measured using digital 

(a) Liquid sample spin coated on a glass substrate,(b) Dried sample 
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Figure 3:6  Optimization flow chart of PVDF-MWCNT composite



Characterization of PVDF-MWCNT Composite. 
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. 

3.6 Characterization of PVDF-MWCNT Composite.  

 The morphological and dielectric measurements of the nanocomposites characterized by 

using various experimental techniques including Fourier transformation IR 

Spectroscopy(FTIR-JASCO), X-ray diffraction (XRD-GNR), Scanning Electron 

Microscope (SEM), LCR meter FLUKE PM 6306 (frequency range 50Hz to 1MHz) and 

LCR meter Agilent 4284A (frequency range 20Hz to 1MHz). 

 

3.6.1 Fourier transformation infrared spectroscopy (FTIR) 

 FTIR is a non-destructive, reliable and powerful means for crystalline sample 

identification. In this method IR radiation is made to pass through a material sample. Some 

of the infrared radiation is absorbed by the test sample and some of it is passed through i.e., 

transmitted.  

The obtained spectrum characterizes the molecular absorption and transmission level. The 

detector measures the amount of energy over a range of frequencies passed through the 

sample. This produces a spectrum which is a chart of intensity vs. frequency. FTIR spectra 

is taken for structural characterization of the PVdF. FTIR is used for characterize various 

phases in the PVDF. It also has ability to analyze mixed phases. The spectra are taken in 

transmission mode using JASCO spectrometer. These spectra are compared with the 

standard IR spectrum of the PVDF [5, 40, and 63]. The spectra are then analyzed to find out 

the various phases in the PVDF films. 

Figure:3.8 shows FTIR spectras of pure PVDF and PVDF-MWCNT composites with 

0.02%, 0.05% and 0.08%wt of MWCNT content. The peaks observed with pure PVDF  

839- 1, 881cm-1,1178 cm-1,1409 is the mixture of α, β and ϒ with more inclination of α 

phase,  with 0.02% wt of MWCNT, peaks observed at 840, 880,1075,1180 cm-1 and with 

0.5%wt of MWCNT peaks observed at 881,1076,1178,1409 cm-1 shows more inclination 

towards β Further with 0.08%wt of MWCNT peaks observed at 

760,881,1071,1187,1275,1403 cm-1. Are attributed to all Trans (TTTT) conformation of 

dipoles i.e. crystalline β phase in composite which agrees with the results shown in the 



 

[63].Thus composite with 0.08%wt of MWCNT shows optimum β phase formation in the 

composite. 

3.6.2 X-ray diffraction (XRD)

X-ray diffraction is non

the crystalline structure, chemical composition and physical properties of materials and thin 

films. This technique is based on observing the scattered intensity of an X

a sample as a function of incident a

energy.X-ray diffraction experimental method X

have wavelength in the Angstrom range to be scattered by

Based on the diffraction patt

Additional phase information can be extracted from the diffraction data.

diffraction (WAXD) is an X

the crystalline structure of materials. This technique is based on analysis of Bragg Peaks 

scattered to wide angles, which by Bragg's 

nanometer sized structures. 

A diffraction technique for polycrystalline films where only crystallites

parallel to the substrate surface. The diffraction pattern created are helpful to determine the 

chemical composition, phase composition the texture or alignment of crystallites in the 

film, crystal size and presence stress in the film. 

wide angle X-ray goniometry

angle. By this technique solids with the same chemical composition but different phases can 

be identified by their d spac

(a) 
Figure 3:
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].Thus composite with 0.08%wt of MWCNT shows optimum β phase formation in the 

ray diffraction (XRD) 

non-destructive analytical techniques which provide

the crystalline structure, chemical composition and physical properties of materials and thin 

This technique is based on observing the scattered intensity of an X

a sample as a function of incident and scattered angle, polarization, and wavelength or 

ray diffraction experimental method X-rays are diffracted by crystals. X

have wavelength in the Angstrom range to be scattered by the electron cloud of an atom. 

Based on the diffraction pattern obtained the electron density can be reconstructed. 

Additional phase information can be extracted from the diffraction data.

diffraction (WAXD) is an X-ray diffraction technique that is generally used to determine 

ture of materials. This technique is based on analysis of Bragg Peaks 

scattered to wide angles, which by Bragg's law, implies that they are caused by sub

nanometer sized structures.  

A diffraction technique for polycrystalline films where only crystallites

parallel to the substrate surface. The diffraction pattern created are helpful to determine the 

chemical composition, phase composition the texture or alignment of crystallites in the 

film, crystal size and presence stress in the film. In this method the sample is scanned by a 

goniometry, and the scattering intensity is plotted as a function of the 2θ 

angle. By this technique solids with the same chemical composition but different phases can 

be identified by their d spacing. 

    
                                                        (b)
:7 (a) FTIR test unit  and (b) XRD test unit used for testing 
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].Thus composite with 0.08%wt of MWCNT shows optimum β phase formation in the 

which provide information about 

the crystalline structure, chemical composition and physical properties of materials and thin 

This technique is based on observing the scattered intensity of an X-ray beam hitting 

nd scattered angle, polarization, and wavelength or 

rays are diffracted by crystals. X-rays 

the electron cloud of an atom. 

ern obtained the electron density can be reconstructed. 

Additional phase information can be extracted from the diffraction data. Wide angle X-ray 

ray diffraction technique that is generally used to determine 

ture of materials. This technique is based on analysis of Bragg Peaks 

that they are caused by sub-

A diffraction technique for polycrystalline films where only crystallites diffract which are 

parallel to the substrate surface. The diffraction pattern created are helpful to determine the 

chemical composition, phase composition the texture or alignment of crystallites in the 

In this method the sample is scanned by a 

, and the scattering intensity is plotted as a function of the 2θ 

angle. By this technique solids with the same chemical composition but different phases can 

 
(b) 

FTIR test unit  and (b) XRD test unit used for testing 
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As shown in Figure:3.10 The peak at 20.6° with 0.08% wt MWCNT PVDF composite is 

observed which represents the summation of diffraction planes in 110 and 200 indicating 

the presence of β phase. For the other0.02 % and 0.05% MWCNT content, 2θ = 22.6 and  

23.1 indicating the mix phases of PVDF, also in case of pure PVDF 19.6 and  21.8 o of 

diffraction planes in 110 and 200 indicating the presence of α phase in PVDF. 

 

 
Figure 3:8 FTIR spectra of PVDF-MWCNT-0.08%wt, 0.05%wt, 0.02%wt and PVDF 



 

 

 
Figure 3:10 XRD spectra 
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Figure 3:9 SEM Analyzer machine 

XRD spectra for (a) PVDF-MWCNT-0.08%wt (b) PVDF-MWCNT
(c) PVDF-MWCNT-0.02%wt (d) PVDF
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MWCNT-0.05%wt  

(a) 

(b) 

(c) 

(d) 
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3.6.3 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy is a technique used to examine particle size, surface 

smoothness,agglomeration and void formation.In ths method,a beam of electrons is 

focused on a spot of test sample thus transferring energy to tht spot.when the electron 

beam stricks on the sample it causes ionization of the atoms and due to which loosely 

bound electrons are emitted. The emitted electrons have lower energy level and  are used 

to obtain morphological information.Due to energy level,  emitted electrons are attracted to 

the detector and then converted into a signal.To get SEM image electron beam is swept 

across the sample to be tested,which in turn generates many signals,these signals are then 

amplified and converted in to an image. 

  

 

(a)                                                               (b) 

Figure 3:11  SEM images of composite with 0.08%wt MWCNT (a) at backing temp 600c, 
(b) At backing temp 900c 

 

3.7  Parametric Analysis 

The experiments have been done by varying different process parameters like effect of 

material composition, type and concentration of CNT, ratio of solvents, spin speed, baking 

temperature and poling voltage. Effects of these parameters are studied and illustrated in 

sub sequent paragraphs. Parameters are then adjusted to optimize piezoelectric 

characteristics of the developed composite films to enhance piezoelectric energy harvesting.  
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3.7.1 Effect of THF: DMF ratio  

It has been noted that the formation of the β -phase in the cast film is notably influenced by 

the proportion of DMF in the mixed solvents. The better solubility and interaction between 

the PVDF chains and DMF molecules considerably improves β phase crystal formation. 

Different ratios of THF: DMF solvents 8:2, 7:3, 5:5, 4:6, 3:7 have been tested. The 

solubility of the PVDF is improved by an increase of DMF content in the mixture of 

solvents up to 60%.It also affects crystallization and dipole moment, which gives rise to the 

alignment of dipoles and responsible for the polarization in β phase. But further increase in 

DMF content increased curing time and does not show much improvement in polarization. 

This is confirmed by FTIR analysis. PVDF solution with THF/DMF (4:6) has been selected 

for further process.  

3.7.2 Effect of MWCNT concentration  

With increasing the concentration of MWCNTs(0,01%wt to0.1%wt) the dielectric constant 

gradually increase and attain maxima 75 at concentration 0.08 wt %  and then decline at 

higher concentrations in the lower frequencies region. With further increase in the 

frequency, the dielectric constant decreases rapidly and attains saturation at higher 

frequencies region. X-ray diffraction (XRD) results indicate that incorporating MWCNTs 

into PVDF causes the formation of β phase. It is observed that dispersion of MWCNTs 

does not affect much the crystalline structure of PVDF. The dielectric loss of the 

composites with MWNT loading level is still as low as that of pure PVDF. We observed 

that at lower frequencies, the dielectric loss increases with increasing concentration of 

MWCNTs up to 0.08wt%.Whereas sudden decrease in dielectric loss is observed at higher 

concentration (0.1wt%). At higher frequencies there is  no significant variation in dielectric 

loss. It is observed that the higher concentration of MWCNTs increase the permittivity of 

the composite system which is also mentioned in [6,64] . The higher percentage of CNT 

leads to all Trans’ formation of β phase that also helps to increase crystalline β phase. Also 

the improvement in dielectric characteristics of PVDF/MWCNTs composite system take 

place due to gain in β phase fraction and interfacial polarization between PVDF and 

MWCNT. It is very important to keep the MWCNT loading level below the percolation 

threshold to maintain the dielectric (capacitive) nature of the composites. Considering all 
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these factors concentration of functionalized MWCNT is adjusted to0.08%wt for final 

specimen prepare. 

 

3.7.3 Effect of spin Speed 

 The prepared solution is spin coated at different speed of 1500 rpm, 2000 rpm 2500 rpm 

and 3000 rpm for 1 minute. Increase in spinning speed increases stretching of film due to 

centrifugal force which stretches molecular chain and in turn results in increased β phase 

orientation. But at higher speed above 3000 rpm.  There is decrement in β phase in the films 

due to permanent damage of molecular chains due to large centrifugal force. Further, higher 

spinning speed decreases thickness of the film and causes crack formation. Hence, spinning 

speed of 2500 rpm is preferred for film making. 

3.7.4 Effect of baking temperature 

The PVDF-MWCNT samples, spin coated at optimum speed of 2500 rpm on glass 

substrates are tested to see effect of baking temperature on the β phase formation. 

Morphological study by SEM analysis has been carried out to check the effect of variation 

of baking temperature on the crystallization of the composite film.SEM images of films 

baked for temperature ranges of 60°C, 90°C, and 120°C are studied for optimum baking 

temperature for the largest value of β phase content.  Morphological study by SEM analysis 

shows that film at 90°C and 120°C  are less porous and surfaces are smooth as compared to 

films baked at lower temperature, 

 

 It is also found that film prepared at  room temperature are brittle and fails to test. FTIR 

results show better β phase formation at 90°C.  XRD spectra shows highest β phase 

formation at 90°C (2θ= 20.6o) and at higher temperature β phase is suppressed and α phase 

found more prominent.Figure:3.8 represents FTIR spectra of PVDF and composites with 

different MWCNT concentration at 90o. Figure:3.8 shows Peak observed at 1275-1 confirms 

β phase formation in the Composite with 0.08% wt concentration of MWCNT in PVDF 

matrix.  
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3.7.5 Poling of the films 

Film samples are cut into small specimens (50 x 25 mm2) with electrical contacts (45 x 20 

mm2) made using colloidal silver ink (Sigma Aldrich). Poling was conducted by 

submerging each film in an insulating oil, or silicon oil (Fisher Scientific), to prevent 

arcing. A constant electric field generated by a DC power supply and voltage amplifier is 

applied to each composite for 20 minutes at temperature 40ºC to increase dipole mobility. 

AC sinusoidal signals of 50Hz with amplified three different values (1000V, 1200V, and 

1500 V) are applied to the films at the same temperate (40ºC). Specimens are tested for 

these 3 different poling voltages. It is observed that the applied electric field causes rotation 

of dipoles. Higher the strength of applied electric field more is the rotation of dipoles along 

with or against the direction of applied electric field. These dipoles rotation further affects 

the value of polarization of PVDF.  

 

 
Figure 3:12 poling of Composite sample under high voltage electric field 

 

Figure: 3.14 shows a polarization vs. Electrical (PE) field loop for the composites. PE-

hysteresis loops can give an indication of the ability to polarize a material and dielectric 

constant at a particular frequency. All samples show an open curve, which can only be 

caused by internal heterogeneous charge. The area and slope for both of the 

nanocomposites greatly increase compared to pure PVDF and further increases with 

loading percentage, but is naturally limited by conductivity at high loading levels. The 
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increase in the remnant polarization in the materials is indicative of the fact that molecular 

dipoles are able to align with the applied electric field. 

 

 
Figure 3:13   Sawyer tower circuit. 

 

3.7.6 Effect of poling voltage  

Specimens are tested for 3 different poling voltages 1kv, 1.2kv, and 1.5kv. Results from 

XRD data confirms that increase in poling voltage increases β phase orientation in 

composite. But the poling voltage is to be limited to breakdown strength of the composite. 

Further, it is difficult to apply high electric fields to composite films fabricated in the 

laboratory due to problem related to film texture, surface impurities, pinholes and chances 

of cracking.  

 

PE curve are plotted with three different voltages 1000V, 1200V, and 1500 V by Sawyer-

Tower circuit are shown in Figure: 3.13. For 1000V, hysteresis loop is very steep. With 

increase in applied voltage area and symmetry of loop increases which shows increase in 

polarization in composite. The enhancement of polarization in the composites films implies 

the increase of polar β-phase of PVDF. Further, increase in MWCNT concentration (0.02% 

to 0.08%) the value of remnant polarization Pr and area of P-E loop increases noticeably. 

PE curves are plotted for pure PVDF, 0.05%wt and 0.01%wt concentration of MWCNT as 

shown in Figure:3.14. 



 

Figure 3:14 PE loops for pure PVDF
 

3.7.7 Effect of Dielectric parameters

The dielectric measurements were carried out using an automatic LCR meter (Fluke). 

dielectric properties, the relative permittivity (ε

function of frequency. The dielectric constant ε

εr=Ct/Aε0. Graph for permittivity

[56] It is observed PVDF

compared other concentration of MWCNT. The dielectric constant also depends on the 

material’s polarization, the higher the polarization of the particles, the higher is dielectric 

constant. At the 1500 volt electric field, composites sho

loops that indicate the reversal of the polarization. 

 

It has been observed that the areas of each loop are proportional to the concentration of 

MWCNT in the composite. At higher level of applied voltage better rectangular

loop can be obtained but 1500

Based on all these facts and outcomes 

restricted to 1500 V. The dielectric constant of the material d

polarization, the higher the polarization of the molecules, the higher is dielectric constant. 
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PE loops for pure PVDF, PVDF-MWCNT (0.02%wt, 0.05%wt

Effect of Dielectric parameters  

The dielectric measurements were carried out using an automatic LCR meter (Fluke). 

properties, the relative permittivity (εr) and the loss factor were

function of frequency. The dielectric constant εr is calculated by formula given by: 

for permittivity (εr) vs. frequency is plotted for lower frequency region

] It is observed PVDF-MWCNT (0.08%) composite has higher pe

concentration of MWCNT. The dielectric constant also depends on the 

material’s polarization, the higher the polarization of the particles, the higher is dielectric 

constant. At the 1500 volt electric field, composites show near to rectangular hysteresis 

the reversal of the polarization.  

It has been observed that the areas of each loop are proportional to the concentration of 

MWCNT in the composite. At higher level of applied voltage better rectangular

but 1500 volt electric field is also challenging to apply to specimens. 

Based on all these facts and outcomes of PE loops, the poling voltages of each film are

restricted to 1500 V. The dielectric constant of the material depends on the material’s 

polarization, the higher the polarization of the molecules, the higher is dielectric constant. 
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%wt, 0.08%wt) 

The dielectric measurements were carried out using an automatic LCR meter (Fluke). The 

factor were determined as a 

is calculated by formula given by: 

d for lower frequency region. 

has higher permittivity of 75 as 

concentration of MWCNT. The dielectric constant also depends on the 

material’s polarization, the higher the polarization of the particles, the higher is dielectric 

w near to rectangular hysteresis 

It has been observed that the areas of each loop are proportional to the concentration of 

MWCNT in the composite. At higher level of applied voltage better rectangular hysteresis 

volt electric field is also challenging to apply to specimens. 

voltages of each film are 

epends on the material’s 

polarization, the higher the polarization of the molecules, the higher is dielectric constant.  
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Table 3:4 Dielectric constant and remanent polarization at 1500V 

Concentration(wt%)   of MWCNT 0 0.02 0.05 0.08 
 Dielectric constant 12 13.9 15.7 16.1 
Remanent Polarization mC/m2 17 15.1 24.8 28.5 
Coercive field MV/m 19 33.4 35.6 42 

 

For transverse vibration mode 31 

Charge constant is given by(which can  also be measured using d33/d31 piezo meter)  

𝑑 =   (3.1)  

And electromechanical coupling coefficient is given by   

𝑘
 

            (3.2)  

        

Where ε0= 8.854. ×10−12 F/m, εr is relative permittivity of material, E is electric field, σ is 

stress and S is elastic compliance i.e., reciprocal of Young’s modulus. 

As the raise in MWCNT concentration in PVDF matrix increases relative permittivity and 

young’s modulus, from equations (1) and (2) it is clear that value of charge constant  d31  

and  k31 also increases with increase in MWCNT concentration. At 0.08%wt the charge 

constant d31 shows improvement from 23 to 62 pC/N.and coupling factor from 12 to 23. As 

the generated voltage is the function of d31 it also increases with increase in MWCNT 

concentration.  

   

3.7.8 Effect of Mechanical parameters 

Mechanical strength has been measured using UTM machine (Hexaplast).Study of Stress-

strain curves for PVDF and PVDF-MWCNT reveals that inclusion of MWCNT in PVDF 

increases mechanical strength. The tensile strength and Young’s modulus are shown in 

Table:3.5. The tensile strength and Young’s modulus of PVDF-MWCNT nanocomposites 

are much better than those of pure PVDF as said in [71]. The significant rise in Young’s 

modulus and tensile strength of PVDF clearly confirm the improvement due to effect of 

incorporation of the MWCNT in the PVDF-MWCNT composites.  

 
 



 

Table 3
Concentration(wt%) of MWCNT

Max stress MPa 
Young’s modulus MPa

3.8 Specimen Fabrication

 PVDF and composite films (25 μm) are precisely cut into specimens of 50 x 25 mm

Electrodes of 45 x 20 mm

50 5-6 micro ohm from sigma Aldrich). Electrical Poling is done by immersing each film in 

insulating silicon oil, to prevent arcing.  A constant electric field of(1kv to 1.5kv) using  a 

DC power supply(Scientific 3210)  and voltage amplifier (Trek 623) is applied to each  

specimen film for 20 minutes at an increased temperature 45 ºC to raise dipoles mobility. 

The specimens are glued to silicon substrate using acrylic adhesive. Electrical connectio

are made using crimp connectors. 

 

Figure 3:
 

3.9 Energy harvesting test with vibration source

The test setup consist of function generator(Scientific), Power amplifier circuit board, 

vibration Generator(3B scientific),Oscilloscope(Scientific).The films with silicon substrate 

and cantilever structure is clamped on vibration Generator as shown in 

intended to harvest energy from low frequency ambient or structural vibrations, generated 

voltage is measured for lower vibration frequencies from 20 Hz to 80 Hz. The generated 

peak open circuit voltages are tabulated in 
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3:5 Mechanical properties of PVDF and composites
Concentration(wt%) of MWCNT 0 0.02 0.05

40 41 43 
modulus MPa 1410 1560 1894

Specimen Fabrication 

PVDF and composite films (25 μm) are precisely cut into specimens of 50 x 25 mm

Electrodes of 45 x 20 mm2 are formed using highly conductive silver ink (Dyesol DYAG 

from sigma Aldrich). Electrical Poling is done by immersing each film in 

insulating silicon oil, to prevent arcing.  A constant electric field of(1kv to 1.5kv) using  a 

upply(Scientific 3210)  and voltage amplifier (Trek 623) is applied to each  

specimen film for 20 minutes at an increased temperature 45 ºC to raise dipoles mobility. 

The specimens are glued to silicon substrate using acrylic adhesive. Electrical connectio

are made using crimp connectors.  

:15  Composite specimen with electrodes and lead mounting

Energy harvesting test with vibration source 

The test setup consist of function generator(Scientific), Power amplifier circuit board, 

vibration Generator(3B scientific),Oscilloscope(Scientific).The films with silicon substrate 

and cantilever structure is clamped on vibration Generator as shown in 

intended to harvest energy from low frequency ambient or structural vibrations, generated 

voltage is measured for lower vibration frequencies from 20 Hz to 80 Hz. The generated 

peak open circuit voltages are tabulated in Table:3.6. the results confirm
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properties of PVDF and composites 
0.05 0.08 

45 
1894 2075 

PVDF and composite films (25 μm) are precisely cut into specimens of 50 x 25 mm2. 

are formed using highly conductive silver ink (Dyesol DYAG 

from sigma Aldrich). Electrical Poling is done by immersing each film in 

insulating silicon oil, to prevent arcing.  A constant electric field of(1kv to 1.5kv) using  a 

upply(Scientific 3210)  and voltage amplifier (Trek 623) is applied to each  

specimen film for 20 minutes at an increased temperature 45 ºC to raise dipoles mobility. 

The specimens are glued to silicon substrate using acrylic adhesive. Electrical connections 

 
Composite specimen with electrodes and lead mounting 

The test setup consist of function generator(Scientific), Power amplifier circuit board, 

vibration Generator(3B scientific),Oscilloscope(Scientific).The films with silicon substrate 

and cantilever structure is clamped on vibration Generator as shown in Figure:6.2. As it is 

intended to harvest energy from low frequency ambient or structural vibrations, generated 

voltage is measured for lower vibration frequencies from 20 Hz to 80 Hz. The generated 

results confirm that developed 
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PVDF-MWCNT (COOH) Composite film out performs and generates 2 to 2.5 times higher 

voltages than that of Pure PVDF film which in turn can enhance energy extraction.             

 

Table 3:6  Generated voltages at different vibration level 
Frequency of vibration 5Hz 25Hz 50Hz 80Hz 
V_pvdf volts 0.85 8 15.3 30.1 
V_pvdf-cnt (0.08%wt)volts 1.8 16.3 37.2 74.3 

 

3.10 Result analysis 

From experiments it has been observed that crystalline behavior and β phase orientation 

increases with increase in %wt of MWCNT (COOH).but as the ratio is to be limited to 

percolation threshold and to maintain dielectric nature of the composite it is adjusted to 

0.08%wt as optimum. Stretching of the film increases at higher Spinning speed for 

molecules alignment in β phase for film deposition but after some limit film thickness 

reduces and cracks are formed hence speed is limited to 2500rpm.Baking temperature plays 

an important role in crystallization composite film baked at 90o-c is less porous and has 

higher β phase content then film baked at 60o-c. 

 

The crystalline behavior of the films is analyzed with X-ray diffraction (XRD) and FTIR 

study. The XRD data is taken in the scan range (2θ) of 15◦ -26◦ at room temperature. Peak 

for composite is observed at 20.6o and FTIR results shows peak at 1276 cm-1  which 

confirms β phase formation as shown in Figure:3.10 and Figure:3.8 respectively. 

Morphology from FE-SEM images of outer surface of PVDF and PVDF/MWCNT-COOH 

are shown in Figure:3.11 which illustrates homogenous dispersion of MWCNTs in PVDF 

matrix. From ferroelectric P-E loop study, hysteresis loop have been observed. The area 

under the curves shown of Figure: 3.14 give the charge storage of the pure, and composites 

films. The energy density Ed of ferroelectric can be obtained by the integral Ed =∫ EDP, 

where E is the electric field and P is polarization. This clearly shows that only very little 

amount (0.08wt %) loading of functionalized MWCNT enhances the energy density of 

composite film. 
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3.11 Summary 

 In this work PVDF-MWCNT nanocomposite is developed by solvent casting method. 

Different concentrations of functionalized MWCNTs are added to PVDF matrix to 

improve piezoelectric properties of composite. The piezoelectric characteristics of each 

composite are analyzed by varying process parameters in experiments. The process 

parameters are then tuned to following values for optimum piezoelectric response of the 

material. Solvents THF: DMF ratio-4:6, concentration of MWCNT (COOH)-0.08wt%, 

film baking temperature-90o-c, spinning speed- 2500rpm, poling Voltage-1500V.SEM 

image shows that nanoparticles are homogeneously dispersed in the PVDF matrix. FTIR 

and XRD results confirm superior β phase orientation in Composite. The results from 

polarization vs. electric field curve show PVDF-MWCNT composites have higher 

dielectric constants and higher piezoelectricity which depends on the concentration of 

MWCNT. The composite have higher charge constant and coupling coefficient as 

compared to pure PVDF film. Higher value of Young Modulus represents higher 

sensitivity to vibration i.e. higher voltage generation. Comparison from PVDF and 

Composites at different vibration frequencies reveals that PVDF-MWCNT composite out 

performs and generate 2 to 2.5 times more voltage as compared to pure PVDF element for 

the same size and poling voltage. 
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CHAPTER-4 

4 Energy harvesting circuit 

Typically piezoelectric energy harvesters produce AC power and electronic devices 

requires DC power, so in first stage the energy is to be converted from AC to DC. Since, 

the DC voltage obtained may not be of required level it cannot be utilized for electronic 

devices. Therefore, DC-DC down conversion of required level is also necessary. Further, 

regulation and control of DC output is necessary for proper operation of these devices. 

Different kinds of energy harvesting circuit topologies are used in past research works. In 

this chapter these topologies have been studied, compared and analyzed for maximum 

power flow in load circuit. Then a new adaptive nonlinear energy harvesting circuit has 

been proposed here.  

4.1 Introduction to energy harvester topologies  

A Vibrating piezoelectric element generates an ac voltage whereas the electronic devices 

and charging of batteries need a dc voltage; hence harvesting circuit requires an ac to dc 

rectifier circuit at the output terminals of the piezoelectric element and a filter capacitor. 

The drawback of the standard bridge rectifier is the forward voltage drop of two diodes. 

This results in wasted power and reduction in efficiency in power supply applications, or 

loss of working voltage in low power wireless applications. Generally, integrated circuits 

do not work properly under reversals of supply, in general solution, line powered 

electronics circuit is coupled with a bridge rectifier to ensure polarity of supply. But when 

available input voltage is of few volts, a drop in the rectifier circuit would results in very 

small amount of voltage left for the electronics circuit. Similarly, in battery operated 

circuits, these results in loss of efficiency. The loss can be reduced replacing diodes with 
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MOSFETs. The four MOSFETs will be connected in such a way that at a time opposite 

pairs will conduct and correct polarity is maintained at the output terminals. But the circuit 

consumes considerable power to drive MOSFETs which results are loss in overall output. 

 

Further, to achieve better matching with the load, A circuit called active rectifier-capacitor 

technique can be used in which the voltage is effectively fixed to load voltage using 

battery, but  this can provide maximum power transfer is when load voltage and rectified 

voltage are  equal. This also requires proper Selection of battery for particular application. 

To achieve better matching with the load, a DC to DC converter with active feedback 

controller is introduced which separated the rectifier capacitor circuit from the battery 

load. But in this case increase in power highly depends on how close is the initial value of 

load voltage to the rectified voltage and circuit requires external power to drive converter. 

 

4.1.1 Nonlinear Energy harvesting circuits 

 The nonlinear energy harvesting approach of synchronized switch harvesting was 

developed to deal with damping effect of vibration energy harvesting structures. The 

synchronized techniques are based on the synchronization between charge extraction from 

a piezoelectric element and the input vibrations, and makes use of the internal capacitance 

of the piezoelectric material to boost energy efficiency. In this techniques the basic circuit  

is the same as the rectifier-capacitor circuit but assembly of a digital switch and an 

inductor is added to enable nonlinear energy harvesting. In this process piezoelectric  

output voltage is increased artificially which results in a considerable gain in the output 

power. The switch is operated on the maximum and minimum values of the tip 

displacement, and it is accomplished by the inversion of the voltage through an oscillation 

period. This active power converter topologies is referred to as synchronized switch 

harvesting on inductor (SSHI). Switching timing of the SSHI circuit depends on 

configuration of the piezoelectric harvester and is synchronized with mass displacement, 

with respect to time. Since the effective mass is lumped at the tip, tip displacement is 

generally to synchronize time. [27].The switching is done when the piezoelectric element 

is connected to the storage element. Depending upon connection of inductor and switch 
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assembly there are two SSHI configuration, parallel SSHI circuit and series SSHI 

topologies.  

In the parallel mode as inversion of voltage occurs after energy extraction whereas in the 

series mode  voltage  and current inversion both occur simultaneously. Though, the 

damping effect of vibration energy harvester, limits the output power level. In parallel 

SSHI technique due to finite losses of the switch, the voltage inversion is not perfect. In 

series SSHI technique,there is  drawback of requirement  of external power to drive the 

PWM. Further, The SSHI circuits require tip displacement be monitored continuously. 

 

In many applications, the load may change with time and it is difficult to set its value in 

advance. And Power optimization with the Standard interface, requires an impedance 

matching with the load. This problem can be solved with the synchronized electric charge 

Extraction technique called SECE technique The, tactic is to do switching at the particular 

event. In this topology along with rectifier circuit an inductor is used as an energy storage 

element. Here, the energy is transferred to the load in two stages, In first stage, energy is 

transferred from the piezoelectric element to the inductor, and then the piezoelectric 

element is cut off from the circuit. In second stage, energy is transferred from the inductor 

to the storage capacitor. Here, the energy harvesting is independent of the connected 

system. But while considering damping effect, this method has a crucial value of the figure 

of merit, which are the product of the quality factor and the square of the coupling 

coefficient.  

 

In another technique called pulsed resonant converter circuit (PRC), instead of  two 

inductors coupled in form of transformer, with a switch, it consists of two switches and an 

inductor. The working of the PRC is divided into three stages, In first stage charge on 

intrinsic  Capacitor is allowed to build and when piezoelectric voltage reaches to the 

maximum, In second stage  resonant circuit is formed by closing switch and energy is now 

transferred from intrinsic capacitor to inductor due and current flows through the circuit  

till voltage reaches to zero value. In third stage at zero crossing of voltage switch 

switching is done and  energy from the inductor is moved to the load. At the end the third 

stage energy is completely transferred to the load and current in PRC circuit becomes zero. 
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This PRC based control circuit works in the electrical domain and and gives better power 

output when the factor ωτ is sufficiently large.  In Appendix-E above discussed  energy 

harvesting  circuit topologies have been described in brief.  

4.2 Analysis of energy harvesting circuit topologies 

In low frequency  piezoelectric energy  harvesting in applications, the piezoelectric 

element  connected behaves as a pure capacitive source, and in such  condition they 

generates with high voltage and  very low value of current with few pulses per cycle. 

Under such situation, it has very high source impedance and produces voltage up to few 

hundreds of volts and currents in the range of 𝜇A to mA.  For low vibration frequency 

applications linear regulators are, thus not appropriate as per the electrical characteristics 

of a piezoelectric element. For example, for very low frequencies like  while walking at a 

walking speed of 1-2 Hz, to create resonance a very high value of inductor is required 

which is an impractical solution for compact circuit design for wireless remote 

applications. The simple solution is to use switching converters. These convertors  have 

some specific advantages over linear regulation scheme. 1. They are not just voltage 

regulators but real power converters and they are more efficient in cases where the 

difference between input and output voltages is large and 2. They are good impedance 

converters in the cases when output current is greater than the input current.  

 

4.2.1  Conflicts with interfacing circuits for vibration non linear energy harvesting 

The passive a diode bridge and a capacitor circuit does not have any sensing and control 

circuit. The output power available is generally lower than the other converter circuits. The 

active rectifier capacitor configuration which consists of a diode bridge, capacitor, and 

DC/DC switching converter has a small sensing and control circuit. But in this case 

improvement in power highly depends on how close was the initial value of load voltage is  

to optimum rectified voltage. 

 

In the nonlinear energy harvesting circuits like SSHI topology can increase output power 

considerably but it has drawback of energy loss in switching elements. Especially the 
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losses encountered in inductors decrease efficiency under voltage inversion and it is the 

major challenge while designing interface circuits. The SSHI techniques are like the active 

rectifier capacitor circuit and are able to generate more power. Presence of the inductor in 

the SSHI circuits creates some design related problems like, unwanted increases size of the 

system due to inductor and magnetic circuit do not integrate properly with rest of the 

circuit. The output power is a function of quality factor, therefore  selection of an inductor 

having high quality factor is crucial. Small inductors with less windings do have bigger 

resistance, and the quality factor declines with raise in resistance value. Selecting an 

inductor having high quality factor normally requires bigger magnetic components, which 

eventually increases overall size of the circuit. Other problem with the SSHI scheme is 

switching time, as the switching is to be synchronized with the maximum value of tip 

displacements the converter circuit requires measuring arrangement. An external 

arrangement like laser beam or magnetic displacement sensing circuit is to be done for 

achieving switching at accurate time. These are the main difficulties in applying SSHI 

techniques. 

 

Unlike the active rectifier capacitor and SSHI techniques the SECE topology does not 

require DC to DC converter or maximum value of rectified voltage. Thus this circuit can 

be considered self optimized. As per theory the circuit will provide the same amount of 

power regardless of the load voltage. But when damping effect comes in to picture, this 

method has a critical value of the figure of merit. The transformer based circuit needs 

small control circuit and has lower overhead power requirement than the PRC topology. 

Further size of the two inductor makes the use of circuit unreasonable.  

 

As compared to SSHI circuits which needs that accurate monitoring of the tip 

displacement the control of the PRC can be completely achieved in the electrical region. 

but output power produced is comparatively larger than the active rectifier capacitor circuit 

when the ωτ  factor is adequately big.  

 

The piezoelectric energy harvesters have generally very low energy transfer efficiency, 

while considering case of vibration energy harvesting, charge generated from ambient 
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mechanical vibrations is usually very small. Due to this charging time of a capacitor 

clamped with piezoelectric output is quite long. As the piezoelectric harvesters typically 

have very high impedance and it provide high voltage at very low current and such 

characteristics makes it difficult to  regulate and store the generated energy without big 

loss. Further, the circuit proper impedance matching the electrical or wireless load 

becomes essential. Therefore, the  power optimization techniques used for extracting 

power depends on both the mechanical structure  of the harvester and the electrical 

domain.  

For very low power applications such as wireless node supply, once energy is harvested, 

the capacitor is required to charge, and store the energy which in turn act as a source for 

wireless devices. For the piezoelectric energy harvesting applications capacitor is good 

choice due to its miniature size and can be charged easily with little current. In case of a 

supercapacitor, it has better storage capacity, but it can supply a load with high current for 

a short while only. When the energy stored is fully discharged to the load, the 

supercapacitor requires to be charged again. Some, wireless application requires a high 

value of instantaneous current for electrical signal transfer. Problem is system will run out 

of power earlier before complete transfer of energy take place which is due to high  

leakage current rate of storage capacitor and it is expected to be compensated by 

piezoelectric harvester system. The rate at which current discharges is higher than charging 

current rate of the capacitor during whole energy transfer process.  

The majority of the techniques presented earlier focused on enhancing efficiency of 

piezoelectric devices by modifying physical and geometrical construction, as well circuitry 

and energy removal methods. The challenge faced by researchers was gap between the 

energy consumption of the circuits used to store or transfer the harvested energy and the 

power generation capacity of the harvesting system. Further all these methods are not 

suitable for low frequencies available in machineries, structures and walking and 

Sometimes inductor size required in circuits made them impractical to employ. 

Therefore,here intend is to design a standalone energy harvesting system that aims to 

minimize problems encountered with existing energy harvesting circuits. 
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4.3 Proposed Non linear adaptive Energy Harvesting Circuit  

As discussed above the Energy harvesting circuit plays crucial role in harvester module. Its 

performance affects efficiency of the harvester.As the amount of charge generated by the 

piezoelectric element is not constant, the rectified voltage also cannot be maintained 

constant and it varies with the available input vibration level. Therefore it requires flexible 

circuit design which can adjust the value of rectified voltage to maximize power transfer. 

To achieve optimum rectifier output voltage, a DC to DC converter is used between the 

rectifier and the load. Generally, the controller circuit used with DC to DC converter is 

intended to adjust the output voltage. For optimizing power flow in load circuit, a modified 

self tuned energy harvesting circuit with adaptive control has been proposed. 

In adaptive technique output current is sensed continuously and the duty cycle is tuned to 

maximize it. The circuit consists of a buck converter, and to attain maximum value of 

current, a proper technique for adjusting the duty cycle is adopted.  

4.4 Self tuned energy harvesting circuit with adaptive control 

To achieve optimum power flow, one of the solutions is tuning of rectified voltage with the 

open-circuit voltage of piezoelectric element with help of dc to dc converter and a 

feedback system. As the open circuit voltage cannot be measured while piezoelectric 

element is connected to the load circuit, but the output current can be measured using a 

current sense resistor and can be feedback to the controller circuit. The controller is 

designed the extract energy by tuning the duty cycle of the switching converter 

automatically using an algorithm. The system continuously monitors current and adjusts 

duty cycle continuously to optimize power flow in load circuit.  

 

The power available from ambient vibrations is very low hence, an efficient energy 

harvesting circuit should be such that it has 1.Minimum internal loss.2.it takes care of peak 

load current which can be at higher value that can be produced by piezoelectric 

source.3.The energy harvesting depends on low quiescent current which requires under 

voltage lock out system(UVLO) which consumes minimum quiescent current. 
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Figure 4:1 Energy Harvesting Circuit 

 

The proposed circuit consist of full wave bridge rectifier with minimal loss along with  a 

highly efficient buck converter with adaptive control for optimum power transfer to the 

load. Though, the aim is to optimize power transfer to the load ,a voltage regulation is also 

introduced to make it application specific.  In Under voltage lockout mode with a wide 

hysteresis window, a very low quiescent current builds the charge on the input capacitor 

which turns on buck converter and transfer required amount of charge to the output 

effectively. During the sleep mode, the input and output quiescent currents are minimum. 

The buck converter turns on and off automatically to maintain voltage at the output. The 

selection of output capacitor to be done according to the required output current burst. The 

circuit is designed  with a input voltage protective shunt that also helps to improve energy 

storage on input capacitance. Here the IC LTC 3588 is chosen and utilized according to 

circuit design requirement. The schematic diagram of circuit is in Fig: 4.1. 

 

4.4.1 Circuit Working 

As the voltage on VIN reaches rising threshold value, the buck converter is turned on and  

charge moved from the input capacitor to the output capacitor. The IC has a wide 
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hysteresis window of 1V, which is used with a low threshold value around 300 mV. UVLO 

hysteresis window allows a portion of the energy stored on the input capacitor to be moved 

to the output capacitor by the buck converter. If the voltage at input capacitor goes below 

the under voltage lock out value threshold the buck converter is disabled. Very low 

quiescent current 450 nA in under voltage lock out phase permits energy to accumulate on 

the input capacitor.  

 

The high side P-mos and low side N-mos of the buck converter are operated through two 

internal rails Cap and Vin2 produced by Vin, correspondingly. The Vin2 rail also works as 

logic high for D0 and D1 which are output voltage selection bits. The Vin2 rail is 

maintained at particular voltage above ground while the Cap rail is maintained at a voltage 

below Vin. Two bypass capacitors are connected to the Cap and Vin2 which works as 

energy storage to operate buck  converter switches.  

 

A synchronous DC to DC step down or buck converter with a  hysteretic algorithm and a 

feedback system is used  to optimize output. It is used to collect and store energy 

effectively from a piezoelectric source which has generally high impedance and few 

microampere short circuit current. The input capacitor is used to charge in under voltage 

lock out mode until buck converter can transfer energy stored charge to the output. The 

quiescent current in this mode, charges capacitor to threshold value and it provides 

controlled output. The buck converter switch on and off to maintain output.The circuit 

enters to sleep mode  when input and output quiescent currents are very low. The quiescent 

current in both under voltage lock out  and sleep mode allows energy storage on input 

capacitor.  

 

When Vin reaches to threshold value the synchronous buck converter becomes on and 

energy stored on input capacitor  is transferred to the output capacitor. The output voltage 

is sensed and feedback for adjusting output using an algorithm. The output capacitor is 

charged through an inductor at a value somewhat higher than desired  value by ramping up 

inductor current via P-mos switch and then ramping it down to zero  through an internal N-

mos switch. Thus, the power is effectively transferred to the output capacitor. Vin, Vout, and 
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the inductor value determine the ramping rate. If the input voltage goes below under 

voltage lock out value decreasing threshold value before output voltage reaches to desired 

value the converter shuts down and will be turned on only when input voltage goes above 

under voltage lock out  threshold  value. The value of   leakage current at Vout is very less 

in terms of nano amperes. 

  

The output voltage is maintained at the value it had when converter switched. When output 

reaches at desired set value buck goes to sleep mode and supervise output voltage through 

sleep comparator. Both synchronous switches will switched off and the current in the 

inductor will glide to zero value through the internal diode of N-mos. The N-mos remains 

ON in this phase to stop occurrence of the conduction loss in the diode. If the P-mos 

switch is on while the sleep comparator switches the N-mos will be switched on instantly 

in order to ramp down the current. If the N-mos is on it will be kept on until the current 

reaches zero. In this state load current is supplied by converter output capacitor. When 

output voltage goes below set value buck wakes up and cycle is repeated again. While 

switching the value of quiescent current is a very small fraction of load current. Thus 

efficiency is high even for broad range of load. Thus, controller of buck operates when 

adequate amount of charge is accumulated on input capacitor and it transfers power to 

output in very less time than time taken to charge input capacitor. The average value of 

quiescent current is very small during charge building and energy transfer mode. Thus, the 

proposed circuit fulfils requirement of ambient vibration energy harvesting. 

 

The frequency and amplitude of vibration are the main factors governing output of 

piezoelectric source. Energy stored on capacitor is proportional to the square of capacitor 

voltage. When load is connected converter transfers power to the output. The value of 

output capacitor is to be selected according to nature of load. Pgood signal is used for 

switching the load. When signal is high current flows to the load and when output 

capacitor drains out signal goes low. This adaptive control technique for the DC to DC 

converter is used to continuously implement the optimal power transfer and maximize the 

power stored in the output capacitor. Then the energy stored in the output capacitor can be 

used to power a wireless application. Fro example,the output of the circuit interfaced with 
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a piezoelectric energy harvester can be directly used to power microelectronic devices like 

microcontrollers, RF transmitters, and can also be used to charge energy storage devices 

like super capacitors, batteries, etc. 

 

 
Figure 4:2 Circuit connection with load 

 

4.4.2 Testing with vibration source  

Fig:6.2 shows a test setup for energy harvesting. A cantilever beam type structure is set up 

with a PVDF-CNT composite patch attached at the fixed end, and is mounted on a 

vibration source which is used to stimulate the piezoelectric element. The sinusoidal signal 

generated by piezoelectric element and output can be seen on oscilloscope. The circuit is 

tested with different values of load resistances and with a microcontroller as a system load. 
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4.4.3 Application with Microcontroller  

The proposed circuit is tested with different values of resistors as a load. But to realize 

specific application microcontroller MSP430G2,from Texas instruments has been selected. 

To optimize the power transfer rate an analog switching circuit using ISL43L210 

bidirectional switch which has  low voltage and low on state resistance, is used which is 

operated by the Pgood voltage signal available from the harvesting circuit, The Pgood signal 

is used to set the on-off state of the logical switch in ISL43L210, and will make sure that  

the load and the energy harvesting circuit are decoupled until the  circuit output voltage 

attains required value, then Pgood signal goes high, specifying that the output voltage has 

reached to a  required level to drive load. When load is consuming power, the energy 

available with harvesting circuit reduces steadily. When the output voltage goes below the 

threshold value, Pgood signal goes low, specifying that the output voltage is not enough to 

run the microcontroller as a load. Thus the switch will be turned on only when the Pgood is 

high and it allows the harvested energy to be transferred to load. Else, the microcontroller 

is disconnected from the harvesting circuit. This means the output capacitor keeps on 

charging when load is not connected until the Pgood signal goes high. Using this switching 

circuit, the charging at energy harvesting circuit and transferring power to microcontroller 

are finely tuned. 

 

 
 

Figure 4:3 Powering load using switching circuit with energy harvesting circuit 
 

 When harvesting circuit is connected to the load, it should supply enough power at a 

required voltage level with a sustainable current for adequate time to run the application 

properly. To create artificial the load condition, the proposed self tuned circuit is tested 

with different values of resistors form 1kΩ to 50 kΩ keeping the input voltage signal from 
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the function generator as per the requirement of the load, different values of resistors are 

connected as the load of the harvesting circuit. The output capacitor of harvesting circuit is 

allowed to discharge through the load resistor. The capacitor and the load resistor create a 

RC circuit whose time constant varies with the value of the resistance.  

4.4.4 Effect of load resistor 

 For particular value of output capacitance, higher the value of resistance, higher will be 

the time constant and rate of capacitor discharge will be lower. Hence, for different value 

of resistors energy discharging rate will be different. Lower the load resistance, available 

voltage will be lower, and higher the load resistance higher will be the available voltage. 

Thus peak voltage varies with the load resistance.  

 

4.4.5 Effect of load resistance at different piezoelectric source  

 The vibration level of a cantilever piezoelectric source is varied using function generator 

and amplifier circuit. The frequency of input signal is set to 25 Hz. With the fixed value of 

output capacitor of harvesting circuit different resistors are connected as load. As the 

amplitude of input signal is increased the charging and discharging rate of the output 

capacitor increased. But the maximum output voltage remains constant for particular load 

resistance.  

Figure: 4.4 (a) and (b) shows output voltage and current at 10V input at 5 KΩ and 10 KΩ 

load resistances. Optimized voltage available can be seen as 9.85 V with 660𝜇A and 

330μA load currents respectively. The circuit maintains regulated output at 3.3V. 
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(a) 

 

 

(b) 

Figure 4:4 (a) and (b) output voltage and current at 10V input at 5 KΩ  and 10 KΩ 
load resistances. 

In this experiment MSP430G2, microcontroller is chosen as a load to study. The input 

signal from the function generator is adjusted to 5V and a capacitor of the energy 100uF is 

connected at the output of harvesting circuit. The measured open circuit output voltage of 

the harvesting circuit is 3.2V, and that matches with the requirement of microcontroller. 

Output voltage varies due to charging and discharging of the capacitor. The equivalent 
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impedance of the microcontroller is found to be about 10 KΩ and the discharge current 

about 5uA from discharging curve. Due to this leakage current of the capacitor could not 

achieve required load voltage level. Thus it was unable to supply sufficient power to the 

load.  

From above experiment it has been observed that load impedance greatly influences output 

capacity of the proposed harvesting circuit. For impedance matching with the harvesting 

circuit, a high value of resistance 150k is connected in series with the load. Due to the 

increased load resistance, the output signal of the harvesting circuit 3.2V sustained about 5 

seconds cyclically. Output voltage varies with the charging and discharging of the output 

capacitor. Accordingly, Pgood signal changes with the output from logic high to low 

cyclically. The microcontroller receives very low voltage about 0.6 V which is not 

sufficient to make it on.  

 

Analyzing above outcomes it has been observed that  a load connected to the circuit starts  

consuming power before output capacitor is fully charged secondly when Vsupply is 

connected to Vout directly output available  is  too low to to power up microcontroller 

moreover, to achieve a desired output voltage, impedance matching is required. These 

problems can be solved by detaching the load and harvesting circuit when capacitor is 

charging to avoid the unnecessary power consumption. 

 

To prevent continuous energy consumption an on-off switch circuit ISL43L210 is used 

between harvesting circuit and the load. The switch is made on, when the energy stored on 

a capacitor is increase above a set level, and power will be transferred to the 

microcontroller. For that different values of output capacitors are connected with the 

circuit and tested and among them appropriate capacitor is chose. 

 

In Experiment when output capacitor of 100uF is used with input signal from the function 

generator of 5V and Pgood is at logic high, Vsupply as well Vout becomes 3V.This shows that 

the Pgood signal can successfully detach harvesting circuit from the microcontroller, and  no 

power is consumed by the microcontroller during the charging of output capacitor. When 

output capacitor is charged up to 92% of the desired value, Vsupply is connected to Vout, it 
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abruptly increases to Vsupply. Due to the power consumption of microcontroller Vout 

abruptly decreases beloe threshold value, now Pgood is switched to logic low and the switch 

is made off. During this, the output capacitor is charging continuously and its voltage goes 

on increasing. With 100uF capacitor still Vsupply provides short duration pulses which are 

insufficient to sustain voltage across the load.  

 

In other  experiment, to achieve a steady Vsupply voltage, a super capacitor with a larger 

capacitance 0.33F is used. With a input signal from the function generator of 5V, when the 

voltage Vout reaches the threshold value of 2.3V which is 92% of the desired voltage 3.3 V,  

Pgood signal goes high, and Vsupply becomes equal to Vout. The microcontroller now gets the 

required power, due to utilization of harvested energy Vout reduces, when it goes below 

2.3V and Pgood signal turns low, this will detach energy harvesting circuit from the 

microprocessor. While charging capacitor continuously, Vout  keeps on  rising. Vsupply also 

in turn rises to desired constant voltage 3V. Thus 0.33F super capacitor, provides sufficient 

a energy to the load for longer time.Figure:4.5(a) to(d)  show plots of piezoelectric output 

voltage, Capacitor Voltage and regulated output  for different input voltage 5V,10V,15V 

and 20V.The circuit has a internal drop < 0.2V and it circuit maintains required voltage of 

3.3 V as per requirement of at output corresponding to the requirement of load 

microcontroller.  

 

The circuit provides required voltage to load as it keeps on charging capacitor even when 

input energy is very low, This stored energy on capacitor is utilized during this phase. The 

case below threshold voltage 2.3 V is shown in Figure:4.6 (a). When input voltage 

available from piezoelectric harvester is higher than 20V, The input voltage is clamped to 

this maximum limit by zener diode and provides protection along with regulation as shown 

the case in Figure:4.6(b).  
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(a) 

 

(b) 

 

(c) 
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(d) 

Figure 4:5 (a) to(d)  piezoelectric output voltage, Capacitor Voltage and regulated output  for input 
voltage 5V,10V,15V and 20V 

 

 

(a) 

 

(b) 

Figure 4:6 (a) and(b)  piezoelectric output voltage, Capacitor Voltage and regulated output  for input 
voltage 2V and 25V
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4.5 Summary 

In this chapter after investigating and analysing different energy harvesting techniques to meet 

above said requirement of ambient vibration based energy harvesting circuits a self tuned 

circuit with adaptive control to optimize duty cycle of the converter and hence power flowing 

in load circuit has been proposed. The simulation results and experimental testing at different 

vibration level and load resistances  as described in chapter-6 confirms that the proposed 

circuit can harvest power  about 3.5 times than  the conventional bridge circuit. Proposed 

circuit is also tested successfully to supply a microcontroller used in many  low power  

wireless applications.    
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Chapter-5 

5 Analytical  Modeling and Simulation of  

Mechatronic Model 

5.1 INTRODUCTION 

For low power application one of the easily available source is ambient vibrations, which 

are  present in many working machineries  and structures around us. Piezoelectric material 

gives good response to the vibrations. As piezoelectric materials have high energy density 

and better response to vibration. Specifically piezoelectric polymers can be flexed easily as 

compared to piezo ceramics. Further, the energy harvested  not only depends on vibration 

input level but greatly depends on properties, dimensions and characteristics of 

piezoelectric material used for harvester. For study, analysis and comparison of different 

piezo materials behavior as energy harvester a proposed  mechatronic model and a 

reference electrical model using simulink  have been used. In this chapter issues related 

with electrical equivalent model have been addressed and the issues are resolved up to 

great extent through proposed mechatronic model. Here, intent is to ascertain that the 

model developed should imitate characteristics, behavior and output of actual piezoelectric 

harvester and match with theory.  In this work cantilever structure has been chosen due to 

following advantages over other configurations. 

-Easy to attach at one end only. 

-Good response to vibration. 

-Less damping effect. 

-Higher strain can be produced at small force 

-Resonance frequency is lower
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-Simple mounting techniques. 

-Less complicated mathematical modeling. 

- A substantial amount of mechanical strain can be produced in the piezoelectric element 

under vibration. 

Further instead of Distributed parameter modeling [1] lumped element modeling has been 

carried due to following reasons over other configurations such as 

Distributed parameter model is more realistic and gives better prediction of output but 

Lump parameter model is quite simple to implement and can also predict nearer result to 

distributed parameter model with dimensionless correction factor of 1.566. The error of the 

lumped-parameter model is around 35 % regardless of the damping ratio. This is due to 

ignoring distributed inertia to the excitation amplitude. The error can be ignored if the tip 

mass is much larger than the beam mass without correction factor. 

 

5.2 BACKGROUND 

In a past research, a mathematical model was developed with simplified design to 

determine the appropriate size and vibration levels necessary to produce sufficient energy 

to be supplied to the electronic devices. A distributed parameter mathematical model for 

cantilever piezoelectric harvesters was derived based on Euler–Bernoulli beam theory. 

Effect of geometry of harvester, damping, strain nodes and coupling coefficient were 

studied [1]. The equivalent circuit model considering multiple modes of the system was 

established and simulated in the SPICE software. The parameters used in the equivalent 

circuit model were identified by Finite Element Analysis, according to different 

mechanical conditions[67].The analytical approach based on Euler–Bernoulli beam theory 

and Timoshenko beam equations for the voltage and power generation, and a matlab 

simulation model with ac-dc rectifier was used  to  compared the electrical equivalent 

circuit and energy method[4].  

 

In subsequent sections analytical modeling of the vibration-based energy harvester is 

discussed. Besides the reliance of the excitation frequency, it is explained how the 

transducer structure influences the behavior of the harvester system, and defines maximum 

output power limit.  
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5.3 Analytical Modeling of piezoelectric harvester 

 Piezoelectric harvester can be modelled as second order mass-spring-damper 

system[1],where mass is analogous to the inertia, spring is analogous to elastic compliance 

and damper is analogous to damping effect due to internal strain developed in piezo 

material, friction and air resistance to piezoelectric harvester’s structure. Figure.5.1(a) 

shows lumped element model of a vibration energy harvester with piezoelectric element 

and electrical interfacing circuit. The harvester consists of a seismic mass m suspended on 

a spring with the stiffness k, which forms a resonant spring-mass system. Mechanical 

damping due to friction and air resistance is represented by the damper d. The movement 

of the mass causes deformation of piezo element. 

 

            
Figure 5:1(a): Energy harvester structure  (b) Piezoelectric element  

 

An external sinusoidal vibration force is considered to be acting on  the system due to  it 

moves harmonically, which is given by 

y(t) = Ym sin (ωt)                       (5.1) 

The relative motion of the seismic mass m with respect to the frame is given by  

z(t) =Zm sin (ωt + ϕ)         (5.2) 

where ,Ym  amplitude of the frame motion,  ω is the angular vibration frequency, Zm is the 

amplitude of the mass motion, ϕ is a phase difference between y(t) and z(t) and F  is 

damping force. 

 As per D’Almbert’s law, the dynamic equation for the system is given by  

    𝑚�̈� = 𝑚�̈� + 𝑑�̇� + 𝑘𝑧 + 𝐹               (5.3)   

 Where 
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 �̈�(t)= a(t)  = - ω2 Ym sin(ωt) = am sin(ωt)                 (5.4) 

is the acceleration acting on frame. So, ma represents the external force exerted on the 

harvester frame. Now, the restoring force is  damping force. 

 𝐹 = 𝑑 �̇�                    (5.5)  

 Can be written as 

    𝑚𝑎 = 𝑚�̈� + (𝑑 + 𝑑 ) �̇� + 𝑘𝑧 + 𝐹          (5.6) 

 

In an earlier study [1] the validity of the SDOF mass-spring-damper assumption was 

explored for cantilevered composite beams in reference to energy harvesting systems. In 

this work, the response of the SDOF system is mathematically compared to that of the 

dynamic Euler-Bernoulli beam equation for the first resonant mode. For the comparison of 

the two models, the electromechanical transduction caused by the piezoelectric effect was 

ignored, and only the mechanical effects of the composite beam were considered. It was 

shown that the SDOF assumption is not valid for beams where the proof mass is small 

compared to the mass of the composite shim, due primarily to the effects of the distributed 

mass of the beam. It was further shown that a correction factor, µ, is needed to accurately 

model the tip displacement. In fact, without the correction factor, the SDOF assumption 

was shown in some cases to under predict the tip displacement by more than 35%.As we 

have opted lump element modeling (LEM), considering the correction factor proposed in 

[1].The modified the governing equation will be 

 

   𝑚𝑎(µ) = 𝑚�̈� + (𝑑 + 𝑑 ) �̇� + 𝑘𝑧 + 𝐹                                  (5.7) 

 

This modified governing equation with LEM is the only exception of multiplying factor µ 

associated with the applied base force, y(t), Therefore, the only change of the LEM required 

to account for the correction factor is to multiply force by µ. An empirical formulation of µ 

is given as 

𝜇 =
. .

. .

                                   (5.8) 
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Where, Mt is the tip mass and Mb is the beam mass. If there is no tip mass (Mt = 0) the 

value of µ is approximately 1.566. Otherwise, if the tip mass is large compared to the 

beam mass, above equation of µ approaches to unity, and the correction factor is not 

required. 

 

Now, the dimensionless mechanical and the electrical damping terms are given as 

 𝜁 =    and    𝜁 =  

Where  𝜔 =    is the natural frequency of the mechanical system. 

By Laplase transform of equation (5.6),The displacement amplitude of seismic mass is,   

 

                                            𝑍 (𝜔) =

( )

                                    (5.9) 

 

 
 

Figure 5:2 Equivalent circuit of the kinetic harvester including electrical damping 
 

5.3.1  Modeling of Mechatronic Model 

Electrical equivalent of mechanical force can be represented as  voltage V, and  

mechanical velocity or derivative of the displacement can be represented  current I. The 

mass can be represented as an inductor with the value m, the spring can be represented  as 

a capacitor with the value 1/k and the mechanical and the electrical damping are described 

by the resistors d and de. 

Thus considering mechanical force F= ma  ≈ V  and velocity   �̇� ≈ I 

The power dissipated in resistor de  is 
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𝑃( ) =
( )

𝑑           (5.10) 

From (5.9) output power will be 

𝑃( ) =

( )

                              (5.11) 

     

At resonance condition ω = ωn and (5.11) will be simplified as 

 

𝑃( ) =
( )

                  (5.12) 

 

The power dissipated in the piezo element maximizes when the mechanical damping 

equals the electrical damping.  i.e, when  𝜁 = 𝜁   This condition, gives maximum power 

Pmax. available from harvester and  (5.12) can be written as  

𝑃 =                                                   (5.13) 

In terms of the mechanical damping d = 2mωn ζd and the acceleration amplitude 

𝑎 = 𝜔 𝑌 = 𝜔 𝑌  

 

𝑃 =                                           (5.14) 

When the piezoelectric material is operated in 31 mode, the stress is applied along the x 

axis, whereas the voltage appears in the z axis. For 31 mode, the constitutive equations are 

 

    S1 = s11T1 + d31E3                     (5.15) 

 D3 = d31T1 + ε33E31                              (5.16) 

 

The force F acting on the material causes an elongation ε in the x direction.[12] Using the 

relations 

S= ε/l,  T=F/bh,   E=Vp/h ,  q= Dbl and  I=∂q/∂t, where l is length, b is breadth and h is 

thickness of piezo element, q denotes charge,  
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constitutive Equation:(5.15) and (5.16)  in terms of F, ε, V and I instead of the local 

variables S, E, D and T will be 

𝐹 = 𝑘 𝜀 + 𝜏𝑉                                                     (5.17) 

      𝐼 = 𝜏𝜀 −̇ 𝐶 �̇�                                          (5.18) 

Where, 

   𝑘 =
ℎ

,     𝐶 = 𝜀 −
ℎ

,      𝜏 =        (5.19) 

 

kp denotes the stiffness of the piezo element ,Cp is the piezoelectric output capacitance, and  

τ represents the generalized electromechanical coupling factor. Due to the balance of 

forces, F can be considered as the restoring force Fe acting on the seismic mass. 

Considering  stiffness of piezoelectric material a large deflection z in the 3 direction results 

in small elongation ε in the direction 1. 

 

Thus eq.(5.17) and (5.18) will be  

𝐹 = 𝑘 𝑍 + 𝜏𝑉                                                       (5.20) 

 

𝐼 = 𝜏�̇�−𝐶 �̇�                                                              (5.21) 

And equation (5.3) will be  

𝑚𝑎 = 𝑚�̈� + 𝑑�̇� + 𝑘𝑧 + 𝜏𝑉          (5.22) 

 

Where, k = kp + ks  is the sum of the stiffness’s of the piezoelectric and the mechanical 

structure. 

Finally, the spring mass damper system shown in Figure. 1 can be modeled by the 

differential equations 

 

                    𝑚𝑎 = 𝑚�̈� + 𝑑�̇� + 𝑘𝑧 + 𝜏𝑉            (5.22) 

 

𝐼 = 𝜏�̇�−𝐶 �̇�                               (5.23) 
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Figure 5:3 Coupled electromechanical equivalent circuit of the piezoelectric harvester 

 

The energy balance of the vibration harvester system can be derived by multiplying (5.21) 

with the mass velocity �̇�(t) and integrating over the time t  

 

∫ 𝑚𝑎𝑍𝑑𝑡̇ = 𝑚�̇� + ∫ 𝑑�̇� 𝑑𝑡 + 𝑘𝑍 + ∫ 𝜏𝑉 �̇� 𝑑𝑡                             (5.24)        

where 

   ∫ 𝜏𝑉 �̇� 𝑑𝑡 = 𝐶 𝑉 + ∫ 𝑉 𝐼𝑑𝑡                                (5.25) 

 

A transverse force would produce a longitudinal tensile stress in piezo element along axis-

1,which in turn produces an electric field and output voltage along axis-3.The stress along 

the length of the piezo element may not be uniform but  for simplicity we assume 

longitudinal stress constant and equal to maximum stress value at the base. The maximum 

stress developed along longitudinal direction of cantilever is given by, 

 

𝑇 = =                    (5.26) 

 

Where stress component is parallel to axis 1 

From equation no (5.16), in absence of external electric field E, will be D=d.T 

So,equation (5.26) will be D=d31.T 

And in open circuit condition D=0, hence,   dT = εE 

Hence, open circuit output voltage will be  

𝑉 = 𝐸  ℎ =
𝐷 ℎ

𝜀
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𝑉 =
𝐹𝑙ℎ𝑑

2𝜀𝐼
 

Thus, piezoelectric open circuit output voltage in terms of physical parameters will be   

    

  𝑉 =                            (5.27) 

 

In terms of charge generated   𝑄 =  = 𝐶𝑉  

 

Or        𝑉 =                           (5.28) 

 

And when connected equivalent current will be   

    𝐼 = = 2𝜋𝑓𝐶𝑉  

 

Equation (5.24) shows that the energy given to the system is composed of the kinetic 

energy, the mechanical damping losses, the elastic energy and the energy converted into 

electrical energy. According to equation (5.25), the energy converted into electrical energy 

has two components, the energy stored on the piezoelectric capacitance and the energy 

absorbed by the electrical load. The latter part shows the energy which is actually being 

harvested.  

5.3.2 Electromechanical Coupling 

The Electromechanical coupling factor is the key parameter because it is a measure for the 

part of input mechanical energy which is transformed into electrical energy. Higher the 

coupling parameter larger is the amount of energy harvested from a given ambient 

mechanical energy, i.e. the last term in equation (5.24) is big. Conversely, for the same 

input mechanical energy, generated useable electrical energy is less for a weak coupled 

system. As the actuator effect is working in the opposite direction, the electrical load 

which consumes power generated creates a feedback for the defecting piezoelectric 

element, which in turn results in electrical damping de. That means damping effect is more 
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prominent in harvester having high coupling factor and that is prone to higher damping 

effect than a harvester with low coupling factor. Hence, the coupling factor has significant 

importance in determining energy harvesting technique.  

For the piezoelectric beam as per IEEE Standard on Piezoelectricity the squared coupling 

factor is given by  

𝑘 =        (5.29) 

The value of 𝑘  depends on material’s property whereas generalized electromechanical 

coupling factor (GEMC) τ depends on the geometry of piezo element, so from equations 

(5.19) and (5.29)   

𝑘 =        (5.30) 

In order to describe the total harvester structure ,the squared effective coupling factor can 

be described as 

𝑘 =        (5.31) 

 

The fundamental resonance frequency is calculated  with piezoelectric harvester terminals 

are short-circuited, and the anti-resonance frequency is higher than the fundamental 

resonance frequency 

And is calculated at open circuit condition are 

    𝜔 =    and  𝜔 = 𝜔 1 + 𝑘                  (5.32) 

 

For both the fundamental frequency (at load resistance RL =0) and anti-resonance 

frequency 

(at RL=∞), the electromechanical damping exerted by the respective electrical load  is 

zero.The following equation gives relation between  the effective electromechanical 

coupling factor and generalized electromechanical coupling factor. 

 

𝑘 =                                                                  (5.33) 
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Figure 5:4 Mechatronic equivalent circuit of the piezoelectric harvester with lumped element 

parameters 
 

Mechatronic equivalent parameters are Vmc=ma/τ,    Lmc=m/τ
2
 ,    Rmc=d/ τ

2
 ,    

Cmc=τ
2
/k   and     Imc= τIm 

5.4 Electrical Equivalent Model 

  The equivalent electrical circuit used in earlier works is as shown in Figure:5.5. The 

piezoelectric harvester has very high resistive impedance in MΩ and capacitance  in nano 

Farad. At resonance, the piezo equivalent current source  𝑖  is equivalent to 𝑚𝑌 𝜔 . The 

harvester’s resistive impedance can be ignored due to its too high value in MΩ, therefore  

effective impedance will be a capacitive in nature.  

The impedance Zi will be   𝑍
  

 

              

 
Figure 5:5  Equivalent electrical model  

 

Here, the case of simple bridge rectifier circuit is considered for AC to DC conversion. 

Diodes are considered ideal in nature. The filter capacitor is assumed to be large so that the 

output voltage remains constant, the diodes are assumed ideal, and the load is modeled as a 

constant current source. Initially polarization current is charging the capacitance of the 

piezoelectric element during this interval, all diodes are reverse-biased and no current 
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flows to the output. Let, this is commutation period tc. When magnitude of the  

piezoelectric voltage Vp becomes equal to the output voltage Vr, the output current flows 

through the capacitor Cr and the load. 

𝑖 = 𝐼 𝑠𝑖𝑛(𝜔𝑡)                                         (5.35) 

During commutation interval 

𝐼 𝑠𝑖𝑛(𝜔𝑡) = 𝐶
( )

                 (5.36) 

 

Integrating current for commutation period 0 to tc 

  𝐼 𝑐𝑜𝑠(𝑡 ) = 𝐼 − 2𝑉 𝜔𝐶                                     (5.37) 

 

When the charge gets accumulated on intrinsic capacitor of piezoelectric element’s and 

voltage across it reaches to the value of rectifier capacitor voltage, current start flowing to 

the load for rest of the half cycle. During this period, the output current is calculated from 

the internal piezoelectric element’s intrinsic capacitance and rectifier output capacitance. 

Thus, output current will be   𝑖 = 0, for commutation  interval and for rest of the half 

cycle 

                                                      𝑖 = 𝐼 |𝑠𝑖𝑛(𝜔𝑡)|     

 

If Cr>>Cp then almost all current will be available at output. so,  𝑖 ≈ 𝑖   

𝐼 ≈ 𝐼     Now average output current over half cycle, 0 to π will be  

  𝑖 = (1 + 𝑐𝑜𝑠 𝑡 )      (5.38) 

 

From equation (5.37) output current  will be 

    𝑖 ( ) = −                                            (5.39) 

 

Average output voltage will be Vo=Vr , So, the output power which varies with Vr will be  

 

𝑃 = 𝐼 − 𝑉 𝜔𝐶                                            (5.40) 
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The  maximum power occurs at  𝑉 =    

and the maximum power will be   𝑃 =                         (5.41)

  

5.4.1 Electrical Equivalent Modeling 

The vibrating piezoelectric element is modeled as a sinusoidal current source in parallel 

with its electrode capacitance as shown in Figure:5.6. The model can be used to predict 

voltage and power generated by piezoelectric elements under ideal conditions. The 

electrical equivalent model used using simulink in past research  work has constraints of 

not incorporating some parameters such as piezoelectric properties of the material used, 

damping, electromechanical coupling and change in individual  parameter of harvester 

model. Figure shows electrical equivalent circuit consisting of a current source in parallel 

with capacitive element as piezoelectric source connected to a bridge rectifier, filter 

capacitor and load. Sample waveforms for electrical equivalent circuit is as shown in 

Figure:5.7. 

 

Figure 5:6 Electrical Equivalent Model 
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Figure 5:7  Input voltage, output voltage and output power waveforms of Electrical model harvester. 

 

5.5 Mechatronic Model 

5.5.1  Development of new Mechatronic simulation model  

Based on  proposed analytical model disccussed in section 5.2.2 and self tuned adaptive 

control method discussed in previous chapter  a simulink model of whole mechatronic 

module has been developed. Figure:5.8 illustrates working of developed simulation model 

of  mechatronic energy harvesting system. In simulation model, mechanical vibration 

source is comprised of mass, spring, damper mechanism to produce sinusoidal vibration 

energy source. Measured input parameters of PVDF and PVDF-CNT can be set at input. 

An algorithm is developed to tune piezoelectric material parameter to optimum value. The 

detailed algorithm has been discussed in chapter-3, and optimization of material parameter 

program in matlab is illustrated in Appendix-C. The optimized piezoelectric output which 

is an AC signal is fed to low loss rectifier capacitor circuit. The rectified output of this 



5 Analytical  Modeling and Simulation of  Mechatronic model 

92 
 

stage is fed to a DC-DC buck  converter having control circuit with adaptive algorithm. 

The feedback and control system continuously monitors output current. The current 

flowing into the load is measured using a current sensing resistance. Every time duty cycle 

is checked for maximum current and is self tuned to keep harvesting circuit to operate near 

maximum current to optimize power flow in to the load. As voltage regulation is not our 

aim regulator circuit has been not simulated. 

 

 
 
 
 

Figure 5:8  Block diagram of Developed Mechatronic model. 
 

5.5.2 Simulation of Mechatronic model of energy harvester 

Figure:5.9 shows proposed Simulink model of mechanically coupled piezoelectric element 

which is excited by mass-spring-damper system which creates mechanical 

vibration.[4,67]The model facilitate study of the effect of  change in input parameters of 

mechanical vibrating source  such as displacement, frequency of mechanical vibration, 

velocity, mass, applied force time, damping factor. As well the effect of change in 

parameters of  piezoelectric element connected to vibration source such as effective mass, 

dimensions, capacitance, number of layers, charge constant, dielectric constant, elastic 

compliance ,damping ,mechanical quality factor. These parameters are incorporated in 

Simulink blocks and can be varied during simulation depending upon input vibration level 

available and type and size of piezoelectric material used. Thus the constraints of electrical 

equivalent model are eliminated up to great extent. 
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Figure 5:9  Mechatronic Energy harvesting model in simulink 

 
 

Figure:5.9 shows the of  newly developed simulink model of complete energy harvesting 

system. The developed model is tested with 1.Different input parameters of vibration 

source such as vibration frequency and applied force.2.The piezoelectric material 

parameters  such as charge constant, dielectric constant and modulus of 

elasticity.3.Different values of load resistances. The output of piezoelectric material also 

depends on volume of material stressed but, as the size of piezoelectric patch is application 

dependent here, the dimensions or size of the piezoelectric patch is kept fixed and not 

optimized.  

 

 
Figure 5:10 Adaptive control block 
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Figure 5:11 Mechanical Vibration Source. 

 

Fig 5.10 shows control implementation block. The initial duty cycle is initialized to a set 

value for starting of circuit. The current flowing in the load is estimate using a current 

sense resistor connected in series with series with the load and. The current signal is then 

fed to low pass filter (LPF) to reduce disturbances caused by the switching action of the 

Mosfet. Then the differentiated signal of current is divided by the differentiated   the duty 

cycle signal. The rate of change of current with respect to rate of change of duty cycle is 

used to determine switching of buck controller.  The rate of change of duty cycle is set to 

fixed value and is incremented or decremented according to load current sensed.  This rate 

change  is used to produce a measurable change in load current which in turn is used to  

calculate the effective new duty cycle value .The duty cycle is then passed through LPF   

and signal is used to generate  PWM  signal for the driver circuit of the buck converter. 

The PWM signal is also filtered to reduce rate of change of the duty cycle so as the change 

in current can be measured and calculated. 

Figure 5.11 shows mechanical vibration input system block. This comprises mass-spring- 

damper to generate sinusoidal input signal for piezoelectric harvester. In piezoelectric 

harvester block the material’s piezoelectric parameters, dimension can be set. For PVDF-

MWCNT composite optimized parameters from matlab optimization program function 

(shown in Appendix-C) is used and output data is fed for simulation.
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5.5.3 Results and analysis of  simulation model 

5.5.3.1 Simulation with PVDF parameters 

 

Figure:5.12(a) and (b) show the output voltage and power of mechatronic model with 

PVDF harvester. The model is first tested with different input vibration frequencies by 

keeping the vibration amplitude  and load resistance constant. Plot (a) shows plot for 10 

Hz vibration frequency. The plot shows output voltage of 6.8V with power output of 45 

mW. From output voltage plot it is observed that the signal rises with the charging of 

capacitor and it gets stabilized after reaching the final value. The disturbance seen in signal 

during this time is due to rate of change of duty cycle before it gets settled near final value   

and due to non linear circuit design. Initially oscillations are higher and it begins to subside 

near maximum output current. During this interval, duty cycle is continuously monitored 

and adjusted near maximum output current and switching frequency of the controller is 

adjusted accordingly. An adaptive control algorithm maintains maximum power transfer 

and adjusts itself even when there is a change in the input vibration level. Plots (b) show 

output voltage and power at 25Hz with the same amplitude and same material properties 

with same load resistance. The results show rise in output voltage from 6.8 V to 8.4 V and  

rise in power from 45mW to 72 mW.  

 

The simulation of the mechatronic model is now done with different vibration amplitudes 

by adjusting force acting on the same PVDF harvester by keeping vibration frequency, 

material piezoelectric properties and load resistance fixed. Figure 5.14 (a) and (b) show 

output voltage and power with vibration amplitude of 6mm and 8mm by keeping vibration 

frequency of 25 Hz and load resistance constant. Plot (a) shows output voltage of 9.6V 

with 95mW at 6mm where as plot (b) with tip displacement with 8mm shows output 

voltage 13.5V and 153 mW power harvested. Thus with increase in amplitude of vibration, 

generated voltage and harvested power also increase which are also as per the analytical 

expression derived in section 5.3. 
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The model is simulated for different values of load resistances by keeping input source 

parameters constant.Figure:5.16 (a) shows output voltage and output Power delivered by 

PVDF harvester with a load resistance of 1kΩ.The output voltage is 13.5 with power 

output of 730 mW, whereas with 5 kΩ the output voltage is 13.5 with power output of 138 

mW as shown in plot 5.16(b).  

 

5.5.3.2 Simulation with PVDF-MWCNT composite parameters 

 

Now, the simulations of PVDF-MWCNT composite harvester have been done with 

incorporating optimized  composite material properties at different vibration frequencies, 

amplitudes and load resistances. Figure:5.13 (a) and (b) show the output voltage and 

power of mechatronic model with composite harvester. The model is first tested with 

different input vibration frequencies by keeping  vibration amplitude and load resistance 

constant. Plot(a) shows plot for 10 Hz vibration frequency having output voltage of 8.5 V 

with power output of 72 mW and Plot (b)at 25 Hz with output voltage of 25.1V and   640 

mW power output. 

 

The simulation of the mechatronic model is now done with different vibration amplitudes 

by adjusting force acting for 6 mm and 8 mm tip displacement, keeping vibration 

frequency, composite material piezoelectric properties and load resistance fixed. Figure 

5.15 (a) and (B) show output voltage and  power with vibration amplitude of 6mm and 

8mm by keeping  vibration frequency of 25 hz and 4 k load resistance constant. Plot (a) 

shows output voltage with 15 V with 230 mW power with tip displacement of 6mm where 

and plot (b) with tip displacement of 8 mm shows output voltage with 25.1Vwith 640 mW. 

The model is simulated for different values of load resistances by keeping input source 

parameters constant.Figure:5.17 (a) shows output voltage and output Power delivered by 

PVDF-MWCNT composite harvester with a load resistance of 1kΩ.The output voltage is 

24.2 with power output of 2.2W, whereas with 5 kΩ the output voltage is 24.2 with power 

output of 430 mW as shown in plot 5.17(b).  
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(a) 

 

 
                                                                   (b) 

Figure 5:12 input voltage, output voltage and power of PVDF harvester with Mechatronic model at(a) 
10 Hz and (b)  25Hz vibration frequency  
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(a) 

 

 

                                                                   (b) 

Figure 5:13  input voltage, output voltage and power of PVDF-MWCNT harvester with Mechatronic 
model.at (a)10 Hz and (b)25hz vibration frequency 
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(a) 

 

 

                                                                   (b) 

Figure 5:14 Input voltage, output voltage and power of PVDF harvester with Mechatronic model.at  
(a) 6 mm and (b) 8 mm tip displacement 
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(a) 

 

 

                                                               (b) 

Figure 5:15  Input voltage, output voltage and power of PVDF-MWCNT harvester with Mechatronic 
model.at (a)6 mm (b) 8mm tip displacement 

 



Results and analysis of  simulation model 

 

101 
 

  

(a) 

 

 

      (b) 

Figure 5:16 Iinput voltage, output voltage and power of PVDF harvester with Mechatronic model.at 
(a) 1kΩ and (b) 5kΩ load resistance 
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(a) 

 

 

                                                              (b) 

Figure 5:17  input voltage, output voltage and power of PVDF-MWCNT harvester with Mechatronic 
model.at (a)1kΩ and (b)5kΩ load resistance 
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The Figure:5.12 and Figure:5.13 show output of PVDF and PVDF-CNT composite 

respectively, at low level vibration frequencies of 10 hz and 25 hz at fixed load resistance. 

It has been observed that as vibration frequency is increased output voltage generated also 

increases. Further PVDF-CNT composite material plots shows   higher value of output 

voltage at the same frequency level. Figure:5.14 and Figure: 5.15 show output of PVDF 

and PVDF-CNT composite  respectively with 6 mm and 8 mm  tip displacement. Here, it 

has been observed that as input force increases output voltage also increases, and here also 

PVDF-CNT composite material plots shows  higher value of output voltage at the same 

input force. On electrical output side Plots are taken at different load resistances. 

Figure:5.16 and Figure:5.17 shows plots at 1kΩ and 5kΩ for PVDF and PVDF-MWCNT 

at 1kΩ and 5kΩ which confirms that PVDF-MWCNT composite generated higher output 

voltage. 

 
Figure 5:18  Voltage generated in Series and parallel connection of 2  piezo elements.  

 

From simulation results, It has been confirmed that as vibration frequency is increased 

output voltage generated also increases. Further PVDF-CNT composite material plots 

shows   higher value of output voltage at the same frequency level. Plots of PVDF and 

PVDF-CNT composite with different vibration amplitude predicts that with higher 

amplitude of vibration, output voltage also increases, and here also PVDF-CNT composite 

material plots shows  higher value of output voltage as compared to PVDF. On electrical 

output side Plots are taken at different load resistances. The plots at different load 

resistances  also confirms PVDF-MWCNT composite generated higher output voltage. 

 

PVDF and composite material Values of voltage and power generated by mechatronic 

model are quite proximate to hardware result. Whereas voltage generated with electrical 

model differs more with actual harvester’s result. This is due to lack of flexibility for 
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setting individual mechanical vibration input parameters and piezoelectric material 

properties and size. Further it requires mathematical calculations for setting equivalent 

source input parameters.  The tests are also performed for different frequency of vibrations 

ranging up to 80 Hz with different amplitude and load. Every time mechatronic model 

showed consistent behavior and provided better results as compared to electrical model. 

The mechatronic model gives better results as it can imitate actual environment of 

harvester’s condition due to following reasons,  

1. Piezoelectric properties of the material can be incorporated and varied. 

2. Loss due to electromechanical coupling effect can be predicted. 

3. Effect of mechanical damping can be reflected, which plays very crucial role in  

    energy  harvester’s performance. 

4. Effect of change in individual parameter can be identified or discriminated. 

5. Piezo element dimensions can be changed. 

 

From comparative analysis in both the cases of PVDF and composite material values of 

voltage and power generated by  electromechanical model  is quite proximate to hardware 

result. Whereas voltage generated by an electrical model differs reasonably with actual 

harvester’s result. This is due to lack of flexibility for setting individual mechanical 

vibration input parameters and piezoelectric material properties and size. Further it 

requires mathematical calculations for setting input parameters of  an equivalent source .   

 

5.6 Summary 

In this chapter analytical expression for voltage generated by Mecatronic model is derived 

and a simulation model has been developed in simulink. The results of this model are 

compared with Equivalent electrical model used in the earlier works. Mechatronic model 

developed in simulink can incorporate most of the material properties which were difficult 

to adjust in electrical equivalent model. Electromechanical coupling  and mechanical 

damping effect of the harvester structure are crucial factors which have great impact on 

output of piezoelectric harvester. These two factors are also incorporated in newly 

developed model in simulink. Further, the model is tested with PVDF material harvester as 
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well PVDF-MWCNT composite material harvester by incorporating their specific material 

properties. Moreover, mechatronic model is tested with more than one piezoelectric 

elements in series and parallel. From the results it has been confirmed that model 

appropriately predicts behaviour and output and follows general laws of series and parallel 

connections.  The proposed mechatronic model  gives realistic results and can be used 

successfully to predict behavior, response and output of different kind of piezoelectric 

harvester for  the varied  parameters. The testing  done at different frequency of vibrations 

and amplitude also produced results quite proximate to experimental test setup results as 

discussed in chapter-6. The simulation results are found to be quite close to experimental 

results with an average error of 15%. The mechatronic model presented in this work thus 

creates realistic scenario of piezoelectric harvester.  The newly developed mechatronic 

model is thus validated and successfully implemented for analyzing energy harvested from 

different kinds of piezoelectric material harvesters with different parameters.  
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CHAPTER-6 

6 Experiments and  Result Analysis 
 

6.1 Laboratory Experimental Setup 

Figure.6.1 shows block diagram of test set up of harvester model consisting of a scientific 

laboratory Oscilloscope, Scientific Function generator, Amplifier, Vibration generator, 

controller circuit and load resistance. Figure:6.2 shows lab experiment with piezoelectric 

element clamped to vibration generator. Sine wave generator with amplifier unit generates 

variable vibration frequency and amplitude signals which are fed to laboratory vibration 

generator. The vibrations produced in piezoelectric element have been measured using 

accelerometer and oscilloscope. The electrical output from piezoelectric element is AC 

signal which in turn fed to interfacing circuit. The test is performed at different frequency 

of vibrations ranging from 10 Hz to 60 Hz, amplitude 0 to10 mm and different load 

conditions. Composite material harvesting element is shown in inset.  

 

 

 
Figure 6:1 Block diagram of test set up of energy harvesting



 

 

6.2 Practical test setups

To address real life application two another test structures are fabricated 1. Shake table to 

generate nonlinear mechanical vibrations which represents vibrations produced in 

machines or structure.2 Subwoofer based electrodynamic type vibration system gene

sinusoidal vibration waves. 

 

Figure:6.3(a) and (b) shows a shaking test module has been fabricated (EIE instruments, 

Ahmedabad) It comprises of a 1 H.P. variable speed AC motor controlled horizontal type 

shake table which is designed to generate vi

driven shake table, produces harmonic horizontal base motion. The shake table consists of 

a connecting rod, a vibrating table and an eccentric cam arrangement.

connected to a variable speed ac moto

table mounted on spring and the roller supports prevents wobbling.

mechanism provides frequency control with 

vary the amplitude base motion in t

the frequency of the vibration or 

shows the Pictorial view and fabricated vibration system diagram.
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Figure 6:2 Lab experimental test setup. 

Practical test setups 

To address real life application two another test structures are fabricated 1. Shake table to 

generate nonlinear mechanical vibrations which represents vibrations produced in 

machines or structure.2 Subwoofer based electrodynamic type vibration system gene

sinusoidal vibration waves.  

.3(a) and (b) shows a shaking test module has been fabricated (EIE instruments, 

) It comprises of a 1 H.P. variable speed AC motor controlled horizontal type 

shake table which is designed to generate vibration in horizontal direction. Electric motor 

driven shake table, produces harmonic horizontal base motion. The shake table consists of 

a connecting rod, a vibrating table and an eccentric cam arrangement.

connected to a variable speed ac motor with the help of a bearing assembly. The vibration 

table mounted on spring and the roller supports prevents wobbling.

frequency control with a fair accuracy. A screw mechanism is used to 

vary the amplitude base motion in the range of 0-10 mm. By changing 

vibration or base deflection can be changed. Figure

shows the Pictorial view and fabricated vibration system diagram. 

esting of Piezoelectric Generator  

 

To address real life application two another test structures are fabricated 1. Shake table to 

generate nonlinear mechanical vibrations which represents vibrations produced in 

machines or structure.2 Subwoofer based electrodynamic type vibration system generating 

.3(a) and (b) shows a shaking test module has been fabricated (EIE instruments, 

) It comprises of a 1 H.P. variable speed AC motor controlled horizontal type 

bration in horizontal direction. Electric motor 

driven shake table, produces harmonic horizontal base motion. The shake table consists of 

a connecting rod, a vibrating table and an eccentric cam arrangement. The cam is 

r with the help of a bearing assembly. The vibration 

table mounted on spring and the roller supports prevents wobbling. The flywheel 

accuracy. A screw mechanism is used to 

changing  the  motor speed, 

Figure:6.5(a) and (b) 
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(a)                                                                          (b) 

Figure 6:3(a) Pictorial view of Motorized shake table (b)  Fabricated mechanical vibration system. 
 

     

(a)                                                          (b) 

Figure 6:4  Experimental test setup(a) Piezoelectric harvester with circuit  (b) Mounting of piezo 
elements on shake table  

 

Car audio subwoofer speakers are tough acoustic transducers with a potential suitable for 

low frequency vibration signals. In another setup, The subwoofer speaker of 4Ω,with 

nominal power handling capacity 48W(max-120W) is selected for fabrication.  A simple 

assembly of small pvc pipe and mounting plate is sticked to subwoofer cone to attach test 

specimen. The input signal is given from a function generator. A power amplifier is used 

to provide the current required to operate the low impedance of the subwoofer. A 

wideband accelerometer is used along with an oscilloscope is used to measure and display 

the vibration level. 
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(a)                                                                       (b) 

Figure 6:5 (a) Schematic diagram of Subwoofer based test circuit.(b) fabricated test setup 
 

 

 
Figure 6:6  Schematic diagram of Power measurement with an oscilloscope. 

 

The method of the power measurement is described in Figure:6.6. The probe for the 

voltage measurement is connected directly to the load. For the measurement of DC 

currents, a DC current probe is used. The advantage of  current  probe is that the current 

measuring circuit can be kept electrically isolated from the voltage measuring circuit. And 

the current can be measured with the right polarity. By multiplication of the voltage and 

current signals a new signal is created that corresponds to the power to be measured. 

6.3  Testing of Piezoelectric generator  

Figure:6.4(a) and (b) show testing of Piezoelectric harvester on a mechanical shake table 

vibrating structure. Figure:6.5(a )and (b) show a subwoofer speaker system as a vibrating 

structure. Both PVDF and PVDF-MWCNT Composite materials with self tuned circuit are 
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tested on all three vibrating structures. The results confirm that PVDF-MWCNT composite 

with self tuned circuit, provides more output power as compared to base PVDF harvester. 

Testing has been done for different input low level frequencies and results 

plotted.Table:6.1 shows output voltage available from vibration generator, motorized 

shake table and subwoofer speaker as vibrating source with three different low level 

vibration frequencies .The following section describes Effect of different parameters such 

as vibration frequency amplitude of vibration and load resistance on the bases of 

experimental results.  

At different Vibration frequency: 

The PVDF and Composite harvesters are tested for different low level vibration 

frequencies ranging from 10-50 Hz. The output voltage from the mechatronic model has 

been tabulated in Table:6.2. It has been observed that Composite material with self tuned 

circuit has generated more voltage and the voltage increases with increase in frequency. 

At different  vibration amplitude : 

The PVDF and Composite harvesters are tested for different vibration amplitude. The 

output voltage from the mechatronic model has been tabulated in Table:6.3 It has been 

observed that Composite material with self tuned circuit has generated more voltage and 

the voltage increases with the increase in the amplitude of vibration which depends on the 

force acting on the vibrating structure. 

At different  load resistance: 

For different load conditions output power of PVDF and PVDF-MWCNT harvester with 

self tuned circuit are tabulated in Table:6.4. Both plots confirms that PVDF-MWVNT 

harvester with self tuned circuit outperforms PVDF and rectifier base harvester module. 

Table:6.5 represents output power available with output voltage of PVDF and composite 

material with Conventional circuit. 

 
Table 6:1 Output voltages of PVDF and Composite at different frequencies tested with 

Vibration generator, motorized shake table and subwoofer speaker. 
Frequency 

Hz 
Vpvdf g 

V 
Vpvdf 
m V 

Vpvdf w 
V 

Vpvcnt g 
V 

Vpvcnt m  
V 

Vpvcntw 
V 

10 0.38 0.266 0.3 0.8 0.5 0.7 
25 11.5 8 11.3 16.3 11.5 15.4 
40 19.85 13.8 17.8 24.6 17.2 22.1 
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Table 6:2  Experimental results of Base PVDF and Composite(pvcnt) for 
Frequency vs Output voltage 

frequency Hz 10 25 30 35 40 
Vpvdfp V 0.38 11.5 12.5 17 19.85 
Vpvcnt p V 0.8 16.3 18.1 21.5 24.6 

 

 

 

Table 6:3 Experimental results Output voltage of Base PVDF and Composite for 
Vibration amplitude vs Output voltage 

Amplitude mm 2 4 6 8 
Vpvdf P  volts 0.3 3 10.5 16 
Vpvcnt p volts 1.1 5.3 14.3 22.5 

 

 

 

Table 6:4 Experimental Resuts of PVDF and composite harvester for  
 load resistance vs output Power 

Load resistance Rl Ω 0 100 500 1000 2000 4000 
Po pvdf p mW 0 60.1 10.4 5.2 3.3 1.4 
Po pvcntp mW 0 220.3 40.3 20.7 12. 5.2 

 

 

Table 6:5 Experimental Results of PVDF and composite harvester for  
 load resistance vs output Power  with conventional rectifier circuit 

Load resistance Rl Ω 0 100 500 1000 2000 4000 
Popvdf conv   mW  0 43 7 3.5 2 0.65 
Popvcnt con mW 0 148 28 14 8 3 

.  

 

Table 6:6 Results of Output power vs Output voltage of PVDF and Composite 

Output voltage 
Vo V 

0 2.5 5 8 11 13 16 19 22 24 27 

P pvdf p mW 0 0.26 1.1 2.4 4.4 7 9 13.5 
   

P pvcnt p mW 0 0.5 2 4.5 8 12.8 18.5 27.1 33 41.8 51.8 
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Series and Parallel connections  

Maximum power outputs of the series connection and parallel connection cases are 

identical but they correspond to different values of optimum load. Parallel connection of 

layers gives higher current output and is preferred as compared to series connection. 

A power of 0.22 mW is supplied to a resistive load of 36 kΩ  while 2 piezo elements are 

connected in series whereas the same power output is given to a resistive load of 9 kΩ 

while 2 piezo elements are connected in parallel. Thus, the series connection provides this  

amount of power with a current of 0.08 mA and a voltage of 2.8 V. whereas, the parallel 

connection provides  same amount of power with a current of 0.16 mA and a voltage of 

1.4V. Practically, series connection should be chosen for higher output voltage requirement 

and parallel connection should be chosen for higher output current.  

 

Other Observations 

Further, following other observation shave been made from this study made which follows 

piezoelectric theory and analytical expressions developed. 

Power generated is more at single resonant frequency. But, practically ambient input  

vibration energy is nonlinear & broad band by nature.  

Power generated is more with tip mass as compared to without tip mass as it increases 

deflection amplitude. 

Uncoupled model gives more output voltage than coupled model  this is due to 

electromechanical coupling coefficient, losses and damping. 

Maximum power outputs of the series connection and parallel connection cases are 

identical but they correspond to different values of optimum load. Parallel connection of 

layers gives higher current output and is preferred as compared to series connection. 

From the study and analysis it has been observed that output power increases with the 

higher values of vibration frequency, amplitude of deflection, input force, velocity, 

acceleration, strain developed in element, piezoelectric constants, electromechanical 
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coupling coefficient and dynamic load. Whereas output power decreases with increase in 

damping effect of structure.  

The other factors influencing Power output of the piezoelectric harvesters are which are 

beyond the scope of these study are, 

Overhang Length: Higher power outputs of the piezoelectric harvester are due to their 

higher dynamic characteristics. With the increase in the overhang lengths of the beam the 

piezoelectric harvester  generates more power.  

Mechanical Damping: Adhesive layers and clamped interfaces introduces significant 

amount of mechanical damping which reduces power output. Damping plays more 

important role as compared to coupling coefficient. Material with higher coupling 

coefficient but with higher damping rate gives less power output. Mechanical damping is 

perhaps the most complex factor to control in the system and it can change the entire 

scenario regardless the kind of piezoelectric material used. 

Thickness to area ratio (TAR)and volume: The generated voltage and hence output power 

greatly depends on the volume of piezoelectric material stressed. Thus thickness and area 

or dimensions of piezoelectric patch are the important factors. But these are application 

specific. 

Temperature: Depending on thermal characteristics above particular temperature,  

material’s piezoelectric properties tends reduces which results in lower output power 

available. Moreover, On heating beyond Curie temperature material gets depolarized. 

6.4 Result Analysis  

From the above mentioned experiments and simulation results following factors are 

investigated and analyzed. 

6.4.1 Effect of nature of vibrating structure. 

 Figure: 6.7(a) and (b) shows Output voltages of PVDF Composite at different frequencies 

tested with Vibration generator, motorized shake table and subwoofer speaker. It has been 

observed that the output voltage from mechanical system is lower than that of laboratory 

vibration generator. The reason is vibrations generated are non linear in nature with higher 

average deviation, where as vibration waves from electrodynamic system like lab vibration 
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generator are pure sinusoidal with zero average deviation over a cycle. The subwoofer 

system gave almost close output as lab vibration generator; the difference is due to 

handmade design constraints. In all the cases it has been confirmed that PVDF-MWCNT 

composite generates more output voltage as compared to PVDF Film for same vibration 

frequency and self tuned circuit transfers more power to the load. 

 

6.4.2 Effect of vibration frequency: 

Figure: 6.8(a) PVDF and composite output voltage at different vibration frequencies. It has 

been observed that higher the vibration frequency higher is the output voltage. The 

maximum power can be achieved at resonance frequency but as ambient vibrations are of 

low frequency range and wideband in nature, and our objective is ambient energy 

harvesting. Hence, resonance frequency case is not emphasized. The module has been 

tested for vibration frequencies ranging 10 to 60 Hz. From the plot it has been confirmed 

that self tuned circuit with composite material harvester generates more output voltage as 

compared to base PVDF harvester with the same circuit. The experimental results are also 

compared with the simulation results illustrated in chapter:5. Mechatronic Simulation 

model performs well and its results are quiet closer to the practical results. 

 

6.4.3 Effect of amplitude of vibration 

The force acting on the vibrating structure affects amplitude of vibration and hence, 

voltage generated  by piezoelectric element attached to it. Higher the amplitude higher will 

be response of piezoelectric element. The Figure:6.8(b) shows plots of output voltage vs. 

amplitude of input vibration for PVDF and composite harvester with self tuned circuit. 

From the plots it is confirmed that output response of Composite harvester is better than 

that of base PVDF. Simulation results of both harvesters are close to practical reading and 

model predicts realistic behavior of the mechatronic model. 
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6.4.4  Effect of load resistance 

Mechatronic module has been tested for different values of load resistances and results are 

plotted in Figure: 6.9(a) and (b).  Plot (a) represents Power vs. Output voltage plots of 

simulation and test Results of PVDF and composite with self tuned circuit. In each case 

composite harvester out performs and delivered more output power. Plot (b) shows Power 

vs. Load resistance simulation and test Results of PVDF and composite harvester. From 

both the plots it has been confirmed that Composite harvester provides higher output and 

simulation results agrees with the experimental results.   

 

6.4.5 Self tuned adaptive control circuit Vs Conventional bridge  

The Figure:6.10(a) show experimental Power output of self tuned and conventional circuit  

and (b) shows simulation Power output of self tuned and conventional circuit . The 

proposed circuit optimizes power  transfer with a gain of 1.5.The developed PVDF-

MWCNT composite harvester with self tuned, adaptive control circuit shows power gain of 

3.5 as compared to Base PVDF harvester with conventional bridge circuit. The results of 

simulation models match with the experimental results. Thus it can predicts performance of 

piezoelectric energy harvesting module realistically. This mechatronic model developed 

using simulink fairly performs with an error of 15%. 

 

6.4.6 Effect of material parameters 

Piezoelectric parameters such as charge constant, dielectric constant, Young’s modulus 

and coupling coefficient of PVDF material are optimized by a methodology described in 

Chapter-3. The PVDF–MWCNT composite parameters are optimized with 0.08%wt 

concentration of MWCNT. The charge constant d31 shows improvement  from 23 to 62 

pC/N. and coupling factor from 12 to 23. As the generated voltage is the function of d31 it 

also increases with increase in MWCNT concentration. Comparison of PVDF and 

Composites at different vibration frequencies reveals that PVDF-MWCNT composite 

outperforms and generates 2 to 2.5 times more voltage as compared to pure PVDF element 

for the same size and poling voltage.  



 

 

(

Figure 6:7(a) Output voltages of PVDF and
Vibration generator, motorized shake table and subwoofer speaker.

 

 

 

(a

Figure 6:8Output voltages of PVDF and Composite at (a) different frequencies (b)
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(a)                                                                (b) 

Output voltages of PVDF and (b) Composite at different frequencies tested with 
Vibration generator, motorized shake table and subwoofer speaker.

a)                                                                  (b) 

Output voltages of PVDF and Composite at (a) different frequencies (b)
amplitude 
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(b) Composite at different frequencies tested with 
Vibration generator, motorized shake table and subwoofer speaker. 

 

Output voltages of PVDF and Composite at (a) different frequencies (b) at different 



 

(a

Figure 6:9(a) Power vs. Vo plots(b) Power vs. R load plots of simulation

Figure 6:10(a) Experimental and (b) simulation Power output 
 

6.4.7 Overall Gain 

Figure:6.11(a) shows overall gain in open circuit voltage of PVDF

harvester over PVDF harvester. From the chart it is observed th

voltage with PVDF-MWCNT 

simulation results as well as practical results also confirms this.

shows overall gain in output powerof PVDF

harvester. From the chart it is observed that the average gain in voltage with PVDF
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a)                                                               (b) 

Power vs. Vo plots(b) Power vs. R load plots of simulation and test Results
composite 

 

 

  

(a)                                                           (b) 

(a) Experimental and (b) simulation Power output self tuned and 

Figure:6.11(a) shows overall gain in open circuit voltage of PVDF-MWCNT composite 

harvester over PVDF harvester. From the chart it is observed that the average gain in 

MWCNT composite is more than two times that of PVDF.

simulation results as well as practical results also confirms this. Figure: 6.11(b) shows 

shows overall gain in output powerof PVDF-MWCNT composite harvester 

harvester. From the chart it is observed that the average gain in voltage with PVDF
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and test Results of PVDF and 

 

and conventional circuit  

MWCNT composite 

at the average gain in 

more than two times that of PVDF. The 

Figure: 6.11(b) shows 

MWCNT composite harvester over PVDF 

harvester. From the chart it is observed that the average gain in voltage with PVDF-



 

 

MWCNT composite is

practical results also confirm

 

Figure 6:11
 

6.5 Summary 

This chapter describes experiments done with lab test setup,   

electromagnetic source for different frequencies, testing of developed piezo generator and 

Result analysis on the bases of experiments and simulation results.

with PVDF-CNT Composite material developed in lab gene

voltage as compared to PVDF harvester. The proposed self tuned controller circuit 

increases power transfer 1.5 times as compared to conventional rectifier circuit.

harvesting module with novel composite and self tuned circu

the extracted energy. 
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composite is about 3.5 times that of PVDF. The simulation results as well as 

practical results also confirm it. 

     
(a)                                                        (b) 

11 (a) Average output voltage and (b) Average output power 

This chapter describes experiments done with lab test setup,   fabricat

electromagnetic source for different frequencies, testing of developed piezo generator and 

Result analysis on the bases of experiments and simulation results. piezoelectric generator  

CNT Composite material developed in lab generates 2 to 2.5 times more 

voltage as compared to PVDF harvester. The proposed self tuned controller circuit 

increases power transfer 1.5 times as compared to conventional rectifier circuit.

harvesting module with novel composite and self tuned circuit shows overall gain of 3.5 in 
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simulation results as well as 

 

Average output voltage and (b) Average output power  

fabricated mechanical and 

electromagnetic source for different frequencies, testing of developed piezo generator and 

piezoelectric generator  

rates 2 to 2.5 times more 

voltage as compared to PVDF harvester. The proposed self tuned controller circuit 

increases power transfer 1.5 times as compared to conventional rectifier circuit. Energy 

it shows overall gain of 3.5 in 
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CHAPTER-7 

7 Conclusions 

7.1 Conclusions 

In the developed PVDF-MWCNT composite, the process parameters are optimized with 

Solvents THF: DMF ratio-4:6, concentration of MWCNT (COOH)-0.08wt%, film baking 

temperature-90o-c, spinning speed- 2500rpm, poling Voltage-1500V.SEM image shows 

that nanoparticles are homogeneously dispersed in the PVDF matrix. FTIR and XRD 

results confirm superior β phase orientation in Composite. The results from polarization 

vs. electric field curve show PVDF-MWCNT composites have higher dielectric constants 

and higher piezoelectricity which depends on the concentration of MWCNT. The 

composite have higher charge constant and coupling coefficient as compared to pure 

PVDF film. Higher value of Young Modulus represents higher sensitivity to vibration i.e. 

higher voltage generation. Comparison from PVDF and Composites at different vibration 

frequencies reveals that PVDF-MWCNT composite out performs and generate 2 to 2.5 

times more voltage as compared to pure PVDF element for the same size and poling 

voltage. 

 

  The  proposed self  tuned circuit with adaptive control is tested with different values of load 

resistances. Experimental and simulation results at different vibration level and load 

resistances confirms that the proposed circuit can harvest power  about 1.5 times than  the 

conventional bridge circuit. Proposed circuit is also tested successfully to supply a 

microcontroller used in many  low power  wireless applications.            
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Mechatronic model developed in simulink can incorporate most of the material properties 

which were difficult to adjust in electrical equivalent model. Electromechanical coupling  

and mechanical damping effect of the harvester structure are crucial factors which have 

great impact on output of piezoelectric harvester. These two factors are also incorporated 

in newly developed model in simulink. Further, the model is tested with PVDF material 

harvester as well PVDF-MWCNT composite material harvester by incorporating their 

specific material properties. Moreover, mechatronic model is tested with more than one 

piezoelectric elements in series and parallel. From the results it has been confirmed that 

model appropriately predicts behaviour and output and follows general laws of series and 

parallel connections.  The simulation results are found to be quite close to experimental 

results with an average error of 15% 

The overall gain in output power of PVDF-MWCNT composite harvester over PVDF 

harvester is calculated. It is observed that the average gain in output power with PVDF-

MWCNT composite  with self tuned circuit is about 3.5 times that of PVDF.  

 

Summarizing above outcomes it has been concluded that piezoelectric generator with 

PVDF-CNT Composite material developed in lab generates 2 to 2.5 times more voltage as 

compared to PVDF harvester. The proposed self tuned controller circuit increases power 

transfer 1.5 times as compared to conventional rectifier circuit. Energy harvesting module 

with novel composite and self tuned circuit shows overall gain of 3.5 in the extracted 

energy. The module is tested successfully with different vibration levels and input forces. 

A novel simulation model of piezoelectric generator has been developed and analytical 

expressions have been derived for mechatronic model. The simulation results are 

compared with hardware, previous work and simulation model. Experimental results 

validated mechatronic model developed in simulink. The results of this model are 

compared with electrical model used in past works which also indicate that developed 

simulation model predicts energy output results that are more realistic. Mechatronic model 

developed in simulink incorporates most of the material properties and dimensions of 

harvester. Electromechanical coupling and mechanical damping effect of the harvester 
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structure are crucial factors which have great impact on output of piezoelectric harvester. 

These two factors are also incorporated in new model developed in simulink. The 

proposed mechatronic model gives realistic results with an error of about 15% and can be 

used successfully to predict behavior, response and output of different kind of 

piezoelectric harvester for the varied parameters. The mechatronic model results are 

compared with proposed hardware model and validated. The model is successfully 

implemented for analyzing energy harvested from different kinds of piezoelectric material 

harvesters with different parameters.  

 

7.2  Major Contribution 

A novel PVDF-MWCNT piezoelectric composite has been developed with optimized 

piezoelectric parameters like charge constant, modulus of elasticity, dielectric constant, 

electromechanical coupling coefficient. The newly developed composite generates voltage 

about 2 to 2.5 times higher than base PVDF material. A low loss self tuning circuit is 

proposed which has superior power flow in load circuit as compared to conventional 

convertor. A prototype Energy harvesting module has been prepared with developed novel 

composite and interfacing circuit. The new module increased the power flow in the load 

circuit 3.5 times that of earlier module consisting of conventional bridge converter with 

PVDF element. The novel mechatronic simulation model developed here reflects general 

behavior and output of various piezoelectric materials with reasonable precision as 

compared to the electrical equivalent model. 

7.3 Limitations  

As piezoelectric energy harvesting depends upon many different variable parameters  

,some parameters are beyond the scope of this work. Therefore, Effect of Temperature 

during poling process, pyroelectric effect of the material have  not been taken in to account 

during  new composite development process. Mechanical damping  effect depends on 

structure and method of attachment of piezoelectric element, hence not optimized. Only 

cantilever unimorph structure of piezoelectric element with d31 mode  is used in this work.  
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Effect of type of substrate material has been ignored. As purpose is ambient energy 

harvesting, only low level vibrations are taken in to account. Effect of resonant frequency 

not included. Further designed interfacing circuit has limitation of maximum input voltage 

of 25V, hence, could not be tested for higher generated voltage.  

  

7.4 Future Scope 

As PVDF polymer has good pyroelectric properties, the piezoelectric output can be 

enhanced by proper optimization of it. The developed composite material can be fabricated 

in bimorph form and studied for improving output energy.               

The interfacing circuit can be designed for higher input voltage level to target more 

applications and it can be made more efficient by using CMOS technology. 
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APPENDIX-A 

 

Piezoelectric Materials  

 

An unusual aspect of certain crystalline minerals was observed by Jacques and Pierre 

Curie in 1880 that when such materials are subjected to a mechanical force, the crystals 

got electrically polarized. Tension or compression developed in crystal generated voltages 

of opposite polarity proportion to the applied force. Consequently, the converse of this 

correlation was confirmed: if an electric field was applied to the crystal it got stretched or 

shrinked according to the polarity of the field, and in proportion to the strength of the field. 

These behaviors were labeled the direct piezoelectric effect and the converse  piezoelectric 

effect, respectively. The materials exhibiting the piezoelectric effect are called the 

piezoelectric materials, Name has come from the Greek word piezein, meaning to press or 

squeeze. 

  

In general, when a piezoelectric materials is squeezed or stretched an electric charge  gets 

collected at the electrodes mounted on its surface. This is known as the direct piezoelectric 

effect and it was first demonstrated by the Currie brothers in 1880. If the same material is 

exposed to an electric field, it gets deformed mechanically. This is known the converse 

piezoelectric effect. 

The piezoelectric effect is thus  divided into two parts as the direct and the converse 

piezoelectric effects. Piezoelectricity is a type of coupling between the mechanical and 

electrical behaviors of certain materials. It was proved mathematically from the 

fundamental principles of thermodynamics by Gabriel Lippmann in 1881 and then 

confirmed experimentally by the Curie brothers. It is an interesting phenomenon that these 

two effects coexist in a piezoelectric material.  

Although the magnitudes of piezoelectric voltages, movements, or forces are small, and 

often require amplification, piezoelectric materials have been adapted to an impressive 



 

 

range of applications. The piezoelectric effect is used in sensing applica

force or displacement sensors. The inverse piezoelectric effect is used in actuation 

applications, such as control positioning, and generating sonic or ultrasonic signals.

 

Piezoelectric materials

All crystal structures can be classifie

Eleven of these forms are centrosymmetric. Of the remaining 21 non 

groups, 20 are known to be piezoelectric, meaning these materials produce an electric 

surface charge in response to ap

is a permanent electric dipole, and the equilibrium of the electrostatic potential caused by 

this dipole is distorted by mechanical stress (piezoelectricity) or temperature change 

(pyroelectricity). Certain pyroelectric materials can be further classified as ferroelectric 

materials, as shown in Figure

 

Some of the natural piezo materials are tourmaline, topaz, quartz, Rochelle salt and cane 

sugar. Other common piezo materials are 

Berlinite, Bismuth titanate

orthophosphate, Lead scandium tantalate

pyroelectric
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range of applications. The piezoelectric effect is used in sensing applica

force or displacement sensors. The inverse piezoelectric effect is used in actuation 

applications, such as control positioning, and generating sonic or ultrasonic signals.

Piezoelectric materials 

All crystal structures can be classified into one of 32 possible forms of crystal symmetry . 

Eleven of these forms are centrosymmetric. Of the remaining 21 non 

groups, 20 are known to be piezoelectric, meaning these materials produce an electric 

surface charge in response to applied mechanical stress. In 10 of these crystal groups there 

is a permanent electric dipole, and the equilibrium of the electrostatic potential caused by 

this dipole is distorted by mechanical stress (piezoelectricity) or temperature change 

y). Certain pyroelectric materials can be further classified as ferroelectric 

Figure A-1. 

 

Figure A:1Classification of Materials 

Some of the natural piezo materials are tourmaline, topaz, quartz, Rochelle salt and cane 

common piezo materials are Aluminium nitride, Apatite

Bismuth titanate, Gallium phosphate, Lanthanum gallium silicate

Lead scandium tantalate, Lead zirconate titanate, 

symmetry classes 
(32)

piezoelectric(20)

Non 
pyroelectric(11) Pyroelectric(10)

Non ferroelectric Ferroelectric

centre symmetric 
(11)
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range of applications. The piezoelectric effect is used in sensing applications, examples are 

force or displacement sensors. The inverse piezoelectric effect is used in actuation 

applications, such as control positioning, and generating sonic or ultrasonic signals. 

d into one of 32 possible forms of crystal symmetry . 

Eleven of these forms are centrosymmetric. Of the remaining 21 non -centrosymmetric 

groups, 20 are known to be piezoelectric, meaning these materials produce an electric 

plied mechanical stress. In 10 of these crystal groups there 

is a permanent electric dipole, and the equilibrium of the electrostatic potential caused by 

this dipole is distorted by mechanical stress (piezoelectricity) or temperature change 

y). Certain pyroelectric materials can be further classified as ferroelectric 

Some of the natural piezo materials are tourmaline, topaz, quartz, Rochelle salt and cane 

Apatite, Barium titanate, 

Lanthanum gallium silicate, Gallium 

, Lithium tantalate, 



 

 

Polyvinylidene fluoride

oxide. 

 

Piezoelectric polymers 

Kawai found very good piezoelectric activity in the one of the polymer, polyvinylidene 

fluoride (PVDF) when polorized. While other materialssuch as PVC and nylon exhibit the 

effect, none are as highly piezoelectric as PVDF and its copolymers

ferroelectric materials, PVDF is also pyroelectric, that generates electrical charge in 

response to a change in temperature. PVDF can effectively absorb Infrared energy in the  

range of  7-20µm wavelengths.  It is one of the most widely u

which substantial electric can be generated. It is cheap and physically quite strong. Polled 

PVDF is a ferroelectric

properties. These characteristics make it suitable for 

of the PVDF copolymer PVDF

cost and manufacturing technique, it is not be adapted for commercial use. 

In 2001 researchers found PVDF become super sensitive to pressure when 

with very small quantity of nanotubes. Thus PVDF with its inherent superior mechanical 

properties when upgraded with nanotechnology produces a new generation of 

piezopolymer. Other piezoelectric materials or ceramics are not addressed here as t

work is based on  power generation from piezoelectric polymers and emphasis on 

enhancement of piezoelectric property of PVDF by synthesis with CNT  to harvest energy 

for wireless or portable low power applications.

Piezoelectric structure 

Figure:A.-2(a)
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Polyvinylidene fluoride, Potassium sodium tartrate, Quartz, Sodium bismuth titanate

tric polymers  

Kawai found very good piezoelectric activity in the one of the polymer, polyvinylidene 

fluoride (PVDF) when polorized. While other materialssuch as PVC and nylon exhibit the 

effect, none are as highly piezoelectric as PVDF and its copolymers

ferroelectric materials, PVDF is also pyroelectric, that generates electrical charge in 

response to a change in temperature. PVDF can effectively absorb Infrared energy in the  

20µm wavelengths.  It is one of the most widely used piezopolymer from 

which substantial electric can be generated. It is cheap and physically quite strong. Polled 

ferroelectric polymer, and exhibits good piezoelectric

properties. These characteristics make it suitable for sensor and battery

of the PVDF copolymer PVDF–TrFE  has better piezoelectric properties but due to high 

cost and manufacturing technique, it is not be adapted for commercial use. 

In 2001 researchers found PVDF become super sensitive to pressure when 

with very small quantity of nanotubes. Thus PVDF with its inherent superior mechanical 

properties when upgraded with nanotechnology produces a new generation of 

piezopolymer. Other piezoelectric materials or ceramics are not addressed here as t

work is based on  power generation from piezoelectric polymers and emphasis on 

enhancement of piezoelectric property of PVDF by synthesis with CNT  to harvest energy 

for wireless or portable low power applications. 

 

              

2(a) Lattice structure of piezoelectric material BaTiO

(b)Axis representation. 

 Appendix-A 

Sodium bismuth titanate, Zinc 

Kawai found very good piezoelectric activity in the one of the polymer, polyvinylidene 

fluoride (PVDF) when polorized. While other materialssuch as PVC and nylon exhibit the 

effect, none are as highly piezoelectric as PVDF and its copolymers. Like some other 

ferroelectric materials, PVDF is also pyroelectric, that generates electrical charge in 

response to a change in temperature. PVDF can effectively absorb Infrared energy in the  

sed piezopolymer from 

which substantial electric can be generated. It is cheap and physically quite strong. Polled 

piezoelectric and pyroelectric 

battery applications. One 

TrFE  has better piezoelectric properties but due to high 

cost and manufacturing technique, it is not be adapted for commercial use.  

In 2001 researchers found PVDF become super sensitive to pressure when impregnated 

with very small quantity of nanotubes. Thus PVDF with its inherent superior mechanical 

properties when upgraded with nanotechnology produces a new generation of 

piezopolymer. Other piezoelectric materials or ceramics are not addressed here as this 

work is based on  power generation from piezoelectric polymers and emphasis on 

enhancement of piezoelectric property of PVDF by synthesis with CNT  to harvest energy 

 

attice structure of piezoelectric material BaTiO3  
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Figureure:A-2(a) shows basic lattice structure of piezoelectric material. Because a 

piezoelectric material is anisotropic, physical constants relate to both the direction of the 

applied mechanical or electric force and the directions perpendicular to the applied force. 

Accordingly, each constant is denoted with two subscripts that indicate the directions of 

the two corelated quantities, such as stress and strain for elasticity. The direction of 

positive polarization generally corresponds to Z-axis of a coordinate system of X, Y, and Z 

axes as shown in Figureure 3.2. Direction X, Y, or Z is denoted by the subscript 1, 2, or 3, 

respectively, and shear about one of these axes is represented by the subscript 4, 5, or 6, 

respectively. The piezoelectric charge constant, d, the piezoelectric voltage constant, g, 

and the permittivity, ε, are temperature dependent. Figureure:A-2(b)  shows  the direction 

of positive polarization generally is made to coincide with the Z-axis. 

 

PVDF as Piezoelectric Material 

The vast majority of piezoelectric materials found in the marketplace today are inorganic 

ceramics such as lead titanate (PbTiO3), lead zirconium titanate (PbZrTiO3),lithium 

tantalate (LiTaO3), and barium titanate (BaTiO3).They have a number of inherent 

limitations: 

 Ceramics are brittle in nature hence, prone to fracture or crack, thus they are not suitable 

for shock, impact based applications. 

 Low yield strength because of that ceramics are not suitable for high strain sensing      

applications. 

 The acoustic impedance of ceramic materials is high, which is the function of density and 

stiffness, and that makes poor acoustic coupling which dose not match with low 

impedance materials like human tissues and water. 

 Higher density of ceramic materials makes them unfavorable for weight sensitive 

Applications. 

 The raw materials and basic processing costs of piezoelectric ceramic and single crystal 

materials are relatively high per unit volume. 

 

These limitations can be overcome in specific applications with use of polymer based  

piezoelectric materials. Polyvinylidene fluoride, PVDF, belongs to  this class of  
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piezoelectric materials and as a polymer it comparable against ceramics for low power 

energy harvesting purpose. Among different kinds of piezoelectric material  PVDF as an 

energy harvesting material  has several  advantages over piezoceramics such as  high 

tensile strength, high elastic compliance, good dynamic response,low density, flexible, 

chemically inert, can be manufactured in any shape and size and low acoustic impedance 

which makes it suitable for ambient vibration energy harvesting [MSI Techman]. But the 

limitations with PVDF is that it has lower electromechanical coupling coefficient and 

lower strain constant as compared to piezoceramics which results in reduced efficiency of 

energy harvester. 

Piezoelectric PVDF is a polymer, and as such its material properties are affected by 

temperature and frequency. It is necessary to know effective constitutive relation for 

PVDF material by determining the material property coefficients as functions of frequency 

and temperature. These are 

 Elastic and piezoelectric material behavior of thin film PVDF as a function of 

temperature and frequency. 

 Dielectric and the in-plane elastic and piezoelectric properties of PVDF over a 

wide range of temperatures and frequencies 

 Material property functions empirically by measuring PVDF behavior in a 

frequency and/or temperature region. 

 

In 1969 Kawai, While investigating electrets properties of different synthetic polymers, he 

discovered that electrically polled PVDF exhibited exceptional piezoelectricity. In the -

40°C to +100°C temperature range, PVDF and the P(VDF-TrFE) copolymers show the 

most considerable piezoelectric behavior. The PVDF/TrFE copolymer composition and 

synthesis processes have a large effect on the elastic, dielectric, and piezoelectric 

properties of the resulting material. Also, these copolymers are expensive and very 

difficult to produce, and commercially not viable as piezoelectric polymers. In contrast, 

PVDF is inexpensive, easily available  and has properties which are comparatively 

unaffected by synthesis process. For these reasons work is focused on PVDF. The 

properties of PVDF are given in Tabel:A-1.  
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FIGURE:A-3 Artesian view of   α, β and ϒ phases of PVDF. 

 

PVDF has a chemical composition of (CH2-CF2)n. The crystal structure after melt 

processing is a classically spherulitic, non-polar α phase with a helical (TGTG’) 

conFigureuration. After melt extrusion, strong mechanical orientation of the polymer is 

required to induce the solid state phase transition from the α phase to a highly polar β 

phase with a planar zigzag, all trans (TTTT) chain conFigureuration. Subsequent poling of 

the resulting film rolls is done under controlled temperatures at fields in excess of 100 

V/μm. The films are then thermally annealed to allow the controlled mechanical relaxation 

necessary to provide commercially stable material.The particular crystal symmetry of a 

piezoelectric material determines which components of the permittivity, piezoelectric, and 

stiffness tensors are non-zero and unique. Piezoelectric coefficients are defined by the 

relationships between the elastic (T,S) and dielectric (E,D) properties of piezoelectric 

materials. Due to the difficulties associated with the orientation and polarization of PVDF 

it is only produced commercially in films, typically between 6 and 150 μm thick. PVDF is 

uniaxially drawn as this provides a much higher level of piezoelectric response in the axis 

of orientation (1 axis).The thickness of the film is typically in the range of 6 to 150 μm, 

and the length of even the smallest sensors is generally at least 2 to 3 larger in 

magnitude.PVDF has better viscoelasticity  in terms of elastic storage and loss modulus, in 

temperature range from 0°C to 80°C  as compared to ceramics like PZT whose  modulus 

remains is nearly constant in this temperature range. Figure: shows artesian view of   α, β 

and ϒ phases of PVDF. 
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Table:A-1 Properties of PVDF material.[44] 
Properties of PVDF  at 25 0-c and at 100kPa 

Systematic name  poly-1,1-difluoroethene 
Other names polyvinylidene fluoride 
Molecular formula  -(CH2CF2)n- 
Appearance transparent solid 
Density and phase 1.76 g/cm3 (110 lb/ft3), solid 
Solubility in water not soluble in water 
Melting point  134–169 °C (273–336 °F, 407-442 

K) 
Thermal 
conductivity 

0.18 W m-1 K-1 

Coefficent of 
expansion 

0.18×10-6 K-1 (0.10×10-6 °F-1) 

Yield strength 15–35 MPa (2.2–5.0 kpsi) 
Elongation at 
rupture 

200%–750% 

Modulus of 
elasticity 

350–1100 MPa (50–160 kpsi) 
E1= 2.56GPa 
E2= 2.6GPa  

Poisson ratio ν21~0.1, ν31~0.8  
Volume resistivity ≥ 1x1012 Ω·m 
Piezoelectric 
constants 

d33=20 pC/N,  
d31= -5 to -16 pC/N, 
d32= -3 to -5 pC/N 

Crystal structure  mm2  
Dipole moment  2.1 D  

dielectric constant   εr = 9 to 11.  

Related compounds PVC, PTFE, P(VDF-TrFE) 
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APPENDIX-B 

Carbon NanoTubes 

 

General 

Nanotubes are tiny tubes of carbon about 50,000 times thinner than a human hair. These 

consist of rolled up sheets of monolayer or multilayer carbon atoms bonded together in 

hexagon.A US patent granted in 1889 to two British men Reelsa how to make them using 

marsh gas – better known as methane. The method is essentially the same as that used in 

industrial processes today and those two inventors produced ‘hair – like carbon filament’s 

for electric lighting. Adorning to the patent these filaments may be bent and twisted in to 

various shapes and will spring back to their original from on being release. 

 

     

Figure:B-1(a) Different Views Of CNT and (b)3D structure of CNT 
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Around 1991 intensive research work started in the field of nanotechnology and it  

created great interest into academic and Government circles as something worth thinking 

about it. Nanotubes are over 50 times stronger than steel wire and only a quarter as 

dense. No matter how hard a nanotube is squeezed, it will bend and buckle without 

braking and springing back into shapes as soon as the external force is removed.With 

respect to electrical properties, nanotubes can made into metals or semiconductors 

depending on how it is rolled up. Roll the sheet of carbon atoms the way cigarette is 

rolled, within the edges of carbon atoms touching along their length and a nanotube is 

formed that acts like, tiny metal wire conducting electricity. Again if the tube is wound 

as like a paper straw, then a miniature semiconductor is formed that could replace silicon 

transistors, the building blocks of chips. The invasion of nanotubes in our daily life has 

already taken place, only it has not be noticed.  

CNTs are carbon molecules in cylindrical shape with unique properties that make them 

potentially useful in a wide variety of applications such as nano-electronics, optics 

composite material applications etc. They exhibit exceptional strength and different 

electrical properties, and are good conductors of  heat. Figure shows a Carbon nanotube 

3D structure. 

          

A nanotube is a member of the fullerene structural family, which also includes buckyballs. 

Whereas buckyballs are spherical in shape, a nanotube is cylindrical, with at least one end 

typically capped with a hemisphere of the buckyball structure. Their name is derived from 

their size, since the diameter of a nanotube is on the order of a few nanometers 

(approximately 50,000 times smaller than the width of a human hair), while they can be up 

to several micrometres in length. There are two main types of nanotubes: single-walled 

nanotubes (SWNTs) and multi-walled nanotubes (MWNTs). 

Nanotubes are composed entirely of sp² bonds, similar to those of graphite. This bonding 

structure, stronger than the sp³ bonds found in diamond, provides the molecules with 

their unique strength. Nanotubes naturally align themselves into "ropes" held together by 

Van der Waals forces. Under high pressure, nanotubes can merge together, trading some 

sp² bonds for sp³ bonds, giving great possibility for producing strong, unlimited-length 

wires through high-pressure nanotube linking. 
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Types of carbon nanotube 

1.Single walled Nano tubes 

 SWNTs are a very important variety of carbon nanotube because they exhibit important 

electric properties that are not shared by the multi-walled carbon nanotube (MWNT) 

variants. SWNTs are the most likely candidate for miniaturizing electronics past the 

microelectromechanical scale that is currently the basis of modern electronics. The most 

basic building block of these systems is the electric wire, and SWNTs can be excellent 

conductors. One useful application of SWNTs is in the development of the first 

intramolecular field effect transistors (FETs). The production of the first intramolecular 

logic gate using SWNT FETs has recently become possible as well. To create a logic 

gate you must have both a p-FET and an n-FET. Because SWNTs are p-FETs when 

exposed to air and n-FETs when unexposed to oxygen, they were able to protect half of a 

SWNT from oxygen exposure, while exposing the other half to oxygen. The result was a 

single SWNT that acted as a NOT logic gate with both p and n-type FETs within the 

same molecule. 

SWNTs are still very expensive to produce, and the development of more affordable 

synthesis techniques is vital to the future of carbon nanotechnology. If cheaper means of 

synthesis cannot be discovered, it would make it financially impossible to apply this 

technology to commercial-scale applications. 

 

2.Multi-walled 

Multiwalled nanotubes (MWNT) consist of multiple layers of graphite rolled in on 

themselves to form a tube shape. There are two models which can be used to describe the 

structures of multiwalled nanotubes. In the Russian Doll model, sheets of graphite are 

arranged in concentric cylinders, eg a (0,8) SWNT within a larger (0,10) SWNT. In the 

Parchment model, a single sheet of graphite is rolled in around itself , resembling a scroll 

of parchment or a rolled up newspaper. 

3.Fullerite 

Fullerite is a highly incompressable nanotube form. 
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Properties 

 

Strength 

Carbon nanotubes are one of the strongest materials known to man, both in terms of 

tensile strength and elastic modulus. This strength results from the covalent sp2 bonds 

formed between the individual carbon atoms. In 2000, an MWNT was tested to have a 

tensile strength of 63 GPa . In comparison, high-carbon steel has a tensile strength of 

approximately 1.2 GPa. CNTs also have very high elastic modulus, in the order of 1 TPa. 

Since carbon nanotubes have a low density for a solid of 1.3-1.4, its specific strength is 

the best of known materials.Under excessive tensile strain, the tubes will undergo plastic 

deformation, which means the deformation is permanent. This deformation begins at 

strains of approximately 5% and can increase the maximum strain the tube undergoes 

before fracture by releasing strain energy. CNTs are not nearly as strong under 

compression. Due to their hollow structure, they tend to undergo buckling when placed 

under compressive, torsional or bending stress. 

 

Dynamic properties 

 Multiwalled carbon nanotubes, multiple concentric nanotubes precisely nested within 

one another, exhibit a striking telescoping property whereby an inner nanotube core may 

slide, almost without friction, within its outer nanotube shell thus creating an atomically 

perfect linear or rotational bearing. This is one of the first true examples of molecular 

nanotechnology, the precise positioning of atoms to create useful machines. Already this 

property has been utilized to create the world's smallest rotational motor and a 

nanorheostat. Future applications such as a gigahertz mechanical oscillator are 

envisioned. 

 

Electrical Properties 

Due to the symmetry and unique electronic structure of graphene, the structure of a 

nanotube strongly affects its electrical properties. For a given (n,m) nanotube, if 2n + 

m=3q (where q is an integer), then the nanotube is metallic, otherwise the nanotube is a 

semiconductor. Thus all armchair (n=m) nanotubes are metallic, and nanotubes (5,0), 
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(6,4), (9,1), etc. are semiconducting. In theory, metallic nanotubes can have an electrical 

current density more than 1,000 times stronger than metals such as silver and copper.All 

nanotubes are expected to be very good thermal conductors along the tube, exhibiting a 

property known as "ballistic conduction," but good insulators laterally to the tube axis. 

 

Properties of MWCNT 

Purity > 95% 

Outside Diameter 10-20nm 

Inside Diameter 5-10 nm 

Length 0.5-200 μm 

SSA 40-600 m2/g 

Bulk density  0.06 g/cm3 

True density  ~2.1 g/cm3 

Young's modulus  ~1200GPa 

Tensile strength  ~150GPa 

Thermal conduct  ~1200 W/m.k 

Viscosity zero 

Color Black 
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Appendix-C 

 

C-1 Matlab program for Optimization of Composite   
   material parameters 
 
% Initialization of variables 
maxthf=0; 
maxdmf=0; 
maxmwcnt=0; 
maxtemp=0; 
maxspeed=0; 
d31=0; 
k31=0; 
maxpvoltage=0; 
%input measured parameters from test results    
for thf=2:2:8 
        for dmf=8:-2:2 
            for mwcnt=0:0.02:0.1 
                for speed=1000:500:3000 
                    for temp=45:15:120 
                        ftirwavelenght=input('Enter measured 
ftirwavelenght'); 
                        xrdtheta=input('Enter xrdtheta'); 
                        if ((xrdtheta>=20) & (xrdtheta<=21)) 
                            if ((ftirwavelenght==570) | 
(ftirwavelenght==1275)) 
                                maxtemp=temp; 
                                maxspeed=speed; 
                                maxdmf=dmf; 
                                maxthf=thf; 
                                maxmwcnt=mwcnt; 
                            end 
                        end 
                    end 
                end 
            end 
        end 
    end 
%Output results of optimum process parameters 
fprintf('betapvcnt dmf is max and is %d \n',maxdmf); 
fprintf('betapvcnt thf is max and is %d \n',maxthf); 
fprintf('betapvcnt mwcnt is max and is %d \n',maxmwcnt); 
fprintf('betapvcnt temp is max and is %d \n',maxtemp); 
fprintf('betapvcnt speed is max and is %d \n',maxspeed); 
 
%input dimensions,dielectric parameters,electric field,stress 
lenght=input('Enter lenght'); 
width=input('Enter width'); 
thickness=input('Enter thickness'); 
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for pvolatage=1000:500:2000 
    cap=input('Enter capacitance'); 
    epsilonze=8.854*(10.^-12); 
    epsilonr=(cap*thickness)/(lenght*width*epsilonze); 
    electricfield=input('Enter electric field'); 
    stress=input('Enter stress'); 
    rd31=(epsilonze*epsilonr*electricfield)/stress; 
    y=input('Enter youngs modulus'); 
    s=1/y; 
    rk31=(rd31)/((epsilonze.^0.5)*(epsilonr.^0.5)*(s.^0.5)); 
    if rd31>d31 && rk31>k31 
        d31=rd31; 
        k31=rk31; 
        maxpvoltage=pvolatage; 
    end 
end 
 
% output piezoelectric optimum parameters 
fprintf('pvoltage is max and is %d \n',maxpvoltage); 
fprintf('k31 is %d \n',k31); 
fprintf('d31 is %d \n',d31); 

 

 

 

 

C-2 Matlab program for Piezoelelctric voltage  

   Generation 

%u=dimensionless correction factor 
%m=mass 
%de=electrical damping 
%d=mechanical damping 
%k=spring constant 
%wn=natural freq 
%cd=damping ratio mechanical 
%ce=damping ration electrical 
%w=freq 
%Y=Youngs modulus 
%P=power 
%am=max accleration 
%Pa=Power max 
%l=length 
%b=breadth 
%h=height 
%s11=eleastic compliance 
%e33=permitivity 
%d31=charge constant 
%kp=coupling coeff 
%t=gemc(generalised coupling coeff)(tau) 
%Cp=piezoeletric capitance 
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%Vp=piezoeletric voltage 
%e=permitivity(e33=3) 
%F=Force 
%I=current 
%Q=charge 
%C=Capacitance(C=Cp) 
%Ip=piezoeletric current 
%k31=coupling coeff 
%a=acc 
%Im=max current 
%Imc,Vmc,Rmc,Cmc,Lmc=equivalent mechatronic parameter 
  
u=1.566; 
m=input('Enter mass'); 
de=input('Enter de'); 
d=input('Enter d'); 
k=input('Enter k'); 
wn=((k/m).^(1/2)); 
fprintf('value of wn is %f \n',wn); 
cd=(d/(2*m*wn)); 
ce=(de/(2*m*wn)); 
fprintf('value of cd is %f \n',cd); 
fprintf('value of ce is %f \n',ce); 
 
w=input('Enter omega'); 
Y=input('Enter Youngs modulus'); 
%Under resonance condition 
if(wn~=w) 
    P=(m*((w/wn).^3)*(w.^3)*Y*(m.^2)*ce)/((((1-
((w/wn).^2).^2).^(1/2))+(2*(ce+ce)*((w/wn).^2)))); 
end 
if((w==wn) && (cd~=ce)) 
    P=(m*(wn.^3)*Y*(m.^2)*ce)/(4*((cd+ce).^2)); 
end 
if((w==wn) && (cd==ce)) 
    P=(m*(wn.^3)*Y*(m.^2))/(16*cd); 
end 
fprintf('value of P is %f \n',P); 
am=(w.^2)*Y; 
Pa=(m*(am.^2))/(8*d); 
fprintf('value of am is %f \n',am); 
fprintf('value of Pa is %f \n',Pa); 
  
l=input('Enter length'); 
b=input('Enter breadth'); 
h=input('Enter height'); 
  
s11=(1/Y); 
fprintf('value of s11 is %f \n',s11); 
e33=input('Enter e33'); 
d31=input('Enter d31'); 
  
kp=(b*h)/(s11); 
t=(d31*b)/(s11); 
Cp=(e33-((d31.^2)/s11))*((b*l)/h); 
fprintf('value of kp is %f \n',kp); 
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fprintf('value of t is %f \n',t); 
fprintf('value of Cp is %f \n',Cp); 
  
e=input('Enter e'); 
  
%F=(kp*e)+(t*Vp); 
%I=(t*e)-(Cp*Vp); 
Vp=(F*l*h*d31)/(2*e*l);  
Q=(d31*F*l)/(h); 
%fprintf('value of F is %f \n',F); 
%fprintf('value of I is %f \n',I); 
fprintf('value of Vp is %f \n',Vp); 
fprintf('value of Q is %f \n',Q); 
  
C=input('Enter C'); 
Vp=(F*l*d31)/(h*C); 
fprintf('value of Vp is %f \n',Vp); 
  
f=input('Enter f'); 
  
Ip=(2*(3.14)*f*C*Vp); 
k31=sqrt(t/(kp*Cp)); 
fprintf('value of Ip is %f \n',Ip); 
fprintf('value of k31 is %f \n',k31); 
  
%wsc=input('Enter omegasc'); 
%woc=input('Enter omegaoc'); 
  
keff=(((woc.^2)-(wsc.^2)).^(1/2))/(woc.^2)); 
 
a=input('Enter a'); 
Im=input('Enter Im'); 
Vmc=(m*a)/t; 
Lmc=m/(t.^2); 
Rmc=d/(t.^2); 
Cmc=(t.^2)/k; 
Imc=t*Im; 
fprintf('value of Vmc is %f \n',Vmc); 
fprintf('value of Lmc is %f \n',Lmc); 
fprintf('value of Rmc is %f \n',Rmc); 
fprintf('value of Cmc is %f \n',Cmc); 
fprintf('value of Imc is %f \n',Imc); 
fprintf('value of Vp is %f \n',Vp);
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Appendix-D 

 

Different Energy Harvester Topologies 

 

Passive rectifier circuit 

A Vibrating piezoelectric element generates an ac voltage whereas the electronic devices 

and charging of batteries need a dc voltage, hence the first stage needed in an energy 

harvesting circuit is an ac–dc rectifier connected to the output of the piezoelectric device. 

Figure D-1 shows the standard interface circuit consisting of a bridge rectifier and a filter 

capacitor connected to the load. The filter capacitor is assumed to be large enough that 

keeps output voltage is almost constant, the load can be considered as a constant current 

source and the diodes are assumed to be  ideal in nature. 

 
Figure:D-1.passive rectifier circuit 

The drawback of the standard bridge rectifier is the forward voltage drop of two diodes. 

This results in wasted power and reduction in efficiency in power supply applications, or 

loss of working voltage in low power wireless  applications. Generally, integrated circuits 

do notwork properly under reversals of supply, In common solution, line powered 

electronics circuit is coupled with a bridge rectifier to ensure polarity of supply. But when 

available input voltage is of few volts, a drop in the rectifier circuit would results in very 

small amount of voltage left for the electronics circuit. Similarly, in battery operated 

circuits, this results in loss of efficiency. The loss can be reduced replacing diodes with 
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MOSFETs. The four MOSFETs will be connected in such a way that at a time opposite 

pairs will conduct and correct polarity is maintained at the output terminals. 

  

Active rectifier capacitor circuit 

 

Figure D-2 Active rectifier-capacitor circuit 

In order to achieve better matching to the load, Ottman et al. [50] designed the active 

rectifier-capacitor topology as shown in Figure D-2, the value of rectified voltage is 

effectively fixed to load voltage with battery, but  this can provide maximum power 

transfer is VL is  equal to Vr. This also requires proper Selection of battery for particular  

application. To achieve better matching with the load, a DC/DC converter is introduced 

which separated the rectifier-capacitor from the battery load. A PWM switching converter 

controls  the rectified voltage by changing  the duty cycle of the PWM signal. An active 

feedback controller used adjusts Vr to optimum value for maximum power transfer. The 

power transfer 4 times higher than standard bridge circuit was reported. But in this case 

increase in power highly depends on how close was the initial value of VL to optimum Vr. 

 

Nonlinear Energy Harvesting circuits 

 The nonlinear energy harvesting approach of synchronized switch harvesting was 

developed to deal with damping effect of vibration energy harvesting structures. The 

synchronized techniques are based on the synchronization between charge extraction from 

a piezoelectric element and the input vibrations, and makes use of the internal  capacitance 

of the piezoelectric material to boost energy efficiency.  
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Parallel SSHI Configuration 

In the parallel SSHI circuit, [20]as shown in Figure D-3, a switch and inductor assembly is 

connected  in parallel with the piezoelectric element. For the majority of each vibration 

period, the switch, SWSSHI, is open and the circuit operates similarly to the standard 

rectifier-capacitor circuit. 

 
Figure D-3 Parallel SSHI circuit 

 

When the displacement reaches a maximum, SWSSHI is closed and an LC resonant circuit 

is formed between Cp and LSSHI. The switch is remain closed for the half electrical 

oscillation period, during which piezoelectric voltage inversion take place. The converter 

is designed such that the electrical oscillation period is compared at the same instance to  

the mechanical oscillation period. In this technique due to finite losses of the switch 

voltage inversion is not perfect. 

 

Series SSHI Configuration 

 
Figure D-4 Series SSHI Circuit 

 

In this configuration of the SSHI circuit, an inductor and switch is placed in series between 

the piezoelectric harvester and rectifier as shown in Figure: D.4 The switching of SWSSHI 

is like  parallel case, the switch is open for the most of the vibration cycle and is closed for 
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short time when the displacement is at its maximum value. When SWSSHI is closed, energy 

is transfer to the load take place through LSSHI. The power delivered to the load is a 

function of rectified votage. The switching process for voltage inversion can also be done 

using an inverter through PWM. This method is called active energy harvesting scheme. It 

allows almost perfect inversion of voltage, that enhances energy level. Here again there is  

drawback of requirement external power to drive the PWM. The SSHI technique can be 

improved by adding an  feedback loop between the storage and the piezolectric element. 

 

Synchronous Electric Charge Extraction (SECE) 

 

 
Figure D-5 Synchronous Electric Charge Extraction circuit 

 

In many applications, the load may change with time and it is difficult to set its value in 

advance. Therefore, another tactic is to do switching at the particular event. In this 

topology along with rectifier circuit an inductor is used as an energy storage element. 

Here, the energy is transferred to the load  in two stages, In first stage, energy is 

transferred from the piezoelectric element to the inductor, and then the piezoelectric 

element is cut off from the circuit. In second stage, energy is transferred from the inductor 

to the storage capacitor. This technique known as the Synchronous Electric Charge 

Extraction (SECE) here, the energy harvesting is independent of the connected system. 

The gain of 4 has been reported  in energy harvested compared to the standard circuit. But 

while considering damping effect, this method has a crucial value of the figure of merit, 

which is the product of the quality factor and the square of the coupling coefficient. The 

harvested energy decreases above this threshold value. Synchronous charge extraction 

circuit harvests energy when charge collected on the intrinsic capacitor of the piezoelectric 

element and reaches to maximum value [25]. In a synchronous charge extraction circuit, 
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the piezoelectric element is isolated from the power converter circuit and made to operate 

in an open-circuit condition. As no current passes through the load, the accumulated 

charge Qp is stored on the capacitor, Cp. The energy stored in the capacitor will increases 

with the increase in charge. The piezoelectric element is connected to the converter circuit 

on the attainment of maximum charge and the stored energy is transferred to the load. As, 

the charge on a capacitor is in direct proportion to the voltage,the energy transfer  from the 

piezoelectric capacitor to the converter circuit is done by switching at maximum value of 

voltage. 

 

Pulsed Resonant Converter Circuit 

In  pulsed resonant converter circuit (PRC), instead of  two inductors coupled in form of 

transformer, with a switch, it utilizes two switches and an inductor. The PRC is shown 

schematically in Figure D-6,  

 
FigureD-6 Pulsed Resonant Converter Topology 

The working of the PRC is divided into three stages[2], In first stage-1, both the NSwitch 

and the PSwitch are open, and as charge on Capacitor Cp builds, Voltage Vp(t) also rises. 

When voltage reaches to the maximum, stage-2 starts, now NSwitch is closed, as a result  

LPRC and Cp forms a resonant circuit. Energy is now moved to LPRC from Cp due to current 

iLPRC(t), this is  continued  till Vp(t) reaches to zero value. At zero crossing of Vp(t), stage-3 

starts, now NSwitch is opened and the PSwitch is made to close. In this stage, energy from the 

inductor is moved to the load. At the end the stage-3 energy is completely transferred to 

the load and current iLPRC(t) becomes zero.
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Appendix-E 

 

Mechatronic Model Simulation Results. 

 

Figures shows Input voltage, output voltage and output power simulation plots of mechatronic 

model at different  load, vibration frequency and amplitude. 

 
(a) 

 

(b) 

E-1 Input voltage, Output Voltage and output power at 2KΩ  for(a)PVDF (b)PVDF-MWCNT 
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(a) 

 

 

(b) 

E-2:Input voltage, Output Voltage and output power at 5KΩ  for(a)PVDF (b)PVDF-MWCNT 
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(a) 

 

 

(b) 

E-3:Input voltage, Output Voltage and output power at 10KΩ  for(a)PVDF (b)PVDF-MWCNT 
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(a) 

 

 

(b) 

E-4:Input voltage, Output Voltage and output power at 6mm  for(a)PVDF (b)PVDF-MWCNT 
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(a) 

 

 

(b) 

E-5:Input voltage, Output Voltage and output power at 30 Hz for(a)PVDF (b)PVDF-MWCNT 
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(a) 

 

(b) 

E-6:Input voltage, Output Voltage and output power at 40 Hz for(a)PVDF (b)PVDF-MWCNT 
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(a) 

 

(b) 

E-7:Input voltage, Output Voltage and output power at 40 Hz for(a)PVDF (b)PVDF-MWCNT 
 




