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ABSTRACT

Scientists and engineers, in their quest to improve the performance and safety of 

aerospace structures, focused their efforts in development of materials which exhibit superior 

structural capabilities in extreme environments while keeping the weight as low as possible. The

aerospace structures, such as space antenna reflectors are exposed to structural vibrations, which 

could be triggered by satellite repositioning, meteoroid impacts, self-weight at different 

elevation angles, thermal shock etc. The piezoelectric materials are one of the advanced

materials which have been abundantly used in the development of adaptive structures. These 

smart structures are used to attenuate the vibrations generated in the structures. The space 

structures such as antenna reflectors are highly nonlinear systems with time-varying structural 

parameters. Therefore, the vibration control in these structures using conventional controllers is 

not effective. Also, the use of piezoelectric materials as sensors and actuators for active vibration 

and shape control have been limited in aerospace applications due to their poor surface bonding 

capabilities and low reliability. Moreover, structural dissimilarities can cause failure due to 

cyclic strains. The reliability of the structure can be increased by optimizing the stress 

distribution across the cross section. To overcome these shortcomings, new type of piezoelectric 

material commonly known as functionally graded piezoelectric material (FGPM) has attained 

more attention in recent years. 

This research is motivated by the still existing need for actuators and sensors that are 

more durable than the current. Also, in the area of aerospace engineering, it is necessary to 

predict the deflections and strains in structures more accurately so that they can be precisely 

designed. In this research, nonlinear finite element formulation (FEM) is implemented to 
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determine the static and dynamic response of piezolaminated functionally graded shell structure 

under coupled thermo-electro-elastic model.  The FEM formulation is based on first order shear 

deformation theory and linear piezoelectric theory. Quadratic distribution of electric field is 

assumed. A four node shell element with mechanical, electrical and thermal degrees of freedom 

is used to model the thin piezolaminated functionally graded shell structures. To avoid the shear 

locking phenomenon, mixed interpolation of transverse tensorial component algorithm is 

considered. The finite element formulation and developed computer code is validated with 

existing literature. 

Shell structures in the form of plates, cylindrical and spherical panels are widely used in 

the areas such as aerospace, navigation and the automotive industry, mostly as focusing 

viewfinders, antennas, solar panel and airfoil structures. In these applications, undesirable shape 

changes, which occur due to shell flexibility, not only degrade the system performance but also 

 reliability. In order to overcome these limitations,

functionally graded piezoelectric materials have been used for active shape control of different 

functionally graded structures (plate, cylindrical and spherical) under different natural and 

essential boundary conditions. 

The shell structures are highly nonlinear systems with time varying structural parameters. 

Hence, the active vibration control of shell structures is not very effective using conventional 

controllers. A nonlinear fuzzy logic controller is developed for active vibration control 

application. 49 rules have been established to develop the controller. Input sensor voltage and 

rate of change of sensor voltage are considered as inputs while actuator voltage is considered as 

output. To study a smart beam an aluminum beam with surface bonded piezoelectric patches 



v 

 

(PZT-5H) at the root is considered. Experimental results are obtained by using LABVIEW 

programs developed in the study. It is observed that numerical predictions are well matched with 

the experimental results. The designed fuzzy logic controller is validated with the experimental 

results and its performance is compared with conventional controllers both experimentally and 

numerically. The active vibration control of various plate and shell structures is numerically 

studied using the FGPM patches. In the view of its practical importance beam shaping and beam 

steering application of antenna reflector are studied using the FGPM patches. Genetic algorithm 

is used to determine optimum size and location of piezoelectric patches and voltage applied to 

patches in order to minimize the error between desired and controlled shape of antenna reflector.



vi 

 

ACKNOWLEDGEMENT

First and foremost, I thank God for the understanding and determination that has 

bestowed upon me during this thesis work, and indeed, throughout my life. 

Completing this dissertation would not have occurred without the support, patience and

guidance of my supervisors Dr. Rajeev Kumar and Dr. Vishal Singh Chauhan, School of 

Engineering, Indian Institute of Technology Mandi. My heartfelt gratitude to them for their 

consistent advice and encouragement throughout this research work. I would also like to express 

my appreciation to the doctoral committee members Dr. Rahul Vaish (School of Engineering), 

Dr. Manoj Thakur and Dr. Subrata Ghosh (School of Basic Sciences) whose comments and 

suggestions were extremely helpful in improving my thesis. I am also thankful to the staff of 

Indian Institute of Technology, Mandi for their direct or indirect help in completing my research 

work. 

I have been privileged to work with and learn a lot from my colleagues and friends. I 

acknowledge their support, especially, Dr. Anshul Sharma, Mr. Anuruddh Kumar, Mr. Hari 

Vansh, Mr. Ashish Joshi, Mr. Anmol Kothari and Mr. Jitendra Verma.  

I am forever indebted to my parents for their love and guidance. Their patience and 

understanding has been the strongest support in my whole life. This dissertation would not have 

been possible without their care and support. Thank you Mom, Dad, and my entire family. 



vii 
 

CONTENTS  

 
Title Page 
  
DECLARATION i 

ABSTRACT iii 

ACKNOWLEDGEMENT vi 

CONTENTS vii 

LIST OF FIGURES xi 

LIST OF TABLES xxv 

NOMENCLATURE xxvii 

  
  
CHAPTER 1:  INTRODUCTION  
                     1.1    Overview 1 

1.2    Literature review 2 
1.2.1  Theoretical models for plates and shells 3 
1.2.2  Geometrically nonlinear analysis of plates/ shells 5 
1.2.3  Geometrically nonlinear analysis of functionally 

graded  plates/ shells 
10 

1.2.4 Piezoelectricity and piezoelectric materials 13 
1.2.4.1 Coupled thermo-electro-mechanical 

models 
16 

1.2.5    Shape and vibration control of structures 21 
1.2.6 Control schemes 24 

1.3 Motivation of the thesis 30 
1.4    Objectives of thesis 31 
1.5    Structure and Organization of Proposed Thesis 32 
  

CHAPTER 2:   FINITE ELEMENT FORMULATION OF 
PIEZOLAMINATED FUNCTIONALLY GRADED 
STRUCTURES AND ITS VALIDATION 

 

2.1    Introduction 35 
2.2 Piezoelectric and constitutive equations 35 
2.3 Functionally graded materials (FGM) 38 
2.4 Nonlinear finite element formulation 40 

2.4.1 Coordinate systems 47 
2.4.2 Element geometry and displacement field 48 
2.4.3 Strain-Displacement relationships 50 
2.4.4 Electric field 55 
2.4.5 Temperature Field 56 
2.4.6 Potential energy 57 
2.4.7 Kinetic energy 61 
2.4.8 Work potential by the external forces and 

electrical charge 
 

61 

            2.4.9 Equation of motion 62 



viii 
 

2.5 Geometric nonlinear analysis 64
2.5.1 Newton-Raphson Method 65 
2.5.2 Newmark method 67 

2.6 Application to functionally graded smart 
structures 

68 

2.7 Validation of finite element formulation 69 
2.7.1 Static Analysis of various structures 70 

2.7.1.1 Cantilever subjected to end shear 70 
2.7.1.2 Pinched semi-cylindrical shell 70 
2.7.1.3 Spherical shell subjected to 

alternating radial forces 
73 

2.7.2 Static analysis of piezolaminated 
structures 

73 

2.7.2.1 Piezolaminated bimorph beam 
subjected to electrical load 

73 

2.7.2.1.1 Actuation capabilities 74 

2.7.2.1.1 Sensor capabilities 76 
2.7.3 Static analysis of functionally graded 

structures under thermal loading 
77 

2.7.4 Dynamic analysis of functionally graded 
plate 

 

77 

CHAPTER 3: FUZZY LOGIC CONTROLLER DESIGN AND 
EXPERIMENTAL RESULT 

 

3.1 Introduction 81 
3.2 Fuzzy logic and fuzzy logic controller 84 
3.3 Fuzzy logic controller for vibration control 84 
3.4 Design and implementation of a fuzzy logic 

controller 
85 

3.4.1 Fuzzification 86 
3.4.1.1 Linguistic variables, values and 

universe of discourse 
86 

3.4.1.2 Membership functions 89 
3.4.1.3 Fuzzy knowledge base 89 

3.4.1.3.1 Fuzzy control rule base 90 

3.4.2 Fuzzy inference techniques 92 
3.4.3 Defuzzification 93 

3.4.3.1 Center of area method 93 
3.4.3.2 Mean of maximum method 94 
3.4.3.3 Centroid method 94 

3.5 Working of FLC for active vibration control of smart 
structures 

95 

3.6 Conventional control algorithms 99 
3.7 Experimental validation 99 



ix 
 

3.7.1 The experimental setup 100
3.7.1.1  Piezo sensing unit 100 
3.6.1.2   Band pass filter 101 
3.6.1.3   Real time controller 101 
3.6.1.4   Piezo actuation unit 102 

3.7.2 Working of experimental setup  104 
3.7.3 Validation of Fuzzy logic controller with 

experimental results 
105 

3.7.4 Performance of fuzzy logic controller 
compared to conventional controller: 
experimental observation 

108 

3.7.5 Performance of fuzzy logic controller 
compared to conventional controller: 
numerical observation 

110 

3.7.5.1 Cantilever plate under mechanical  
loading 

110 

3.7.5.2 Cantilever plate under thermal 
loading 

114 

3.8 Closure 119 

CHAPTER 4: SHAPE CONTROL OF FUNCTIONALLY GRADED 
STRUCTURES 

 

4.1  Introduction 121 
4.2  Sensing capability 123 
4.3  Actuation capability 127 
4.4  Stress distribution at interfaces 129 
4.5  Shape control of plate panels 130 
4.6  Cylindrical shell 140 
4.7  Spherical shell 149 
4.8 Effect of temperature and electric field on shape 

control 
156 

4.9  Closure 159 
  

CHAPTER 5:  ACTIVE VIBRATION CONTROL OF 
FUNCTIONALLY GRADED STRUCTURES 

 

5.1   Introduction 161 
5.2 Active vibration control of plate panel 162 
5.3   Active vibration control of cylindrical shell structure 174 
5.4 Active vibration control of spherical shell structure 183 

5.5   Closure 193 

  



x 
 

CHAPTER 6: SHAPE AND VIBRATION CONTROL OF FG 
ANTENNA REFLECTOR 

6.1 Introduction 195 
6.2 Shape control of antenna reflector 197 
6.3 Optimum shape control 207 

6.3.1 Optimum location, size and applied voltage to 
FGPM patches for antenna reflector 

208 

6.4  Beam steering and beam shaping of antenna reflector 
using FGPM 

212 

6.5 Active vibration control of antenna reflector 216 
6.6  Closure 
 

221 

CHAPTER 7: CONCLUSIONS AND FUTURE SCOPE  
7.1 Conclusions 223 
7.2 Scope of future work 226 

  
REFERENCES 229 

LIST OF PUBLICATIONS 249 
 


