
 

 

PERFORMANCE ENHANCEMENT OF 

PIEZOELECTRIC ENERGY HARVESTING 

A Thesis 

 

Submitted 

by 

 

Anuruddh Kumar (D14032)  

 

for the award of the degree of  

 

Doctor of Philosophy

 

 

 

SCHOOL OF ENGINEERING 

INDIAN INSTITUTE OF TECHNOLOGY MANDI 

Mandi, Himachal Pradesh -175001 

 

MAY, 2019

 



i 

 

Declaration by the Research Scholar 

 

Performance Enhancement of Piezoelectric 

Energy Harvesting

award of the degree of Doctor of Philosophy is a bonafide record of research work carried 

out by me in the School of Engineering, Indian Institute of Technology Mandi, under the 

supervision of Dr.  Rajeev Kumar and Prof. Satish Chandra Jain. The contents of this 

thesis, in full or in parts, have not been submitted to any other Institute or University for 

the award of any degree or diploma.  

In keeping with the general practice of reporting scientific observation, due 

acknowledgements have been made wherever the work described is based on the findings 

of other investigators. 

 

 

I.I.T. Mandi (H.P.)                                                                              Anuruddh Kumar  

Date: 



ii 

 

Thesis Certificate 

 

Performance Enhancement of Piezoelectric 

Energy Harvesting

Technology Mandi for the award of the degree of Doctor of Philosophy is a bonafide 

record of research work carried out by him under our supervision in the School of 

Engineering, Indian Institute of Technology Mandi.  The contents of this thesis, in full or 

in parts, have not been submitted to any other Institute or University for the award of any 

degree or diploma. In keeping with the general practice of reporting scientific observation, 

due acknowledgements have been made wherever the work described is based on the 

findings of other investigators. 

 

Dr. Rajeev Kumar              Prof. S.C. Jain  
Assistant Professor              Emeritus Professor 
School of Engineering              School of Engineering 
IIT Mandi               IIT Mandi 
 
 
Date:                Date: 

 



iii 

 

ACKNOWLEDGEMENT 

At the outset I remember the almighty for keeping me under his blessings. I pray to God 

that I need your presence in my soul till it exists.  

I am immensely thankful to my Research Supervisors Dr. Rajeev Kumar and Prof. Satish 

Chandra Jain of the School of Engineering, Indian Institute of Technology Mandi. Without 

their support and guidance, it would not have been possible for me to complete my Ph.D 

research work within stipulated time. Dr. Rajeev Kumar and Prof. Satish Chandra Jain 

were always there to support my work and encourage me during my pursuit.  

I have absolutely no hesitation in specially conveying warm thanks to Dr. Rahul Vaish who 

supported me whole heartedly with his support and advice throughout this research work. 

The generosity of your time and the kindness you showed me is invaluable. 

I also wish to acknowledge the members of doctoral committee, Dr. Vishal Singh Chauhan 

(Associate Professor, School of Engineering), Dr. Bharat Singh Rajpurohit (Associate 

Professor, School of Electrical and Computing Engineering), and Dr. Rahul Vaish 

(Associate Professor, School of Engineering), Dr. Arpan Gupta (Assistant Professor, 

School of Engineering) for their careful examination of the work and their invaluable 

comments and insights, which made a deep impact on my research.  

I am grateful to the officials of numerous organizations who have allowed me to better 

understand their international venturing. They were willing to tell me both the good and 

the bad, for which I am thankful. They were kind enough to give me time to share 



iv 

 

valuable information and data, without which this study would have been incomplete. 

Standing by me, my respectable parents, showered blessing in all my academic quests, 

without which I would not have been here. I submit my gratitude to my whole family who 

always encouraged me to work hard for achieving academic targets. I have absolutely no 

hesitation in specially conveying warm thanks to my research colleague Raj Kiran, 

Sumeet, Satish Kumar, Abhishek, Chandra Kant and Anshul Sharma who supported me 

whole heartedly with their amazing love, support and advice. You provided eternal 

optimism and encouragement in me. Thank you to my closest ones Sandeep, Asha and 

Neeti. You all are so precious to me. I could have never done this without your love and 

support. 

Thank you all. 

 

         Anuruddh Kumar 

                      



v 

 

CONTENTS 

DECLARATION           i 

THESIS CERTIFICATE         ii 

ACKNOWLEDGEMENT                    iii 

CONTENTS            v 

LIST OF FIGURES                     ix 

LIST OF TABLES                  xvii 

NOMENCLATURE   v 

PREAMBLE  xxii  

CHAPTER 1: INTRODUCTION 1-1 

1.1 Overview of energy harvesting 1-2 

1.2 Literature review 1-8 

1.2.1 Piezoelectricity 1-8 

1.2.2 Piezoelectric energy harvesting 1-9 

1.2.3 Flexoelectricity: 1-29 

1.2.4 Flexoelectric energy harvesting 1-33 

1.3 Objectives of the thesis 1-36 

CHAPTER 2: FINITE ELEMENT MODELING OF PIEZOELECTRIC / 

FLEXOELECTRIC HARVESTERS   2-1 

2.1 Introduction 2-2 



vi 

 

2.2 Constitutive equations for piezoelectric energy harvester 2-3 

2.3 Concept of nonlinear functionally graded piezoelectric energy harvester: 2-5 

2.3.1 Calculation of magnetic force (Fmag) 2-6 

2.3.2 Finite element modelling using shell element 2-7 

2.4 Nonlinear finite element formulation for flexoelectric energy harvester: 2-23 

2.5 Solution of equations of the harvesters. 2-26 

2.5.1 Model analyses: 2-26 

2.5.2 Harmonic balance method: 2-27 

2.6 Validation of finite element formulation: 2-30 

2.6.1 Piezolaminated bimorph beam subjected to electric load. 2-30 

2.6.2 Validation of magnetic force 2-32 

2.6.3 Validation of Simple Harmonic Balance Method 2-33 

2.6.4 Validation of open circuit voltage from harvester 2-34 

2.6.5 Validation of finite element formulation for flexoelectric effect 2-36 

2.7 Conclusions 2-38 

CHAPTER 3: PIEZOELECTRIC ENERGY HARVESTING IN WIDE 

FREQUENCY RANGE 3-1 

3.1 Introduction 3-2 

3.2 Performance enhancement using poling technique 3-3 



vii 

 

3.3 Performance of functionally graded piezoelectric energy harvester 3-9 

3.3.1 Performance of the functionally graded piezoelectric energy harvester with 

poling tuning 3-13 

3.3.2 Functionally graded piezoelectric energy harvester for wide frequency bandwidth

 3-17 

3.4 Conclusions 3-26 

CHAPTER 4: NUMERICAL INVESTIGATION OF FLEXOELECTRIC ENERGY 

HARVESTING PERFORMANCE IN WIDE FREQUENCY RANGE 4-29 

4.1 Introduction 4-30 

4.2 Wideband flexoelectric energy harvester 4-30 

4.3 Flexoelectric Bistable Energy Harvester 4-37 

4.4 Conclusions 4-44 

CHAPTER 5: PERFORMANCE ASSESSMENT OF PIEZOELECTRIC ENERGY 

HARVESTER FOR PACEMAKER APPLICATION 5-47 

5.1 Introduction 5-48 

5.2 Circuit Topology: 5-57 

5.3 Conclusion 5-63 

CHAPTER 6: INVESTIGATION OF BIFUNCTIONAL BEHAVIOR OF 

PIEZOELECTRIC CANTILEVERS FOR ENERGY HARVESTING AND 

REFRIGERATION 6-1 

6.1 Introduction 6-2 



viii 

 

6.2 Materials and methods 6-3 

6.3 Conclusion 6-17 

CHAPTER 7: CONCLUSIONS AND FUTURE SCOPE 7-1 

7.1 Conclusions 7-1 

7.2 Future Scope: 7-3 

 


