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ABSTRACT

PERFORMANCE EVALUATION OF PIEZOELECTRIC SENSOR/ACTUATOR ON
INVESTIGATION OF VIBRATION CHARACTERISTICS AND ACTIVE VIBRATION
CONTROL OF A SMART BEAM

Aridogan, Mustafa Ugur
M.S., Department of Aerospace Engineering
Supervisor : Asst. Prof. Dr. Melin Sahin
Co-Supervisor : Dr. Volkan Nalbantoglu

June 2010, 101 pages

In this thesis, the performance of piezoelectric patches on investigation of vibration character-
istics and active vibration control of a smart beam is presented. The smart beam is composed
of eight surface-bonded piezoelectric patches symmetrically located on each side of a can-

tilever aluminium beam.

At first, vibration characteristics of the smart beam is investigated by employment of piezo-
electric patches as sensors and actuators. Smart beam is excited by either impact hammer
or piezoelectric patch and the response of the smart beam particular to these excitations is
measured by piezoelectric patches used as sensors. In order to investigate the performance
of piezoelectric patches in sensing, the measurements are also conducted by commercially

available sensing devices.

Secondly, active vibration suppression of the smart beam via piezoelectric sensor/actuator
pair is considered. For this purpose, system identification of the smart beam is conducted by
using four piezoelectric patches as actuators and another piezoelectric patch as a sensor. The

designed robust controller is experimentally implemented and active vibration suppression of

v



the free and first resonance forced vibration is presented.

Thirdly, active vibration control of the smart beam is studied by employment of piezoelectric
patches as self-sensing actuators. Following the same approach used in the piezoelectric
sensor/actuator pair case, system identification is conducted via self-sensing piezoelectric
actuators and robust controller is designed for active vibration suppression of the smart beam.
Finally, active vibration suppression via self-sensing piezoelectric actuators is experimentally

presented.

Keywords: Vibration Suppression, System Identification, Robust Control, Piezoelectric Sen-

sor and Actuator, Self-Sensing Piezoelectric Actuator
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PIEZOELEKTRIK YAMALARIN AKILLI BIR KIRISIN TITRESIM OZELLIKLERININ
BULUNMASINDA VE TIiTRESIM KONTROLUNDEKI ETKINLIGININ
DEGERLENDIRILMESI

Aridogan, Mustafa Ugur
Yiiksek Lisans, Havacilik ve Uzay Miihendisligi Boliimii
Tez Yoneticisi : Y. Do¢. Dr. Melin Sahin
Ortak Tez Yoneticisi : Dr. Volkan Nalbantoglu

Haziran 2010, 101 sayfa

Bu calismada, akilli bir kirigin titresim Ozelliklerinin bulunmasinda ve titresim kontroliinde
piezoelektrik yamalarin etkinligi sunulmustur. Akilli kiris olarak tanimlanmig yapi, piezoelek-
trik yamalarin tek ucu tutturulmus ve diger ucu serbest olan aliiminyum kirisin her iki ylizeyine

simetrik olarak yapistirilmasiyla olugturulmustur.

Calismanin ilk boliimiinde, akilli kirisin titregsim 6zellikleri piezoelektrik yamalarin algilayici
ve uyarici olarak kullanilmasiyla deneysel olarak aragtirdmigstir. Akalli kiris darbe cekici
ve piezoelektrik yama ile uyarilmis ve akilli kirigin uyariya cevabi piezoelektrik yamanin
algilayici olarak kullanilmasiyla dlciilmiistiir. Piezoelektrik yamanin etkinligini karsilagtirmak
amactyla, akilli kirigin uyariya karsi cevabi, yaygin olarak kullanilan diger tipte algilayicilarla

da ol¢tilmiistiir.

Calismanin ikinci boliimiinde, akilli kirisin titresim kontroliinde piezoelektrik yamalarin algi-
layic1 ve uyarict olarak kullanilmasi ¢aligilmigtir. Bu amacla, dort adet piezoelektrik yama
uyarici olarak ve bir adet piezoelektrik yama da algilayict olarak secilmis, sistemin analitik

modeli bulunmugtur. Tasarlanan giirbiiz kontrolcili deneysel olarak uygulanmig ve titresim

vi



kontroliindeki performansi kirigin serbest ve ilk rezonans frekansindaki zorlanmis titresim

sonuglar ile gosterilmistir.

Calismanin iiciincii boliimiinde ise, akill kirigin titresim kontroliiniin kendiliginden algilayici
olan piezoelektrik uyaric1 yama ile saglanmasi iizerine calisilmistir. Bir dnceki ¢aligma ile
benzer yol izlenerek, oncelikle kendiliginden algilayici olan piezoelektrik uyarici yamalar
ile analitik sistem modeli olusturulmus ve sonrasinda aktif titresim soniimlemesi icin giirbiiz
kontrolcii tasarlanmigtir. Son olarak da, kendiliginden algilayici olan piezoelektrik uyarici

yamalarin kullanilmasiyla elde edilen deneysel titresim kontrolii sonuglari sunulmustur.

Anahtar Kelimeler: Titregsim Soniimlemesi, Sistem Modellenmesi, Giirbiiz Kontrol, Piezoelek-

trik Algilayici ve Uyarict, Kendiliginden Algilayici Piezoelektrik Uyarict

vii



Dedicated to my parents Tiilay and Ismet.

viii



ACKNOWLEDGMENTS

I gratefully thank my supervisor Asst. Prof. Dr. Melin Sahin and my co-supervisor Dr. Volkan
Nalbantoglu for their continuous support and wisdom. Throughout this study, Dr.Sahin and

Dr.Nalbantoglu helped and guided me for the first class of research work.

Asst. Prof. Dr. Melin Sahin opened my mind for experimental modal analysis and structural
dynamics. Dr. Sahin’s supervision, guidance and inspiration encouraged me to work on this

thesis. I would like to thank for his guidance and friendship.

Dr. Volkan Nalbantoglu supported me during my all graduate studies. Dr. Nalbantoglu taught
and guided me for robust control design and implementation. I would like to express my

deepest appreciation to Dr. Nalbantoglu for his encouragements and friendship.

I would like to thank Prof. Dr. Yavuz Yaman. During my undergraduate and graduate studies,

Dr. Yaman enlightened me with his guidance and encouragements.

I would like to thank my company Havelsan and my colleagues for their understandings and
support. I gratefully thank Turkish Aerospace Industries for valuable industrial experience

during my first year of graduate study.

I want to acknowledge Dr. Kam Leang for his supervision, Yingfeng Shan for his friendship
during my graduate studies at Virginia Commonwealth University. Dr. Leang taught me how
to deal with electronics and work courageously and patiently. Dr. Leang gave me the op-
portunity to design and implement feedback and feedforward controllers for nano-positioning

systems.

Finally, I would like to thank all of my friends and my family members, especially to my
father Ismet and my mother Tiilay. Throughout my life, they guided me for the truth way of

living, learning and discovering.

X



TABLE OF CONTENTS

ABSTRACT . . . . . iv
OZ . . e vi
ACKNOWLEDGMENTS . . . . . . . e e ix
TABLE OF CONTENTS . . . . . . .. s X
LISTOF TABLES . . . . . . s e Xiv
LISTOFFIGURES . . . . . . . e e e e XV
CHAPTERS
1 INTRODUCTION . . . . . e e e e e e e 1
1.1 Background of the Study . . . . . . ... Lo oL 3
1.1.1 Piezoelectric Materials for Active Systems . . . . . . . . . 3
1.1.1.1 Piezoelectric Actuators . . . . . .. ... .. 4
1.1.1.2 Piezoelectric Sensors . . . . . ... ... 5
1.1.1.3 Self-Sensing Piezoelectric Actuators . . . . . 6
1.1.2 Active Vibration Control via Piezoelectric Materials . . . 7
1.1.2.1 Control Design Methodologies for Piezoelec-
tric Sensors and Actuators . . . . . . ... .. 7
1.1.2.2 Robust Control Design . . . . ... ... .. 9
1.1.3 Research Studies on Smart Structure Applications
in the Department of Aerospace Engineering at Middle
East Technical University . . . . . ... ... ... .... 10
1.2 Motivationof the Study . . . . .. .. ... ..., 11
1.3 Objectivesof the Study . . . . . . . . ... .. .. ... 11
1.4 Outlineofthe Study . . . . . . ... ... ... ... ....... 12

2 INVESTIGATION OF VIBRATION CHARACTERISTICS OF A SMART
BEAM VIA PIEZOELECTRICPATCH . . . . .. ... ... ... ..... 14



2.1 Introduction . . . . .. ... 14
2.2 Smart Beam . . . .. ... ... ... 15
2.3 Excitation of Smart Beam via Impact Hammer . . . . . . ... ... 16
2.3.1 Single-Axis Accelerometer . . . . . . .. ... ...... 18
232 Laser Displacement Sensor . . . . .. ... ........ 19
2.33 Piezoelectric Patchas Sensor . . . . . . ... ... .... 21
2.3.3.1 Piezoelectric Patch 1B . . . . . . .. ... .. 21
2332 Piezoelectric Patch4A . . . . . . .. ... .. 22
234 Results of Excitation of Smart Beam via Impact Hammer . 24
24 Excitation of Smart Beam via Piezoelectric Patch . . . . . ... .. 24
24.1 Single-Axis Accelerometer . . . . . ... ... ... ... 26
2.4.2 Laser Displacement Sensor . . . . . . ... ........ 27
2423 Piezoelectric Patchas Sensor . . . . . . ... ... .... 29
24.3.1 Piezoelectric Patch 1B . . . . . . .. ... .. 29
2432 Piezoelectric Patch4A . . . . . . .. ... .. 30
244 Results of Excitation of Smart Beam via Piezoelectric Ac-
tuator . ... L 32
2.5 Piezoelectric Patches in Bimorph Configuration . . . ... ... .. 33
2.6 Conclusion . . . . . . . . ... L 35
ACTIVE VIBRATION CONTROL OF A SMART BEAM VIA PIEZOELEC-
TRIC SENSOR/ACTUATOR PAIR . . . . .. ... ... ... ....... 36
3.1 Introduction . . . . ... ... 36
32 System Identification of the Smart Beam via Piezoelectric Sensor/Actuator

33

Pair . . . . .o 37
3.2.1 Experimental Frequency Response . . . . . .. ... ... 37

3.2.1.1 Experimental Setup . . . . . ... ... ... 37

3.2.1.2 Frequency Response . . . . . . ... ... .. 39
322 Analytical Model of the Smart Beam . . . . . . . ... .. 40
Robust Controller Design . . . . . . ... ... ... .. ...... 41
3.3.1 H, Control Theory . . . . . ... ... ... ... .... 42
3.3.2 pAnalysisTheory . . . . ... ... ... ... ... 44

X1



3.3.3 System Control Objectives and Uncertainty Models . . . . 45

3.3.3.1 Desired Performance Weight (W) . . . . . . 46
3.3.3.2 Disturbance Weight (Wy) . . . . . . . .. .. 46
3.3.3.3 Noise Weight (W,,) . . .. ... ... .... 47
3.3.34 Actuator Limitation Weight (W,) . . . . . . . 48

3.335 Multiplicative Input Uncertainty (W,, and A) . 49

334 Ho Synthesis . . . . ... ... ... .. ......... 51
3.3.5 p Analysis of Hy, Controller . . . . . .. ... ... ... 54
3.3.6 H, Controller Design and Performance Specifications . . 55
3.3.7 u Analysis for Designed H,, Controller . . . . ... ... 56
34 Active Vibration Control Experiments . . . . . .. ... ... ... 56
34.1 Experimental Setup . . . . . .. ... ... ... ..... 57
34.2 Suppression of Free Vibration . . . ... ... ... ... 59
343 Suppression of the First Resonance Forced Vibration . . . 60
344 Vibration Suppression in Frequency Domain . . . . . . . 62
3.5 Conclusion . . . . . . . . ... L 63
ACTIVE VIBRATION CONTROL OF A SMART BEAM VIA SELF-SENSING
PIEZOELECTRIC ACTUATOR . . . . . . . ... ... ... ... ... 64
4.1 Introduction . . . . . ... 64
4.2 System Identification of the Smart Beam
via Self-Sensing Piezoelectric Actuator . . . . . ... ... .. ... 65
421 Self-Sensing Piezoelectric Actuator . . . . . .. ... .. 65
422 Experimental Frequency Response . . . . . ... ... .. 68
4221 Experimental Setup . . . . .. ... ... .. 68
4222 Frequency Response . . . . . . .. ... ... 69
4.2.3 Analytical Model of the Smart Beam . . . . . . ... ... 70
4.3 Robust Controller Design . . . . . . ... ... ... ........ 71
43.1 System Uncertainties and Performance Specifications . . . 72
4.3.1.1 Desired Performance Weight (W) . . . . . . 72
43.1.2 Disturbance Weight (Wy) . . . . . . . .. .. 73
43.1.3 Noise Weight (W,,)) . . .. ... ... .... 74

Xii



43.14 Actuator Limitation Weight (W,) . . . . . .. 75

4.3.1.5 Additive Uncertainty (W gg and A) . . . . . . 75

432 Synthesis of System Inputs and Outputs . . . . . . .. .. 78

433 H, Controller Design and Performance Specifications . . 80

434 u Analysis for Designed H,, Controller . . . . ... ... 81

4.4 Active Vibration Control Experiments . . . . . .. ... ... ... 82

4.4.1 Experimental Setup . . . . ... ... ... ........ 83

442 Suppression of Free Vibration . . . ... ... ... ... 84

4.4.3 Suppression of the First Resonance Forced Vibration . . . 84

444 Vibration Suppression in Frequency Domain . . . . . . . 85

4.5 Conclusion . . . . . . . . ... L 87

5 DISCUSSION . . . . . e e 88

5.1 Achievements . . . . . . ... . ... 88

5.2 Future Work . . . . . . . ... 91

6  CONCLUSION . . . . . e s, 92

REFERENCES . . . . . . e 94
APPENDICES

A INVERTING VOLTAGE AMPLIFIER CIRCUIT . . . ... ... ...... 99

B SELF-SENSING BRIDGE CIRCUIT ANALYSIS . . . .. ... ... .... 100

xiii



LIST OF TABLES

TABLES

Table 2.1 Analysis Setup Configuration for Impact Hammer . . . . . . . .. ... .. 17

Table 2.2 Resonance Frequencies of Smart Beam Obtained via Impact Hammer Exci-

tatioN . . . . . . e e e 24
Table 2.3 Analysis Setup Configuration for Piezoelectric Patch . . . . . .. ... .. 25
Table 2.4 Resonance Frequencies of Smart Beam via Piezoelectric Patch Excitation . 32

Table 3.1 Analysis Setup Configuration for System Identification by Piezoelectric

Sensor/Actuator Pair . . . . . . . . . ... 38

Table 4.1 Analysis Setup Configuration for System Identification by Self-Sensing Piezo-

electric Actuator . . . . . . . .. e e e e e e 68

X1V



LIST OF FIGURES

FIGURES

Figure 2.1 SmartBeam . .. . ... ... ... ... ... ... ... 15
Figure 2.2 Piezoelectric Patch (SensorTech - BM500 PZT Patch) . . ... ... ... 15
Figure 2.3 Piezoelectric Patches on Smart Beam . . . . .. .. ... .. .. ..... 16
Figure 2.4 Location of Impact Hammer and Sensing Devices on Smart Beam . . . . . 16
Figure 2.5 Experimental Setup for Impact Hammer Excitation . . . . . . .. ... .. 17
Figure 2.6 Sample Time Records of Impact Force and Acceleration . . . . .. .. .. 18
Figure 2.7 Frequency Response Obtained by Impact Hammer and Accelerometer . . . 19
Figure 2.8 Sample Time Records of Impact Force and Tip Displacement . . . . . . . 20

Figure 2.9 Frequency Response Obtained by Impact Hammer and Laser Disp. Sensor 20
Figure 2.10 Sample Time Records of Impact Force and Piezoelectric Patch 1B . . . . . 21

Figure 2.11 Frequency Response Obtained by Impact Hammer and Piezoelectric Patch

1B . 22
Figure 2.12 Sample Time Records of Impact Force and Piezoelectric Patch4A . . . . . 23

Figure 2.13 Frequency Response Obtained by Impact Hammer and Piezoelectric Patch

4A L 23
Figure 2.14 Excitation Configuration for Piezoelectric Patch . . . . . . ... ... .. 25
Figure 2.15 Sample Time Records of Signal Generator and Accelerometer . . . . . . . 26

Figure 2.16 Frequency Response Obtained by Piezoelectric Patch 1A and Accelerometer 27
Figure 2.17 Sample Time Records of Signal Generator and Laser Displacement Sensor 28

Figure 2.18 Frequency Response Obtained by Piezoelectric Patch 1A and Laser Dis-

placement Sensor . . . . . ... L e 28

Figure 2.19 Sample Time Records of Signal Generator and Piezoelectric Patch 1B . . . 29

XV



Figure 2.20 Frequency Response Obtained by Piezoelectric Actuator Patch 1A and

Piezoelectric Sensor Patch 1B . . . . . . . . . ... . ... ... ... ..., 30

Figure 2.21 Sample Time Records of Signal Generator and Piezoelectric Sensor Patch

Figure 2.22 Frequency Response Obtained by Piezoelectric Actuator Patch 1A and

Piezoelectric Sensor Patch 4A . . . . . . . . . . . 31

Figure 2.23 Frequency Responses Obtained by Piezoelectric Sensor Patch 1B and Piezo-

electric Sensor Patch 4A . . . . . . . . . ..o 33

Figure 2.24 Sample Time Records of Signal Generator and Piezoelectric Sensor Patch

4A for Bimorph Configuration of Piezoelectric Actuator Patches (1A-1B) . . . . . 34

Figure 2.25 Frequency Response Obtained by Piezoelectric Actuator Patches (1A-1B)

and Piezoelectric Sensor Patch4A . . . . . . . . . ... . ... ... ... 34

Figure 2.26 Comparison of Frequency Responses of Monomorph and Bimorph Patch

EXCitations . . . . . . . . . . . ... 35
Figure 3.1 Experimental Setup for Modelling . . . . . .. ... ... ... .. .... 38
Figure 3.2 Measured Frequency Response for Piezoelectric Sensor/Actuator Pair . . . 39

Figure 3.3 Frequency Responses of Estimated Transfer Function of Smart Beam via

Piezoelectric Sensor/Actuator Pair . . . . . . . ... ... .. ... ... ..., 41
Figure 3.4 General Interconnection Structure . . . . . . . ... ... .. .. ..... 42
Figure 3.5 Lower Fractional Transformation Block Diagram of Plant P and Controller K 43

Figure 3.6 Upper Fractional Transformation Block Diagram of Closed-Loop System
M and Uncertainty Block A . . . . . .. .. .. L oo 44

Figure 3.7 Block Diagram for Robust Controller Design via Piezoelectric Sensor/Actuator

Pair . . . . L e 45
Figure 3.8 Frequency Response of Desired Performance Weight (W),) . . . . . . . .. 46
Figure 3.9 Frequency Response of Disturbance Input Weight (W) . . . . . . . . . .. 47
Figure 3.10 Recorded Noise Signal . . . . . . .. ... ... ... ... ........ 48
Figure 3.11 Power Spectral Density of the Noise Signal . . . . . ... ... ... ... 48
Figure 3.12 Block Diagram for Multiplicative Input Uncertainty . . . . ... ... .. 49
Figure 3.13 Frequency Response of Nominal and Perturbed Plants . . . . . .. .. .. 50

Xvi



Figure 3.14 Frequency Response of Multiplicative Modelling Uncertainty (W,,) . . . . 51
Figure 3.15 Block Diagram for Robust Controller Design . . . . . . ... ... .... 51
Figure 3.16 Generalized Plant with Inputs and Outputs . . . . . .. . ... ... ... 52

Figure 3.17 Steps in Robust Controller Design (a) System Input and Outputs (b) H,

Controller Design (¢) u Analysis of H,, Controller . . . . ... ... ... .... 54
Figure 3.18 u Analysis for Designed Hy, Controller . . . . . .. ... ... ...... 55
Figure 3.19 Open Loop and Closed Loop Frequency Responses . . . . . . . ... ... 56
Figure 3.20 Singular Values of the Closed-Loop System . . . . . . .. ... ... ... 57

Figure 3.21 Experimental Setup for Controller Applications with Piezoelectric Sen-

sor/Actuator Pair . . . . . . . . ... 58

Figure 3.22 Measurements by Laser Displacement Sensor and Piezoelectric Patch (2A) 59

Figure 3.23 Open-Loop Time Response for 7mm Initial Tip Displacement . . . . . . . 60
Figure 3.24 Closed-Loop Time Response for 7mm Initial Tip Displacement . . . . . . 60
Figure 3.25 Open-Loop Time Response for the First Resonance Forced Vibration . . . 61
Figure 3.26 Closed-Loop Time Response for the First Resonance Forced Vibration . . 61
Figure 3.27 Performance Specification in Frequency Domain . . . . . .. .. ... .. 62
Figure 4.1 Bridge Circuit for Self-Sensing Piezoelectric Actuator . . . . ... .. .. 66
Figure 4.2 High Pass Characteristics of Bridge Circuit . . . . . . ... ... ... .. 67
Figure 4.3 Experimental Setup for Modelling . . . . . ... .. ... ... ...... 69
Figure 4.4 Measured Frequency Response for Self-Sensing Piezoelectric Actuator . . 70

Figure 4.5 Frequency Responses of Estimated Transfer Functions of Smart Beam via

Self-Sensing Piezoelectric Actuator . . . . . . . . .. ... ... ... ... ... 71

Figure 4.6 Block Diagram for Robust Controller Design via Self-Sensing Piezoelec-

tric ACtuator . . . . . . . . ... 72
Figure 4.7 Frequency Response of Desired Performance Weight (W,,) . . . . .. . .. 73
Figure 4.8 Frequency Response of Disturbance Input Weight (W) . . . . . . .. . .. 74
Figure 4.9 Recorded Noise for Self-Sensing Piezoelectric Actuator . . . . . .. . .. 74

Figure 4.10 Power Spectral Density of the Noise for Self-Sensing Piezoelectric Actuator 75

Figure 4.11 Block Diagram for Additive Input Uncertainty . . . . . ... ... .. .. 76

Xvii



Figure 4.12 Experimental Frequency Responses for Different Actuation Voltages

Figure 4.13 Frequency Response of Additive Uncertainty (Wyg) . . . . . . . . . . ..
Figure 4.14 Block Diagram for Robust Controller Design . . . . . . . ... ... ...
Figure 4.15 Generalized Plant with Inputs and Outputs . . . . . . .. ... ... ...

Figure 4.16 Open Loop and Closed Loop Frequency Responses for Self-Sensing Piezo-

electric Actuator Configuration . . . . . . . . . ... ... ...

Figure 4.17 Singular Values of the Closed-Loop System with Self-Sensing Piezoelec-

tric ACtUAtOr . . . . . . . e e e e e e e e e e e,

Figure 4.18 Experimental Setup for Controller Applications with Self-Sensing Piezo-

electric ACtuator . . . . . . . . . . ... e e
Figure 4.19 Open-Loop Time Response for 7mm Initial Tip Displacement . . . . . . .
Figure 4.20 Closed-Loop Time Response for 7mm Initial Tip Displacement . . . . . .
Figure 4.21 Open-Loop Time Response for the First Resonance Forced Vibration
Figure 4.22 Closed-Loop Time Response for the First Resonance Forced Vibration

Figure 4.23 Performance Specification in Frequency Domain . . . . . .. .. ... ..

Figure 5.1 Vibration Suppression by Self-Sensing Piezoelectric Actuator Configura-

tion After Sensor Failure of Piezoelectric Sensor/Actuator Pair . . . . ... ...

Figure A.1 Inverting Voltage Amplifier Circuit . . . . . .. .. ... ... ... ...

Figure B.1 Application of Kirchoft’s Voltage Law (a) Loop-1 Analysis (b) Loop-2
Analysis . . . .. e e

XViil



CHAPTER 1

INTRODUCTION

The common sources of mechanical stresses on aerospace structures are dynamic loads and
in fact, dynamical load cycles can damage or cause a reduction in the service life of aerospace
structures. Therefore, the investigation of vibration characteristics is an important design
phase of aerospace structures which are frequently experiencing dynamic loading conditions.
In essence, there are tremendous amounts of numerical and experimental studies focused on
investigation of the vibration characteristics and attenuation of vibration levels of aerospace
structures. When the frequency of the dynamic loading matches with the natural frequency of
the structure, the resonance occurs, and it may cause severe structural vibrations. In this situa-
tion, severe vibrations may damage components of aerospace vehicles, as aerospace structures

are mostly lightweight and have low-stiffness characteristics.

The undesirable effects of induced-vibration in aerospace vehicles can be exemplified by re-
search studies for a fighter-jet, a helicopter and a satellite. Over the past decade, research
studies showed that severe vibrations in the form of buffet can damage the components of
a fighter-jet [1, 2]. Since flight envelope of fighter-jets includes many highly acrobatic ma-
neuvers and certain speeds higher than the speed of sound, severe vibrations occur and may
damage their components. The cracks in the components of fighter-jets may cost millions
to be replaced and maintained. On the other hand, helicopters are the aerial vehicles whose
structures are under dynamic loading in all flight envelopes because of their rotary elements
such as main rotor, tail rotor and transmission units. Their cabin crew are exposed to the
high levels of vibration in all flight zones and therefore, there are researches focusing on the
investigation of vibration characteristics of a helicopter seat and effects on cabin crew health
[3, 4, 5]. Among these studies, Chen et al. [5] mentioned that vibration at the helicopter

seat causes excitation at the natural frequency of the spine and abdominal of the cabin crew



and exposition to these types of vibrations for long time causes variety of health problems on
cabin crew. Satellites are other type of aerospace vehicles which are under dynamic loading
during launch and in-orbit operations. The induced-vibrations may cause both reduction of

the precision of pointing accuracy and cracks on the components of small satellites [6, 7].

Meanwhile, the effort on miniaturization of aerospace vehicles continues and the deployment
of micro-vehicles depends on actuation mechanisms and controlling the vibration levels at
minimal components of these type vehicles [8]. There are recent studies focused on undesir-

able effects of vibration and new design patterns of these micro-air vehicles [9, 10].

As a summary, the outcomes of vibration attenuation of aerospace vehicles can be listed as

follows:

o Increasing the service life of aerospace structures,

e Decreasing ambient noise caused by vibratory-behavior structures of aerospace vehi-

cles,

e Reducing pollution by increasing the efficiency of propulsion system of aerospace ve-

hicle,

e Increasing the fuel efficiency of aerospace vehicle by reducing the drag caused by

vibratory-behavior of structures,
o Increasing the precision pointing accuracy of aerospace vehicles such as satellites,

e Protection of the cabin crew and the avionics from the hazards of long-hour exposition

to vibration environment.

It is obvious that vibration suppression of structures is very crucial for better, safer and easier
life. Therefore, engineers are attempting to suppress such vibrations of structures by using
passive and active methodologies. However, passive vibration suppression techniques are
generally not suitable for low frequency applications [11]. Recently, active and adaptive vi-
bration control are receiving considerable attention as alternative solutions to those passive
methods. The technological advances in piezoelectric materials also motivate scientists and
engineers to use these materials for the active vibration control as well. The atomic lattice

structure of piezoelectric materials provides the transformation of mechanical deformation



into electric signal and vice versa [12]. This property of piezoelectric materials enables them
to be used as an actuator and as a sensor. Besides, piezoelectric materials have various addi-
tional advantages of being lightweight, easy to implement, exhibiting good strain sensitivity
and having high bandwidths [13]. Hence, they are offering effective solutions when used as
patches in the active vibration suppression problems of flexible structures due to their direct

(i.e. sensing) and converse (i.e. actuation) piezoelectric effects.

1.1 Background of the Study

This section presents literature review for this thesis. In the first section, piezoelectric mate-
rials for active systems are explained with historical perspectives. Research works focused
on employment of piezoelectric materials as sensors, actuators and self-sensing actuators are
exemplified with their successes and challenges in the different areas of technology and indus-
try. In the second section, control methodologies for active vibration control are described.
Finally, the research studies on smart structure applications conducted in the Department of

Aerospace Engineering at Middle East Technical University are presented.

1.1.1 Piezoelectric Materials for Active Systems

Sensor and actuators based on piezoelectric materials have been widely used in different ar-
eas of technology and industry [8]. Today, piezoelectric materials are used for auto-focusing
of camera lenses [14], reducing the vibration of a kitchen hood [15], increasing precision of
nano-positioners [16, 17], active vibration control of aerospace structures [18]. Especially in
active vibration control of structures, the piezoelectric ceramics are built as thin plates to be
bonded on or embedded into structures to have smart and intelligent structures [19, 20]. The
piezoelectricity which is used to make our lives easier, better and safer is discovered by Curie
brothers in the last quarter of the 19" century [21, 22]. Curie brothers correlated the direc-
tion of applied pressure and development of polar electricity in hemihedral crystals and this
phenomenon is named as “piezoelectricity” by Hankel [22]. Then, Lippmann who is awarded
Nobel Prize in Physics found that imposition of electric charges causes mechanical deforma-
tion [22]. Eventually, Curies’ and Lippmann’s discoveries enabled piezoelectric materials to
be employed as sensors and actuators. In the following sections, employment of piezoelectric

material as actuators, sensors and self-sensing piezoelectric actuator are explained.



1.1.1.1 Piezoelectric Actuators

The transformation of electrical signal to mechanical deformation enables piezoelectric ma-
terials to be used as actuators. Since piezoelectric materials are very effective with their small
elongation and large force capabilities, they are used as actuators in different industrial appli-
cations such as active vibration control [18], forming process [23], nano and micro robotics

[24] and nano-positioning [16].

The aim of this research study is to use each piezoelectric patch bonded on the smart beam
for excitation, disturbance, and disturbance rejection of the smart beam independently. The
piezoelectric materials’ actuation and sensing capabilities depend on the location where they
are bonded to the host structure. Therefore, in order to effectively use piezoelectric materials’
actuator capability for active vibration suppression, optimization studies were conducted for
placements of piezoelectric actuators on different structures such as beams, plates etc. [25,
26, 27, 28, 29]. Bruant et al. [28] considered the minimization of mechanical energy for
actuators and maximization of the state output of sensor. They found out that the optimal
locations for piezoelectric actuator and sensor patches for a cantilever beam are fixed-end and
very close to fixed-end. By choosing these locations, the effectiveness of piezoelectric sensor
and actuator pair can be maximized for vibration suppression. Barboni et al. [25] also used an
analytical approach in order to optimize the geometry and location of the piezoelectric patch
on the cantilever-beam. Their research study focused on the structure’s bending moment
induced by the piezoelectric material. For this purpose, they modelled interaction of the
beam and piezoelectric material by using pin-force model. Their results revealed that optimal
locations of piezoelectric materials exist to maximize the authority over a certain mode of
the structure. Meanwhile, Main et al. [27] explained that the stiffness of piezoelectric patch
affects stiffness of the host structure. Authors also pointed out that in order to use piezoelectric
patches effectively, the thickness of piezoelectric patch should also be considered. Halim et
al. [26] conducted an analysis to find an optimal position for collocated sensors and actuators
on a thin plate. Their research work focused on controllability of the structure by collocated
sensors and actuators. Their maximum modal controllability approach claims that the optimal
location for collocated piezoelectric actuator and sensor is the middle of the simply supported
plate, however their spatial controllability approach’s solution for optimal placement is near

to the corner of the plate. The conclusion of this study is that the optimization study should
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be conducted for the selected modes of the complex structures by using different modelling

techniques.

As a conclusion for the review of the optimization studies for placement of piezoelectric ma-
terials, the common optimal solution for the location of the piezoelectric actuator and sensor
is the near fixed-end due to the strain characteristics at the free and the first resonance fre-
quency forced vibrations of the cantilever beam-like structures . The other remark is that the
stiffness of the structure can be kept unaffected via keeping the thickness of the piezoelectric

material less than the thickness of the structure.

1.1.1.2 Piezoelectric Sensors

In this study, piezoelectric material bonded on the smart beam is employed as a vibration
sensor and its sensing capability is also verified by commercially available sensing devices.
Besides, several researches have been conducted on structural health monitoring and damage
identification by employing piezoelectric materials as sensors since the mechanical deforma-
tion of the piezoelectric material can be detected by its electrical response. Giurgiutiu et
al. [30] identified seeded cracks and corrosion on aging-aircraft panels by employing piezo-
electric materials as sensors. The piezoelectric wafer sensors were installed to the realistic
panels and by using elastic wave propagation and electro-mechanical approaches, the dam-
ages were detected satisfactorily. Liberatore et al. [31] used piezoelectric material as a sensor
and developed a new detection method for structural health monitoring of a simply supported
beam. In this research work, structural faults were investigated by using piezoelectric sensor.
It is concluded that the structural damage with its location can be detected by piezoelectric
sensors. The results of these research studies also show that the sensing capability of piezo-
electric materials enables them to be used as sensors for investigation of characteristics of the
host structures. However, it is obvious that the verification of the sensing capability of the
piezoelectric material should be studied before implementing them to real structures which is
mentioned by Glaser et al. [32]. In their report, the smart materials and active sensing tech-
nology are reviewed and it is concluded that sensor confidence and failure shall be identified

prior to employment in the structural health monitoring.

As the importance of piezoelectric material in structural health monitoring and intelligent

systems increased, the electrical model of piezoelectric material has also been studied. For



instance, Guan and Liao [33] studied the specifications of piezoelectric materials for stand-
alone and bonded to the structure cases. They constructed circuitry models of the piezoelectric
materials and experimentally verified their models. It is found that the impedance of piezo-
electric materials are very high at low frequencies and the behavior of the impendence with
frequency reveals that piezoelectric materials behave like a capacitor. This behavior of the
piezoelectric material enables them to be modelled as a voltage source and capacitor in self-

sensing actuation configurations.

1.1.1.3 Self-Sensing Piezoelectric Actuators

The understanding of the behavior of piezoelectric materials bonded on structure leaded the
usage of piezoelectric material as a sensor and an actuator simultaneously. The self-sensing
actuation of piezoelectric materials provides the advantageous of usage of one piezoelectric
material as a sensor and actuator at the same time. However, it has many drawbacks that are
studied and solved by several researches. In fact, the key element of the self-sensing actuation
is to build a special bridge circuit to decompose actuation and sensing signals of piezoelectric

material.

In this thesis, piezoelectric material bonded on the smart beam is used as a self-sensing actu-
ator in order to suppress vibration of the smart beam. The bridge circuit used in the microdis-
pensing system by Putra et al. [34] is selected to be used in the self-sensing piezoelectric
configuration for the active vibration suppression. Putra et al. satisfactorily used self-sensing
piezoelectric actuator for trajectory tracking of an injector of the microdispensing system.
In their research study, classical proportional-integral-derivative (PID) and adaptive feedfor-
ward controllers were designed and implemented for self sensing piezoelectric actuator for
trajectory tracking and it is mentioned that the adaptive controller for self sensing piezoelec-
tric actuator is needed to have better controller performance due to the uncertainties in the

system.

Simmers et al. [35] studied uncertainties due to the variation of capacitance of piezoelectric
material employed as a self-sensing actuator. The capacitance variation of the piezoelectric
materials with environmental conditions is the primary cause of disruption of the balance
of the bridge circuit. It is analytically and experimentally shown that the mismatches in

the electrical model of the piezoelectric material causes unstabilities with negative feedback



controllers. In addition to these, it is stated that the order of resonances and anti-resonances in
frequency response obtained via self-sensing actuator reveals the evidence of stability of the
system. They experimentally showed that if the matched capacitance in the bridge circuit is
selected greater than the capacitance of the piezoelectric material, the anti-resonance occurs
before the resonance in the frequency response and it results in unstability of the self-sensing

actuator with negative feedback controller.

1.1.2 Active Vibration Control via Piezoelectric Materials

The analytical model for the piezoelectric actuator is developed and verified experimentally
for active vibration control by Crawley and Luis [36] in 1983. Their study showed that piezo-
electric materials can be used effectively for vibration suppression and initiated the era of
active vibration control via piezoelectric material. In the following sections, control design
methodologies for different piezoelectric actuator and sensor configurations and literature re-

view of robust control are presented.

1.1.2.1 Control Design Methodologies for Piezoelectric Sensors and Actuators

The attenuation of vibration levels of structures has many outcomes in different areas of our
lives. Alkhatib and Golnaraghi [37] reviewed active vibration control strategies for civil and
mechanical engineering applications. In their review paper, research studies conducted on
active vibration control are classified according to their controller types as feedback and feed-
forward. It is mentioned that the accuracy of the model restricts the performance of the feed-
back controller, in contrast to this disadvantage, feedback controllers guarantee stability when
the actuator and sensor are collocated. For feedforward controller, it is stated that controllers
in this type can successfully suppress the vibration for a local region in frequency domain,
yet they need high amount of real-time computations. The conclusion drawn from this review
paper is that the design of active vibration control system should be specific for the type of

vibration problem and tradeoff studies should be conducted for controller designs.

Flexible continuous systems have infinite-number of modes and if the controller is designed
for finite-number of modes, it can cause unstabilities at high frequency modes when it is

implemented to real structures and this effect is called as “spillover effect” [38]. In order to



avoid this spillover effect, researchers proposed positive position feedback (PPF) controller
for active vibration control since PPF controller rolls off at high frequencies [39] and does not

cause spillover effects [40].

The other challenging issues of active vibration control via piezoelectric materials are the
collocated sensor and actuators and also self-sensing actuators. Interlacing of poles and zeros
occurs when the frequency response of the structure is obtained via collocated sensor and
actuators. Integral resonant control is applied to a cantilever-beam like structure which has
collocated piezoelectric sensor and actuators on it by Aphale et al. [41]. In order to solve
the interlacing issue of the poles and zeros of the system, the addition of a feed-through term
is proposed and changes in the system due to this addition is solved by negative feedback

controller.

As also mentioned earlier, the challenges of active vibration control via self-sensing piezo-
electric actuator have been studied and self-sensing piezoelectric actuator is used effectively
in vibration suppression [35]. For example, Yang and Jeng [12] studied active vibration sup-
pression via self-sensing piezoelectric actuator by the feedback controller. At first, the optimal
location of self-sensing piezoelectric actuator was investigated by considering the maximum
stiffness effect of actuator on structure and it is found that the best location is the near to
the fixed-end of a cantilever beam. Then, they presented their strain rate circuit for using
piezoelectric material as a sensor and an actuator simultaneously. After this, using a classi-
cal feedback controller, the effectiveness of self-sensing actuator for vibration suppression is
presented. The unstable response of the controller is shown because of unbalanced bridge
circuit, but these drawbacks are not considered in their controller design. Meanwhile, Zhang
et al. [42] also built a circuit to sense the rate of strain and decompose the sensing and actu-
ation signals. They investigated the issues with self-sensing piezoelectric actuator for active
vibration suppression for a clamped plate. By considering the parametric uncertainty in the
compensator circuit, they designed a robust controller via u synthesis. It is presented that the
u synthesis can be used to design a robust controller via self-sensing piezoelectric actuator,

however the stability of the controller is not well guaranteed.



1.1.2.2 Robust Control Design

Zhou et al. [43] named robust control as the best blend of classical control and modern
control theories since robust control design methodology offers many advantageous compared
to other feedback control techniques for robust stability and performance. Historical aspects
of robust controller design methodologies with its role in active vibration control are reviewed

in this section.

Almost three decades ago, Zames [44] described the plant uncertainty and sensitivity reduc-
tion as an optimization problem and presented a systematic solution to feedback controller
design problems by introducing weighted seminorms and approximate inverses. This re-
search of Zames is the first spark of studies regarding to the design of feedback controller by
minimizing the H, norm of a closed loop transfer function. Francis [45], Glover [46] and
Doyle [47] presented results for state-space formulations for H,, controller problems and it is
showed that the solution of algebraic Riccati Equation leads to the solution of state-feedback
H, problem [43]. After the u analysis is introduced by Doyle, the performance of H,, con-
troller is assessed and u analysis with H, controller became a popular and reliable technique

to design and assess the controller.

H,, controller has been used for active vibration control of flexible structures [37]. The vibra-
tion suppression of the high speed flexible linkage system was conducted with piezoelectric
sensor and actuator via Ho, controller by Zhang et al. [48]. In their study, high frequency
dynamics of the flexible linkage system is considered as an uncertainty in the system and the

effectiveness of the robust H,, controller is numerically shown.

Active vibration control of a plate is achieved via H,, controller by Seto and Kar [49]. In
their study, analytical model of the plate is estimated as lumped mass with a three degree of
freedom. They implemented the designed H., controller and demonstrated active vibration

suppression of the plate experimentally.

Regarding the research studies on smart structure applications in the Department of Aerospace
Engineering at Middle East Technical University, H., and u controllers are designed and u
analysis are used to suppress the vibration of the smart structures [18, 50]. The details of

these research studies are presented in the next section.



1.1.3 Research Studies on Smart Structure Applications

in the Department of Aerospace Engineering at Middle East Technical University

Sahin et al. [18] presented theoretical and experimental studies on investigation of vibration
characteristics and active vibration control in Aerospace Engineering Department of Middle
East Technical University. The structures used in these studies are cantilever-beam like and
plate-like structures called as smart beam and smart fin respectively. The theoretical studies
are conducted in order to optimize the location of piezoelectric materials, to determine maxi-
mum admissible actuation value for piezoelectric material and to find out the effect of bonding
piezoelectric materials to host cantilever-beam like and plate-like structures. Furthermore, the
experimental studies are carried out to demonstrate effectiveness of active vibration suppres-
sion via designed controllers [18]. For experimental studies, piezoelectric materials were used

as actuator while laser displacement sensor and strain gages were employed as sensors.

Caliskan [20] presented finite element approach for investigation of static and dynamic be-
haviors of the smart structures. He underlined that finite element approach is a very effective
analysis tool for bonded piezoelectric materials when thermo-mechanical-electrical specifica-
tions of piezoelectric material are included. For a cantilever-beam, Yaman et al. [51] pointed
out that the piezoelectric materials have more actuation ability as they are placed closer to

clamped-end and selected bigger in size.

Ulker [52] designed Ho, and u controllers for active vibration suppression of smart beam and
smart fin for free and forced vibration. In the framework of Ulker [52] studies, experimental
demonstration of active vibration control were conducted by building experimental setups
and implementing controllers. Ulker [52] showed that H., and i controllers can satisfactorily
suppress free and forced vibrations of smart beam and smart fin while piezoelectric materials
are used as actuators, laser displacement sensor and strain gages are employed as vibration

SENSOrs.

Kircali [53] worked on a spatial H, controller for active vibration suppression of a smart
beam. The aim of spatial H,, controller is to suppress the vibration over the entire structure in
a spatial sense. In his research work, Kircali [53] used piezoelectric material as actuator and
laser displacement sensor as the sensor and also used assumed-modes technique in order to

acquire spatial model of the smart beam. He designed and implemented spatial H., controller
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and also designed pointwise H, controller to compare the effectiveness of the controllers.
Kircali et al. [50] pointed out that designed spatial H., controller can effectively suppress the

first two flexural modes of the smart beam.

Karadal [54] studied active flutter suppression of the smart fin by considering unsteady aero-
dynamic loads on the structure. He obtained numerical model of piezoelectric patches bonded
on smart fin and a state-space representation of the aeroelastic model of smart fin. Using the
state-space model, he designed H,, controller by using parametric uncertainty and concluded
that H,, controller via piezoelectric actuator can be used in order to suppress flutter of a smart

fin.

1.2 Motivation of the Study

In the former research studies [18] piezoelectric materials are employed for active vibration
suppression of cantilever-beam like and plate-like structures. In these studies, piezoelectric
materials are used as actuators; and strain gauges and laser displacement sensor are chosen as
sensing devices. In this particular study, piezoelectric materials are used as sensors [55, 56],
actuators [55, 56] and self-sensing actuators [57] for the investigation of vibration character-
istics and active vibration suppression of a smart beam by also evaluating the performances

of each piezoelectric sensor/actuator configurations.

1.3 Objectives of the Study

The objectives of this thesis are stated as follows:

o employment of piezoelectric patches on smart beam as a sensor,
e investigation of vibration characteristics of smart beam by piezoelectric patches,

o verification of vibration characteristics of smart beam obtained from piezoelectric patches

by comparing them with commercially available off-the-shelf sensors,
e obtaining the analytical model of smart beam by piezoelectric sensor/actuator pair,

o design a robust controller by using piezoelectric sensor/actuator pair via experimentally

obtained uncertainties,
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e performance demonstration of the designed controller on free and forced vibration,

o employment of piezoelectric patches on smart beam as a self-sensing piezoelectric ac-

tuator,
e obtaining the analytical model of smart beam by self-sensing piezoelectric actuator,

e design a robust controller by using self-sensing piezoelectric actuator pair via experi-

mentally obtained uncertainties,
e performance demonstration of the designed controller on free and forced vibration,

e evaluation and comparison of each piezoelectric sensor/actuator configuration from the

active vibration control point of view.

1.4 Outline of the Study

The organization of this thesis is as follows:

In Chapter 2, vibration characteristics of a smart beam are obtained by employing piezo-
electric patches as sensors and actuators. Excitation of smart beam is conducted by either
impact hammer or piezoelectric patch and the response of the smart beam under these ex-
citations is measured by piezoelectric patches used as sensors. Frequency responses of the
system are then obtained for each configuration. In addition to these, modal analysis results
of each configuration are compared to that of obtained from single axis accelerometer and

laser displacement sensor.

In Chapter 3, active vibration suppression of the smart beam via piezoelectric sensor/actuator
pair is considered. The experimental model of the smart beam is obtained by using piezoelec-
tric patches as sensors and actuators and through this experimental model, a robust controller
is designed for the active vibration control of the smart beam. After implementing the de-
signed robust controller, the performance of this controller via piezoelectric sensor/actuator
pair is experimentally demonstrated for free and the first resonance forced vibrations of the

smart beam.

In Chapter 4, piezoelectric patches are employed as self-sensing actuators in the active vi-

bration control of the smart beam. In this configuration, piezoelectric material is used as an
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actuator and a sensor simultaneously. A bridge circuit comprising the electrical model of
the piezoelectric material is designed in order to decompose the sensing and actuation sig-
nals. An experimental model of the smart beam is also obtained by using the aforementioned
self-sensing actuator configuration and following the same approach used in piezoelectric
sensor/actuator pair configuration, a robust controller is designed for the active vibration sup-
pression of the smart beam via self-sensing piezoelectric actuators. Afterwards, the designed
controller for self-sensing piezoelectric configuration is experimentally implemented. Finally,
the performance of controller via self-sensing piezoelectric actuator is presented in a way to

compare with the one designed by using piezoelectric sensor/actuator pair.

In Chapter 5, the outcomes of this thesis are discussed and research problems are proposed

for future work.

Finally in Chapter 6, the concluding remarks are presented.
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CHAPTER 2

INVESTIGATION OF VIBRATION CHARACTERISTICS OF A
SMART BEAM VIA PIEZOELECTRIC PATCH

2.1 Introduction

In this chapter, vibration characteristics of the smart beam is investigated by employment of
piezoelectric patches (SensorTech BM500 [58]) as sensors and actuators. At first, the exci-
tation of smart beam is performed by an impact hammer and the response of smart beam to
this excitation is measured by using two piezoelectric patches located at different positions
on smart beam. Having the purpose of evaluating the performance of piezoelectric patch in
sensing by comparing with commercially available sensing devices (single axis accelerometer
and laser displacement sensor), the response of smart beam to the impact hammer excitation
is also monitored by these sensing devices. In further experimental studies, the piezoelectric
patch is employed as an actuator to excite the smart beam. Similar to the previous configura-
tion, the response of the smart beam is again measured by two piezoelectric patches located at
different positions and also commercially available sensing devices. The time records of ex-
citation and response signals are gathered by data acquisition device (Briiel and Kjer PULSE
3560C [59]) and the vibration characteristics of smart beam is obtained. For each measure-
ment, sample time record and frequency response function are presented. By comparing the
first three modes of the smart beam, the performance of piezoelectric patch in the investiga-
tion of vibration characteristics is studied with the effect of locations of piezoelectric patches
for actuation and sensing. Finally, the effect of bimorph configuration of piezoelectric patches

is presented.
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2.2 Smart Beam

The smart beam in Figure 2.1 is a cantilever aluminium beam (490 x 51 x 2 mm) with eight
surface bonded SensorTech - BM500 [58] piezoelectric (PZT, Lead - Zirconate -Titanate)
patches (25 x 20 x 0.5 mm) which is shown in Figure 2.2. A thin isolation layer is placed
between the aluminium beam and piezoelectric patches so that each piezoelectric patch may

be employed as a sensor and an actuator independently.

Figure 2.1: Smart Beam

A

Figure 2.2: Piezoelectric Patch (SensorTech - BM500 PZT Patch)

In this thesis, piezoelectric patches are labeled according to their positions on each surface
of the aluminium beam (Figure 2.3). On surface A, piezoelectric patches are labeled from 1
to 4 in clockwise direction and on surface B, it is labeled from 1 to 4 in counter-clockwise
direction. Piezoelectric patches are identified by numbers and associated surface codes, such

as piezoelectric patch 1A.
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Figure 2.3: Piezoelectric Patches on Smart Beam

2.3 Excitation of Smart Beam via Impact Hammer

In this section, investigation of vibration characteristics of the smart beam is performed by
using impact hammer for the excitation and measuring the response of the smart beam by
single-axis accelerometer, laser displacement sensor and piezoelectric patches (1B and 4A)
separately. The Briiel and Kjaer Impact Hammer 8206 [60] is used to excite and measure
impact forces on the smart beam. The impact location is at the center of the beam along the

cantilever-to-free end shown in Figure 2.4.

Location of Accerometer and
Target of Laser Displacement Sensor

1A |24
4A|3A . +

ISmmE

Piezoelectric Patches Point of Impact

245 mm

A
| 2

Figure 2.4: Location of Impact Hammer and Sensing Devices on Smart Beam

Experimental setup for impact hammer excitation is presented in Figure 2.5. In this figure,
the excitation and sensing devices are shown with their corresponding measurement locations
on the smart beam. Each sensing device is used individually in four different modal tests to
measure the response of the smart beam to impact hammer excitation. Briiel and Kjar Pulse
Data Acquisition System 3560C is used to record impact forces and corresponding response

signals.
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Figure 2.5: Experimental Setup for Impact Hammer Excitation

The impact hammer is supplied with aluminium tip. For high bandwidth of the excitation
and small duration of impact, aluminium tip is selected and used with the impact hammer.
Throughout the analysis, PULSE Modal Test Consultant (MTC) software [61] is used with a
frequency span of 0 - 200 Hz with 0.125 Hz resolution. For each measurement device, the
excitation by the impact hammer is conducted five times and then the resulting frequency
response is obtained via mentioned software by linear averaging five frequency response esti-
mates. The objective of averaging is to have an accurate and reliable final frequency response

[62]. Analysis properties for modal analysis software are listed in Table 2.1.

Table 2.1: Analysis Setup Configuration for Impact Hammer

Analyzer Property Value/Type

Frequency Span 0 Hz - 200 Hz
Number of Lines 1600 lines
Number of Averages 5 Averages
Averaging Mode Linear
Analysis Mode Baseband

17



2.3.1 Single-Axis Accelerometer

The response of smart beam to impact force is monitored by single-axis accelerometer. Briiel

and Kjer 4508B accelerometer [63] with its mounting clip is attached to the structure with a

thin layer

of wax. The attachment location of the accelerometer is at the free end along the

center line of the smart beam and is also shown in Figure 2.4.

Impact force is applied to the smart beam by the impact hammer and the response of the smart
beam to this particular excitation is measured. The excitation and response signals are then

recorded by Briiel and Kjer PULSE 3560C platform and the frequency response function

is derived

Figure 2.7 shows the frequency response for excitation performed by impact hammer and

using these recorded signals. Figure 2.6 shows a sample of recorded signals and

response measured by accelerometer.

Force (N)

Acceleration (m/sz)

—— Impact Hammer
1 1 1 1

0 1 2 3 4 5 6 7 8
Time (s)

—— Single—-Axis Accelerometer

1 2 3 4 5 6 7 8
Time (s)

Figure 2.6: Sample Time Records of Impact Force and Acceleration
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Figure 2.7: Frequency Response Obtained by Impact Hammer and Accelerometer

2.3.2 Laser Displacement Sensor

The response of smart beam to impact force is monitored by Keyence LB-1201(W) LB-301
Laser Displacement Sensor [64]. The target of laser displacement sensor is the free end along
the center line of smart beam as shown in Figure 2.4. The tip displacement of smart beam
is measured by LB-301 laser displacement sensing device and the output signal of sensing
device is converted to a calibrated voltage value by LB-1201(W) converter. The experimental
setup for displacement measurement of the tip of the smart beam is presented in Figure 2.5.
The excitation and response signals are recorded Briiel and Kjer PULSE 3560C platform
and the frequency response function is derived using the recorded signals in a same way in
aforementioned single-axis accelerometer case. Figure 2.8 shows a sample of recorded signals
and Figure 2.9 shows the resulting frequency response of the smart beam obtained by impact

hammer and laser displacement sensor.
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Figure 2.8: Sample Time Records of Impact Force and Tip Displacement
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Figure 2.9: Frequency Response Obtained by Impact Hammer and Laser Disp. Sensor
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2.3.3 Piezoelectric Patch as Sensor

The excitation of smart beam is performed by an impact hammer and the response of smart
beam to this excitation is measured by using two piezoelectric patches at different locations on
the smart beam. Piezoelectric materials have high impedance values at low frequencies. When
this high impedance value is higher than the input of data acquisition system, the voltage of
piezoelectric patch is not monitored successfully. In order to avoid this circumstance, a signal
conditioner circuit should be used. For this purpose, an inverting voltage amplifier circuit is

designed and used, the details can be found in Appendix A.

2.3.3.1 Piezoelectric Patch 1B

The response of smart beam to impact force is measured by piezoelectric patch 1B. The output
of piezoelectric patch 1B is connected oppositely to the inverting voltage amplifier circuit
and the output of voltage amplifier circuit is transferred to Briiel and Kjer PULSE 3560C
platform. The excitation and response signals are also recorded and the frequency response
function is derived by using the recorded signals as formerly presented in acceleration and
displacement measurements. The sample of recorded excitation and response signals are
presented in Figure 2.10 and the frequency response obtained by conducting impact hammer

tests and measuring the response by piezoelectric patch 1B is given in Figure 2.11.
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>
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Figure 2.10: Sample Time Records of Impact Force and Piezoelectric Patch 1B
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Figure 2.11: Frequency Response Obtained by Impact Hammer and Piezoelectric Patch 1B

2.3.3.2 Piezoelectric Patch 4A

The impact force is applied to the smart beam and the response of smart beam to this asso-
ciated excitation is measured by piezoelectric patch 4A. The prementioned configuration in
piezoelectric patch 1B is also used for piezoelectric patch 4A. The output of piezoelectric
patch 4A is connected to the voltage amplifier circuit and the output of voltage amplifier cir-
cuit is transferred to Briiel and Kjer PULSE 3560C platform. Figure 2.12 shows a sample
of recorded signals and Figure 2.13 presents the resulting frequency response gathered by

impact hammer and piezoelectric patch 4A.
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Figure 2.12: Sample Time Records of Impact Force and Piezoelectric Patch 4A
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Figure 2.13: Frequency Response Obtained by Impact Hammer and Piezoelectric Patch 4A
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2.3.4 Results of Excitation of Smart Beam via Impact Hammer

The experimentally obtained first three resonance frequencies are listed in Table 2.2. As men-
tioned earlier, each sensing device is used separately to measure the response of the smart
beam. The first three resonance frequencies acquired by using single-axis accelerometer is
lower than the results of non-contact laser displacement sensor. These differences in reso-
nance frequencies point that the additional mass of accelerometer adversely affects the in-
vestigation of vibration characteristics of smart beam as a reduction in resonance frequencies.
However, there is a disadvantage of using laser displacement sensor which has high frequency
noise. Due to the noise at high frequencies in frequency response (Figure 2.9), the third reso-
nance frequency is not acquired. On the other hand, the first and second resonance frequencies
acquired by piezoelectric patches are identical with the results of laser displacement sensor.
Moreover to this, the third resonance frequency is also acquired by piezoelectric patches.
These results show that vibration characteristics of smart beam are satisfactorily investigated

via piezoelectric sensor under impact hammer excitation.

Table 2.2: Resonance Frequencies of Smart Beam Obtained via Impact Hammer Excitation

Resonance Frequencies [Hz]
Mode No  Accelerometer Laser Displacement Piezoelectric Piezoelectric

Sensor Patch 1B Patch 4A
1% Bending 6.375 7.000 7.000 7.000
2" Bending 38.250 41.250 41.250 41.250
3 Bending 102.375 Not observed 109.375 109.500

2.4 Excitation of Smart Beam via Piezoelectric Patch

In this section, vibration characteristics of smart beam is investigated by using piezoelec-
tric patches as actuator for the excitation and the response of smart beam is measured by
single-axis accelerometer, laser displacement sensor and piezoelectric patches (1B and 4A).
Piezoelectric patch 1A is excited with 150 V peak-to-peak sinusoidal signal within the band-
width of 2 Hz and 152 Hz. This swept-sine signal is generated by signal generator HP33120A
[65] and amplified 30 times by SA10 high voltage amplifier [66]. SA21 high voltage power
supply is used to supply power for SA10 high voltage amplifier. The experimental setup for

this configuration is shown in Figure 2.14.

24



POWER SUPPLY

[=]

SENSORTECH SA21 HIGH VOLTAGE

[u]
®
—>

Pin Connector

BNC Connector

Crocodile Clips

| ] I Signal Generator SIGNAL
SENSORTECH SA10 | Voltage Output (@) GEnEraTOR
HIGH VOLTAGE \ HP33120A
AMPLIFIER
Piezoelectric Patch Location of Accerometer and
1A Actuator Input Target of Laser Displacement Sensor
1A |2A
4A | 3A
B&K Single-Axis| Laser Displacement
Piezoelectric Patch Accelerometer Sensor
1B/4A Sensor Output 4508B Output LB-301 Output
Signal Conditioner LB-1201W
Unit Converter
. . Converter
Signal .Condmoner LB-1201W Output
Unit Output
PULSE HARDWARE
O] 3560-C O] O] O]

Figure 2.14: Excitation Configuration for Piezoelectric Patch

Output signal of the signal generator and output responses of the sensing devices are con-

nected to PULSE 3560C data acquisition system and frequency response functions are derived

[61]. This analysis properties are listed in Table 2.3.

Table 2.3: Analysis Setup Configuration for Piezoelectric Patch

Analyzer Property Value/Type
Frequency Span 0 Hz - 200 Hz
Number of Lines 1600 lines
Number of Averages 125 Averages
Duration of Analysis 325.3 seconds
Averaging Mode Linear
Analysis Mode Baseband
Overlap Ratio %66.67
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2.4.1 Single-Axis Accelerometer

The response of the smart beam under excitation of piezoelectric patch is monitored by single-
axis accelerometer. As in Section 2.3.1, Briiel and Kjer 4508B accelerometer with its mount-
ing clip is attached to the structure with a thin layer of wax to the free end along the center

line of smart beam which is shown in Figure 2.4.

Using the data acquisition platform, the excitation and response signals are recorded simul-
taneously and the frequency response is derived from the recorded data. Figure 2.15 shows
a sample of recorded signals for analysis time period (8 seconds) and Figure 2.16 shows the
averaged frequency response for excitation by piezoelectric patch 1A and response measure-

ment by accelerometer.
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Figure 2.15: Sample Time Records of Signal Generator and Accelerometer
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Figure 2.16: Frequency Response Obtained by Piezoelectric Patch 1A and Accelerometer

2.4.2 Laser Displacement Sensor

The response of smart beam to excitation with piezoelectric patch 1A is measured by Keyence
LB-1201(W) LB-301 Laser Displacement Sensor. As in Section 2.3.2, the target of laser
displacement sensor is the free end along the center line of smart beam shown in Figure 2.4.
The excitation and response signals are recorded by Briiel and Kjaer PULSE 3560C platform
and the frequency response function is derived using the recorded signals as in prementioned
experiments. Figure 2.17 shows a sample of recorded signals and Figure 2.18 shows the
frequency response obtained from the excitation by piezoelectric patch 1A and the response

measurement by laser displacement sensor.
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Figure 2.17: Sample Time Records of Signal Generator and Laser Displacement Sensor
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Figure 2.18: Frequency Response Obtained by Piezoelectric Patch 1A and Laser Displace-
ment Sensor
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2.4.3 Piezoelectric Patch as Sensor

The response of smart beam to excitation with piezoelectric actuator is measured by using
two piezoelectric patches (1B and 4A) located at different positions on smart beam. Signal
conditioner circuit in Figure A.1 is used to transfer output of piezoelectric patch 1B and 4A

to data acquisition platform.

2.4.3.1 Piezoelectric Patch 1B

The voltage of piezoelectric patch 1B is recorded simultaneously with signal generator output
by data acquisition platform. Using the recorded signals, the frequency response between
piezoelectric patch 1B and piezoelectric patch 1A is acquired. A sample recorded signal for
8 seconds is shown in Figure 2.19 and Figure 2.20 shows the averaged frequency response
obtained from the excitation signal for piezoelectric patch 1A and response measurement by

piezoelectric patch 1B.
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Figure 2.19: Sample Time Records of Signal Generator and Piezoelectric Patch 1B
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Figure 2.20: Frequency Response Obtained by Piezoelectric Actuator Patch 1A and Piezo-
electric Sensor Patch 1B

2.4.3.2 Piezoelectric Patch 4A

As in piezoelectric patch 1B, the voltage of piezoelectric patch 4A is recorded simultaneously
with signal generator output by data acquisition platform by using signal conditioner circuit.
Then, the frequency response between piezoelectric patch 4A and piezoelectric patch 1A
is acquired. Figure 2.21 presents again a sample time recorded of signals and Figure 2.22
shows the frequency response gathered from the excitation signal of piezoelectric patch 1A

and response measurement from piezoelectric patch 4A.
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Figure 2.21: Sample Time Records of Signal Generator and Piezoelectric Sensor Patch 4A
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Figure 2.22: Frequency Response Obtained by Piezoelectric Actuator Patch 1A and Piezo-
electric Sensor Patch 4A
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2.4.4 Results of Excitation of Smart Beam via Piezoelectric Actuator

The experimentally obtained first three resonance frequencies are listed in Table 2.4. The
first three resonance frequencies acquired by using single-axis accelerometer is lower than
the results of non-contact laser displacement sensor as mentioned in results of excitation of
smart beam via impact hammer. On the other hand, the first three resonance frequencies
acquired by piezoelectric patches are identical with the results of laser displacement sensor.
These results show that vibration characteristics of smart beam is satisfactorily investigated

via piezoelectric sensor with piezoelectric actuator.

Table 2.4: Resonance Frequencies of Smart Beam via Piezoelectric Patch Excitation

Resonance Frequencies [Hz]
Mode No  Accelerometer Laser Displacement Piezoelectric Piezoelectric

Sensor Patch 1B Patch 4A
1% Bending 6.625 7.000 7.000 7.000
2nd Bending 38.500 41.250 41.125 41.250
3rd Bending 103.125 109.500 109.125 109.375

Figure 2.23 shows the effect of the location of the piezoelectric sensor on obtaining frequency
response of the system. In this Figure 2.23, it is obvious that the level of resonance-peaks are
very low for the frequency response between piezoelectric sensor patch 1B and piezoelectric
actuator patch 1A. As shown in Figure 2.3, piezoelectric patches 1A and 1B are co-located.
This collocation of sensor and actuator patches causes interlacing of system poles and zeros.
Recent studies [41, 67] are being conducted on properties of collocated sensor/actuator pairs

of smart materials.
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Figure 2.23: Frequency Responses Obtained by Piezoelectric Sensor Patch 1B and Piezoelec-
tric Sensor Patch 4A

2.5 Piezoelectric Patches in Bimorph Configuration

The authority of piezoelectric actuator patches increases in bimorph configuration. The in-
crease in authority is achieved by connecting opposite actuation signal to piezoelectric patches.
In this configuration, when one of the patch extends, the other one contracts. This bimorph
configuration effect on actuation is examined by exciting the smart beam with piezoelectric
actuator patches (1A-1B) in bimorph configuration and measuring the response of the smart
beam by piezoelectric sensor patch 4A. Figure 2.24 shows a sample of recorded signals and
Figure 2.25 shows the frequency response obtained by the excitation via bimorph configured
piezoelectric actuator patches (1A-1B) and the response measurement by piezoelectric sensor

patch 4A.
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Figure 2.24: Sample Time Records of Signal Generator and Piezoelectric Sensor Patch 4A
for Bimorph Configuration of Piezoelectric Actuator Patches (1A-1B)
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Figure 2.25: Frequency Response Obtained by Piezoelectric Actuator Patches (1A-1B) and
Piezoelectric Sensor Patch 4A

The difference between monomorph and bimorph configuration in frequency response is
shown with Figure 2.26. There is approximately 6 dB difference in the magnitude at the
first resonance frequency of the smart beam between these two configurations. The 6 dB level

corresponds to the double in magnitude.
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Figure 2.26: Comparison of Frequency Responses of Monomorph and Bimorph Patch Exci-
tations

2.6 Conclusion

In this chapter, the investigation of the vibration characteristics of smart beam by employment
of piezoelectric patches as sensors and actuators is presented. The excitation of smart beam
is conducted by an impact hammer and the response of smart beam to this excitation is mea-
sured by using two piezoelectric patches, single axis accelerometer and laser displacement
sensor. In further sections, the piezoelectric patch is employed as an actuator to excite smart
beam. Similar to the previous configuration, the response of smart beam is again measured by
two piezoelectric patches bonded at different locations and by commercially available sensing
devices. The time records of excitation and response signals are gathered by data acquisition
device and the vibration characteristics of smart beam is obtained. For each measurement,
sample time record and frequency response function are presented. By comparing the first
three modes of smart beam, the performance of piezoelectric patch in the investigation of vi-
bration characteristics is studied with the effect of location of piezoelectric patch for actuation

and sensing and also the effect of bimorph configuration of piezoelectric patches.

As a conclusion for this chapter, vibration characteristics of smart beam are satisfactorily
investigated via piezoelectric sensors and piezoelectric actuators. Additionally, it is observed

that the bimorph configuration doubles the actuation authority of piezoelectric patches.
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CHAPTER 3

ACTIVE VIBRATION CONTROL OF A SMART BEAM VIA
PIEZOELECTRIC SENSOR/ACTUATOR PAIR

3.1 Introduction

In this chapter, active vibration suppression of a smart beam is considered by applying robust
controller via piezoelectric sensor/actuator pair. Piezoelectric patches (1A-1B and 4A-4B) are
used as actuators in bimorph configuration and piezoelectric patch (2A) is employed as a sen-
sor. At first, frequency response of the system is obtained by using prementioned piezoelectric
sensor and actuator patches. Then, analytical system model is acquired from the measured fre-
quency response. Following this, robust controller is designed for the active vibration control
of the smart beam. The objective of the robust controller design is to achieve active vibration
suppression by considering the system uncertainties and noises with incoming disturbances
to the system. For this purpose, system uncertainties and noise in measurement are experi-
mentally obtained. In order to qualify the effectiveness of the designed robust controller, u
analysis is performed. Finally, the robust controller is applied by using a programmable con-
troller and the time responses of free and forced vibration at the first resonance frequency of
the smart beam are acquired for open-loop and closed-loop cases. In addition to time domain,
the effectiveness of the controller is also presented by open-loop and closed-loop frequency

responses.
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3.2 System Identification of the Smart Beam via Piezoelectric Sensor/Actuator

Pair

In this section, the aim is to build mathematical model of the smart beam based on experi-
mental frequency response. Piezoelectric patches are used as actuators and sensors to obtain
necessary experimental frequency response for system identification. For this purpose, the
smart beam is excited with piezoelectric actuator patches (1A-1B and 4A-4B) and the re-
sponse of the smart beam is measured by piezoelectric sensor patch (2A). In Chapter 2, vibra-
tion characteristics of the smart beam is investigated by employment of piezoelectric patches
as sensors and actuators. Using this knowledge gained on the vibration characteristics of the
smart beam, it is excited within the bandwidth which covers the first three resonance modes.
Then, mathematical model of the smart beam is estimated using this experimentally obtained

frequency response.

3.2.1 Experimental Frequency Response

The experimental frequency response is obtained by simultaneous measurement of excitation
and response signals. Smart beam is excited by four piezoelectric patches which are con-
figured as bimorph to have more actuation ability. These bimorph configured piezoelectric
actuator patches are 1A-1B and 4A-4B. During the excitation, the response of the smart beam
is monitored by piezoelectric patch 2A. The signal conditioner unit presented in Appendix A

is also used here to have correct measurement of output signal of piezoelectric sensor patch.

3.2.1.1 Experimental Setup

Figure 3.1 shows frequency response measurement system for piezoelectric sensor/actuator
pair. The excitation signal is a swept sine signal from 2 Hz to 152 Hz with 5 V peak-to-
peak generated by HP33120A signal generator. Before transferring this excitation signal to
piezoelectric patches from the signal generator, the signal is amplified 30 times by SensorTech
SA10 High Voltage Amplifier which uses SensorTech SA21 High Voltage Power Supply. The
amplified excitation signal is transferred to piezoelectric actuator patches. The response to this
particular excitation is monitored by piezoelectric sensor patch by using signal conditioning

circuit presented in Figure 3.1 and described in Appendix A.
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Figure 3.1: Experimental Setup for Modelling

Briiel and Kjer PULSE 3560C platform is used as the signal analyzer to record the output
signal of signal generator with response of the smart beam and derive the frequency response.

For the frequency domain analysis, analyzer properties are listed in Table 3.1.

Table 3.1: Analysis Setup Configuration for System Identification by Piezoelectric Sen-
sor/Actuator Pair

Analyzer Property Value/Type

Frequency Span 0 Hz - 200 Hz
Number of Lines 1600 lines

Number of Averages 125 Averages
Duration of Analysis 325.3 seconds

Averaging Mode Linear
Analysis Mode Baseband
Overlap Ratio 9%66.67
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3.2.1.2 Frequency Response

The measured frequency response in Figure 3.2 shows the relation between the output signal
of the signal generator (in Volts) which is amplified and applied to piezoelectric actuator
patches (1A-1B and 4A-4B) and the response signal measured by piezoelectric sensor patch
2A (in Volts). This frequency response of the smart beam acquired via the piezoelectric
sensor/actuator pair configuration shows a stiffness-like characteristics at low frequencies.
This results from high impedance values of piezoelectric material at low frequencies. The
other feature of frequency response of the smart beam via piezoelectric sensor/actuator pair is
the coincidence of resonance and antiresonance characteristics, in other words, resonance and
anti-resonance frequencies are not well separated from each other. The frequency resolution
of the measurement is selected in such a way that this behavior of frequency response of the

smart beam could be avoided.
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Figure 3.2: Measured Frequency Response for Piezoelectric Sensor/Actuator Pair
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3.2.2 Analytical Model of the Smart Beam

In this section, mathematical model of the smart beam is derived by processing the mea-
sured frequency response in Figure 3.2. The transfer function of the smart beam is estimated
between the excitation signal generated by the signal generator and the response signal mea-
sured by the piezoelectric sensor patch (2A) by using MATLAB’s fitsys” command located
in u Analysis and Synthesis Toolbox [68]. This "fitsys” command builds a state-space model
based on estimated transfer function. This command is constructed by least square method.
In order to use this command, measured frequency response data and additional arguments
such as desired order of model, weighting matrix and optional restrictions for stable transfer

functions are needed.

Transfer function of the smart beam is estimated within the frequency range between 2 Hz
and 152 Hz. This frequency range includes first three bending modes of the smart beam. In
order to find the accurate and the necessary model for controller application, transfer function
of the smart beam is obtained for different orders. Figure 3.3 shows frequency responses of

4™ 8t and 16" order estimated transfer function of the smart beam.

The 4" order estimated transfer does not include information concerning third bending res-
onance mode of the smart beam. 16" order estimated transfer perfectly fits the measured
frequency response and includes this aforementioned third resonance mode as well. How-
ever, 16" order transfer function seems not to be feasible for controller applications because
it is computationally expensive. For less computational effort [69] and more accurate mathe-

matical model, 8" order model is selected and used in the controller applications.

The 8 order transfer function of the smart beam is also presented in Equation 3.1.

0.055% + 0.68s7 +2.88 x 10*s® + 1.73 x 10°s° + 2.09 x 10%s*+

s+ 11.81 xs7+5.43x 10550 +2.82 x 10055 + 3.38 x 101054+
9.54x 10°s3 +8.72 x 10"%52 +2.12 x 10135 + 9.25 x 101°

0.22 x 101063 + 1.25 x 101452 + 1.69 x 1045 + 1.2 x 1017

G(s) =

3.1
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Figure 3.3: Frequency Responses of Estimated Transfer Function of Smart Beam via Piezo-
electric Sensor/Actuator Pair

3.3 Robust Controller Design

In this section, the design of robust controller for suppression of free and the first resonance

frequency forced vibration is presented. First, the theory of the robust controller design tools

(Hs controller and u analysis) are explained. Then, system uncertainties and performance

expectations for controller design are introduced. Next, the generalized plant for system in-

puts and outputs is constructed for H., controller design with H, synthesis. After the design

of Hs controller, the robustness and performance specifications are further studied by using

u analysis.



3.3.1 H, Control Theory

The aim is to minimize the effect of general disturbances on general errors. The constraint
on minimization is to provide internal stability of the closed loop system. In the following, a

general H,, controller problem is stated and its solution is presented.

A

A

Up > YA
w— P
Ug > Yk

A

K

Figure 3.4: General Interconnection Structure

Figure 3.4 shows a general interconnection structure which includes plant P, uncertainty block
A and controller K in linear fractional transformation form with the input and output signals.
The input signals to the plant P are general disturbances w, controller and uncertainty output
signals ug and ua. On the other hand, the output signals of the plant P are general error signal

z, measurements for controller and uncertainty block yg and ya.

For the H,, controller problem, the uncertainty block A is assumed to be bounded within the
magnitude 1. By taking out uncertainty block A from general interconnection structure, the
lower fractional transformation between plant P and controller K in Figure 3.5 is obtained.
Then, Equation 3.2 shows a generic cost function F(P, K) between general disturbances and

general errors for a plant and a controller in linear fractional transformation form.

-1 Py Py
F(P, K) =P+ PlzK(I - P22) Py where P = (3.2)
Py Py
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Figure 3.5: Lower Fractional Transformation Block Diagram of Plant P and Controller K

Minimizing the effect of general disturbances on general errors by satisfying internal stability
is an optimization problem. Zames [44] introduced H., operator norm for the feedback opti-
mization problems and showed that H,, norm of a frequency response function E(jw) can be

written as follows,

|Ellec = sup (TE(jw)) (3.3)

where o(-) denotes the maximum singular value in overall frequencies and sup(-) denotes the
least upper bound. In other words, this maximum singular value corresponds to the distance
in the complex plane from the origin to the farthest point on the Nyquist plot of E(jw) and
peak value on the Bode plot of E(jw).

Glover [46] and Doyle [47] followed the light of Zames’s research and presented the state
space formula for all stabilizing H, controllers. In these researches, H,, norm of a generic

cost function F(P, K) is bounded as follows :

IF(P, K)llo <y (3.4

for y € R and the existence of controller K which satisfies the condition presented in Equation
3.4 is determined by following an iteration procedure. This technique to design Ho, output
feedback controller is implemented in MATLAB and "hinfsyn” function is constructed and
published in u Analysis and Synthesis Toolbox. The aim of the function is to normalize
[|F(P,K)|l~ to 1 for the selected weighting functions. By doing this, the objective of robust
controller is achieved by minimizing H., norm of transfer function between the general dis-
turbances and general errors of the system. In this thesis, this “hinfsyn” function is used to
design robust controller for an active vibration suppression of a smart beam via piezoelectric

sensor/actuator pair.
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3.3.2 u Analysis Theory

The primary consideration of H, control design is to maintain internal stability of the closed-
loop system. However, in order to ensure the stability, the controller may be designed too
conservatively. The structured singular value u analysis provides an environment for analysis
of the robustness and performance of the controller by considering assumed uncertainties
and selected weights. In general, uncertainty block A is eliminated in H., controller design
problems, hence in u analysis this uncertainty block is used to analyze the robustness and
performance specifications of the design problem. For this purpose, upper linear fractional

transformation between the closed-loop system M and uncertainty block A is considered and

L=,

vt M [

presented in Figure 3.6.

Figure 3.6: Upper Fractional Transformation Block Diagram of Closed-Loop System M and
Uncertainty Block A

Equation 3.5 shows a generic cost function which includes relation between the closed-loop

system M and the uncertainty block A.

4 My, My
F(M, A) =My + M21A(I - M11) M, where M = (35)
My My

In the u analysis, the aim is to find out how the output of F(M,A) changes with A values
in permissable region. So that, the performance specifications of the Hs controller is as-
sessed. This u analysis of Hs controller is implemented in MATLAB and ”mu” function is
constructed and published in u Analysis and Synthesis Toolbox [68]. The aim of the "mu”
function is to calculate structured singular values u of the interconnected structures closed
loop system M and uncertainty block A over all frequencies in the determined bandwidth.

Then, the peak-value of the structure singular value gives information about the robust per-
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formance of the closed-loop system. The robust performance is guaranteed if and only if

maximum structured singular value y is less than 1.

The definition of the structured singular value up of closed-loop system M is given in the

following:

1

pa(M) = min{o(A) : A € A, det(I — MA) = 0} oo

where o(A) is the largest singular value of perturbation matrix A and A denotes norm-bounded

subsets [43].

3.3.3 System Control Objectives and Uncertainty Models

System uncertainties and desired performance criterions are included in design phase of ro-
bust controller to have effective, robust and stable controller. The block diagram used for
robust controller design is given in Figure 3.7. In this diagram, the mathematical model of
the smart beam and forthcoming controller are shown in blocks labeled as G and K respec-
tively. The block diagram also contains design parameters. These design parameters are
composed of characteristics of desired performance (W), disturbance (Wy), noise (W,,), actu-
ation limitations (W,) and uncertainty in mathematical model of the smart beam (W,, and A).

In following, these design parameters are explained in detail.

W, Wy » W > A
J@ N
> K U i—@ :—Z G > Wp —

Figure 3.7: Block Diagram for Robust Controller Design via Piezoelectric Sensor/Actuator
Pair
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3.3.3.1 Desired Performance Weight (W)

The input of desired performance weight is the output of the smart beam model (y) which
corresponds to the vibration of the smart beam. As previously explained, a piezoelectric
sensor patch is used to monitor the vibration characteristics of the smart beam to particular
excitation. Herein, the aim is to suppress free and first resonance frequency forced vibration
of the smart beam. For this purpose, desired performance (W) is constructed as a low pass

filter in the form of second order transfer function shown in Equation 3.7.

354000
W, = 3.7
P52 47005 + 122500 3.7

The frequency response of desired performance W), block is shown in Figure 3.8. The char-
acteristics of desired performance at low frequencies is constant smooth-line up to first reso-
nance frequency (7 Hz). Whereas the magnitude of desired performance decreases after the
first resonance frequency of the smart beam since high frequency performance is not expected.
The second-order transfer function form of the low pass filter provides rapid attenuation at the

frequencies higher than the first resonance frequency compared to its first-order form.
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Figure 3.8: Frequency Response of Desired Performance Weight (W),)

3.3.3.2 Disturbance Weight (W,)

In general, the disturbance inputs (d) are input forces which generate undesirable behavior
in the system. In our case, the undesirable behavior of the system points out the vibration of

smart beam. The undesired vibration of the smart beam may be originated by external dis-
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turbances at low frequencies. The effect of these disturbance inputs regarding to the free and
the first resonance forced vibration is integrated in controller design by considering distur-
bance weight (W,). Since the expected disturbance input includes frequencies up to the first
resonance mode, the disturbance weight is also selected as a low pass filter form. Compared
to desired performance weight W),, a low decay rate at the frequencies higher than the first
resonance mode is selected and therefore the disturbance weight (W,) is designed as a first
order transfer function. This transfer function of the disturbance weight is given in Equation

3.8 and its frequency response is presented in Figure 3.9.

300
=022 X —— .
Wq =0.22 X 7300 (3.8)
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Figure 3.9: Frequency Response of Disturbance Input Weight (Wy)

3.3.3.3 Noise Weight (W,

The noise weight (W,,) is included to consider the quality of vibration measurement of the
smart beam. Vibration of the smart beam is monitored by measuring the output of signal of
piezoelectric sensor patch in volts. Signal conditioner unit is used to minimize the measure-
ment problems due to the characteristics of piezoelectric material. Herein, the aim of noise
identification is to tolerate signal-to-noise ratio in vibration measurement of the smart beam.
To do this, input noise of the programmable controller is measured and presented in Figure
3.10. Then, power spectral density of the recorded noise signal is obtained and shown in
Figure 3.11. As can be seen from the power spectral density, signal-to-noise ratio is constant
over the frequency range. So that noise weight is selected as 0.01 to represent the average

signal-to-noise ratio in vibration measurement.
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Figure 3.11: Power Spectral Density of the Noise Signal

3.3.3.4 Actuator Limitation Weight (W,)

The main concern for the actuator limitation weight (W,) in controller design is to limit con-
troller output voltage since this voltage is amplified and applied to the piezoelectric actuator
patches. The maximum allowable voltage for the piezoelectric actuator is 150V. In order
to prevent possible damage of the piezoelectric patches, this actuation voltage should not be
exceeded. The output of the programmable controller is amplified 30 times. Because of this,
the output limit of the controller is determined as 5V. This actuation signal limitation is con-
sidered with actuator limitation weight (W,). The actuator limitation weight is assumed to be
constant over the frequency range and its magnitude is calculated as 0.2 by normalizing the

unity voltage by the output limit of the controller which is 5V.
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3.3.3.5 Multiplicative Input Uncertainty (W,, and A)

In robust controller design, the modelling uncertainty is included to prevent undesirable be-
haviors of the controller because of modelling errors. The spillover is such a problem when
the controller excites the unmodelled modes [38, 70]. The block diagram for multiplicative
input uncertainty is shown in Figure 3.12. The block diagram includes nominal plant G with
multiplicative uncertainty weight W, and structured uncertainty A and the perturbed plant

shown with dashed line.

I
-

Figure 3.12: Block Diagram for Multiplicative Input Uncertainty

From the relationships between the output signal y and the input signal u, the relation for the

perturbed plant can be found as,
G, =1+ AW,)G. (3.9

When the structured uncertainty block is eliminated, the multiplicative uncertainty can be

expressed as follows,

W, = _ (3.10)

This multiplicative input uncertainty weight W, can be estimated experimentally by acquiring
frequency responses of the nominal and perturbed plants. For the modelling, the frequency
response of the smart beam is obtained in the frequency range between 2 Hz and 152 Hz
and afterwards the mathematical model of the smart beam is constructed for the first three
bending modes of the smart beam. This mathematical model is chosen as the nominal plant
for the controller design. Meanwhile, smart beam has infinitely many modes and degrees of
freedom and the nominal plant includes first three modes of the smart beam only. In order to

consider input and output errors between the model and physical system, the perturbed plant
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shall include the high frequency dynamics. Therefore, the frequency response of the smart
beam is obtained between 2 Hz and 1000 Hz and this frequency response is assumed as the
frequency response of the perturbed plant. Figure 3.13 shows frequency responses of nominal

and perturbed plants.
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Figure 3.13: Frequency Response of Nominal and Perturbed Plants

Using the equation 3.10, the frequency response of the multiplicative input uncertainty is
calculated and shown in Figure 3.14. In order to have simple model for the uncertainty, this
calculated frequency response is covered by an estimated transfer function which is given in

Equation 3.11 and presented with dashed line in the Figure 3.14.

51.925% +3.477 x 10%s® + 7.412 x 10052 + 7.577 x 1085 + 1.395 x 10*
s* + 284153 +4.041 x 10052 + 7.609 x 108s + 1.4 x 105

Wi = (3.11)
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Figure 3.14: Frequency Response of Multiplicative Modelling Uncertainty (W,,)

3.3.4 H. Synthesis

In Section 3.3.1, the solution of H,, controller problem is explained for a plant and a con-
troller in linear fractional transformation form. The main concern in this section is to obtain
a lower fractional transformation form of the plant and the controller by considering system
uncertainties and performance specifications. For this purpose, at first each output signal is
defined in terms of input signals. Figure 3.15 shows the input and output signals considered

in the synthesis of system inputs and outputs.

A A
zyi d. Z
W, | Wy > Wit A . A
W Z,
] l+ Y+ :
24) K __u___>+@ i@—> G y >Wp—'e—>
+
S Wale---

Figure 3.15: Block Diagram for Robust Controller Design

The output signal z; is the output signal of multiplicative input uncertainty, z, is the output
signal of performance weight, z3 is the output signal of actuator limitation weight, and z4 is
the feedback signal to the controller K. The input signals are the output signal of uncertainty

w, noise signal n, disturbance d and controller u.
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Following Equations 3.12 - 3.15 show the relations between the system inputs and outputs.

21 = Wu(Wed +u) (3.12)
2 = W,Gw+ Wud + u) (3.13)
z3 = Wau (3.14)
s = Gw+Wyd+u)+ Wyn (3.15)

The system inputs and outputs are shown in the matrix form in Equation 3.16.

(a1 [ o o ww, w, | [w]
z WG 0 W,W,G W,G n
S P pd P« (3.16)
23 0 0 0 W, d
o | 6 w., ewi G | |u]
p

Figure 3.16 shows corresponding generalized plant P, uncertainty block A and controller K

with system inputs and outputs.

=,

i
n—— P —Z,
d — — Z
u > z,

A

K

Figure 3.16: Generalized Plant with Inputs and Outputs

In order to acquire lower linear fractional transformation, the input and output signals are

grouped as follows.

w 21
r=| c=| V=1 (3.17)
d z3
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The matrix form of generalized plant equation is in Equation 3.18.

Z Py P2 r
— x (3.18)
v Py Py u

And, the output of controller signal u can be expressed with the signal addition of system

output and noise signal (formerly z4, now it is named as v).

u=Kv (3.19)

Then the equation for each output signal group can be written as follows,

z=Pyr+ PpKv, (320)

v = Pyir+ P»Kv, (3.21)

where the partitions of the generalized plant P are

O 0 Wde _ Wm

Pu=|{W,G 0 W,W,G P =| W,G |, (3.22)
0 0 0 | W,

Py=|G W, W,G Pn=|G|. (3.23)

And when we solve Equation 3.21 for v and we obtain that,

v=(~-PuK)'Pyr, (3.24)

and we substitute v in Equation 3.20, we obtain a relation between output signal z and input

signal r which is shown in Equation 3.25.

[Pn +U - PZZK)_IPZI] r,

IS
|

F(P,K)r. (3.25)

In Equation 3.25, the weighted output signals are expressed as a function of disturbance and
noise. As explained earlier, the objective of H, controller is to minimize the ||F(P, K)|| by

finding a stabilizing controller K.
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3.3.5 u Analysis of H,, Controller

In this section, u analysis of H, Controller is explained. The aim of the robust controller is
the minimization of the effects of the input signals on output signals. In the aforementioned
sections, the input and output signals are defined in order to be used in design of H, controller.
In this section, the input and output signals is going to be used in the design and analysis of

the controller.

In order to clarify the robust controller design process, Figure 3.17 shows interconnections
of output and input signals in each step of the controller design. In Figure 3.17 (a), the
generalized interconnection diagram includes input and output signals. Then in Figure 3.17
(b), the A block is eliminated and it is used for H,, synthesis and finally Figure 3.17 (c) shows

the interconnection structure used in y analysis.

(a) A (b)
a WE ‘jz BN Lz

1 n —— P —>Z,
n—— P ) d —— >z,
d > >Z3 u > z,
u > z,

~

(c) A
n —— E 4}22
d 4>” H . —Z;

Figure 3.17: Steps in Robust Controller Design (a) System Input and Outputs (b) Hs, Con-
troller Design (¢) ¢ Analysis of H., Controller

A

In Figure 3.18, the closed-loop system (M) with structured uncertainty and performance
blocks (A and A,,) are shown in detail. The structured uncertainty block is composed of
uncertainty block (A) and performance block (A,,). The input of the uncertainty block (A) is
the multiplicative uncertainty output z;, while input signals of the performance block (A ;)
are weighted performance output z, and actuator limitation weight output z3. These signals

are shown in Figure 3.15.
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Figure 3.18: p Analysis for Designed H,, Controller

3.3.6 H. Controller Design and Performance Specifications

By considering the system uncertainties and performance criteria, H., controller is designed.
MATLAB “hinfsyn” function is used to calculate the stabilizing controller K by minimizing
prementioned cost function ||[F(P, K)||. The size of obtained controller K equals to the plant
order of 8. This high-order controller increases the complexity of computation by hardware
[71]. In order to prevent hardware problems which may cause performance reduction or unsta-
bility in the closed-loop system, the order of controller K is reduced by model reduction [71].
The order of reduced-order approximation of the controller K is 6. The frequency responses
of open and closed loops are shown Figure 3.19. Applying designed robust controller, a con-
siderable reduction (10dB) in the first mode is achieved for the piezoelectric sensor/actuator

pair.
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Figure 3.19: Open Loop and Closed Loop Frequency Responses

3.3.7 u Analysis for Designed H., Controller

The p-analysis is conducted to assess the performance of the designed H., controller. MAT-
LAB ”mu” function is used to calculate the bounds of the singular values of the closed-loop
system and Figure 3.20 shows these calculated singular values over the frequency range. From
the graph, it can be seen that the maximum singular value is 0.99 at the 2" Bending Mode.
Since the maximum singular value is smaller than 1, robust performance is guaranteed for the

designed H,, controller.

3.4 Active Vibration Control Experiments

In this section, active vibration suppression of the free and first resonance forced vibration is
presented for piezoelectric sensor/actuator pair by using the designed robust controller. First,
experimental setup for controller application is presented on the vibration measurement of the
smart beam. Then, experimental results are presented for suppression of the free and the first

resonance frequency vibration of the smart beam.
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Figure 3.20: Singular Values of the Closed-Loop System

3.4.1 Experimental Setup

Robust controller is applied to suppress vibration of the smart beam with the experimental
setup presented in Figure 3.21. The difference of this experimental setup from the aforemen-
tioned experimental setups used in the determination of the characteristics of vibration and
modelling experiments is that the four-channel programmable controller SensorTech SS10 is
included with actuator and sensor signals. The output of the programmable controller (ac-
tuator output signal) is amplified 30 times with the SensorTech SA10 high voltage power
amplifier. As explained in Section 3.2, piezoelectric patches (1A-1B and 4A-4B) are used as
actuator and meanwhile the vibration of the smart beam is monitored by a single piezoelectric
patch (2A) . The output voltage of piezoelectric patch is passed through the signal condi-
tioner unit and is supplied to the SS10 programmable controller and PULSE data acquisition

platform.
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Figure 3.21: Experimental Setup for Controller Applications with Piezoelectric Sen-
sor/Actuator Pair

For the cantilever-beam structures, maximum curvature at the clamped-end corresponds with
the maximum tip displacement in the first bending mode. Therefore, monitoring of voltage
of piezoelectric patch 2A reflects the tip displacement of smart beam for the free and the
first resonance frequency response. The vibration of the smart beam at the first resonance
frequency is monitored by piezoelectric patch (2A) while the laser displacement sensor is
used to measure tip displacement of the smart beam. Figure 3.22 shows these measurements
gathered from laser displacement sensor and piezoelectric patch. Using this measurement, a
relation between the output signal of piezoelectric patch 2A and tip displacement of the smart

beam is obtained.
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Figure 3.22: Measurements by Laser Displacement Sensor and Piezoelectric Patch (2A)

3.4.2 Suppression of Free Vibration

Analysis of open-loop and closed-loop time responses are performed by applying a 7mm
initial tip displacement with zero initial tip velocity which corresponds approximately to 2.2V
monitored output voltage of piezoelectric patch 2A. Figure 3.23 shows the open-loop time
response for this initial tip displacement. The open-loop time response is obtained when
robust controller via piezoelectric sensor/actuator pair is inactive. Whereas, the closed-loop
time response shown in Figure 3.24 is acquired when robust controller with piezoelectric

sensor/actuator pair is active.
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Figure 3.24: Closed-Loop Time Response for 7mm Initial Tip Displacement

3.4.3 Suppression of the First Resonance Forced Vibration

At this part of active vibration control, analysis of open-loop and closed-loop time responses
are performed by applying a 150V, sinusoidal signal to bimorph configured piezoelectric
patches (3A and 3B) at the first resonance frequency (7Hz). Similar to the suppression of

free vibration results, the open-loop time response corresponds to the case where the robust

60



controller with piezoelectric sensor/actuator pair is inactive whereas the closed-loop time re-
sponse corresponds to that where the active robust controller is on. Corresponding forced-
vibration time responses are shown in Figure 3.25 and 3.26 for the open-loop and closed-loop

cases, respectively.
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Figure 3.25: Open-Loop Time Response for the First Resonance Forced Vibration
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Figure 3.26: Closed-Loop Time Response for the First Resonance Forced Vibration
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3.4.4 Vibration Suppression in Frequency Domain

The effectiveness of active vibration suppression via piezoelectric sensor/actuator pair with
robust controller is further analyzed by open and closed loop frequency responses. For this
purpose, the smart beam is excited with piezoelectric patches (3A-3B) while the response of
the smart beam is monitored via piezoelectric patch 2A. At first, the robust controller is set
inactive, and the frequency response of the smart beam is obtained between the piezoelectric
disturbance patches (3A-3B) and sensor patch 2A. Then, the robust controller via piezoelectric
sensor/actuator patch is set active and the measurement of frequency response is repeated. The
obtained open and closed loop frequency responses of the smart beam is shown Figure 3.27.
As it can be noticed, the vibration attenuation of approximately 15 dB is achieved between

the input disturbance signal and output sensor signal.
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Figure 3.27: Performance Specification in Frequency Domain
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3.5 Conclusion

In this chapter, piezoelectric sensor and actuator pair is used for an active vibration suppres-
sion of the smart beam with robust controller which is designed for the stable and the effective

suppression of free and the first resonance forced vibration.

For the free vibration suppression, reduction of the maximum voltage to the sensor noise
level (i.e. full suppression of the vibration) takes more than 30 seconds at the open-loop,
however at the closed-loop, suppression of free vibration to the sensor noise level takes only
3 seconds. In the case of forced vibration suppression, the monitored voltage at closed-loop
is approximately one-tenth of the monitored voltage at open-loop. This means that the robust
controller via piezoelectric sensor and actuator pair can suppress %90 of the amplitude of

vibration in the forced vibration case.

As a conclusion of this chapter, active vibration control of the smart beam is achieved by
employment of piezoelectric patches as sensors and actuators via designed robust controller.
The experimental work performed on the suppression of free and forced vibrations shows the

effectiveness of these piezoelectric patches with the robust controller.
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CHAPTER 4

ACTIVE VIBRATION CONTROL OF A SMART BEAM VIA
SELF-SENSING PIEZOELECTRIC ACTUATOR

4.1 Introduction

This chapter presents self-sensing piezoelectric actuator for the active vibration suppression
of the smart beam. In Chapter 3, active control of vibration of the smart beam is considered
by using piezoelectric sensor/actuator pair via robust controller. Whereas, in this chapter, the
vibration of the smart beam is suppressed by employment of piezoelectric patches as self-
sensing actuator. At first, system identification of the smart beam is achieved by using self-
sensing piezoelectric actuator. In the self-sensing configuration, piezoelectric patch is used
as an actuator and a sensor simultaneously. For this configuration, a special bridge circuit
which includes the electrical model of the piezoelectric material is designed and implemented
in order to decompose the sensing and actuation signals. After acquiring mathematical model
of the smart beam for self-sensing piezoelectric actuator, a robust controller is designed for
active vibration suppression of the smart beam via self-sensing piezoelectric actuator by fol-
lowing the same approach used in piezoelectric sensor/actuator pair configuration. Finally,
experimental results for suppressions of free and the first resonance forced vibration are pre-

sented.
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4.2 System Identification of the Smart Beam

via Self-Sensing Piezoelectric Actuator

In this section, the main concern is to obtain mathematical model of the smart beam based
on experimental frequency response. Piezoelectric patches are used as self-sensing actuators
to obtain necessary experimental frequency response for system identification and for this
purpose, a special bridge circuit is designed and implemented. Then, piezoelectric patches
(1A-1B and 4A-4B) are employed as self-sensing piezoelectric actuators to excite the smart
beam and the response of the smart beam is also measured by these piezoelectric patches
(1A-1B and 4A-4B). Using the knowledge gained on the vibration characteristics of the smart
beam, the smart beam is excited within the bandwidth which covers the first three resonance
modes and experimental frequency response of the smart beam with self-seing piezoelectric
actuator is acquired. Then, mathematical model of the smart beam is obtained using this

experimentally obtained frequency response.

4.2.1 Self-Sensing Piezoelectric Actuator

The aim here is to use four of the piezoelectric patches simultaneously as a sensor and an
actuator for the active vibration control. Piezoelectric materials generate electrical signal
when they are under mechanical stress. This property of piezoelectric materials enables them
to be used as a sensor. On the other hand, piezoelectric materials are mechanically deformed
when electric field is applied to them. In consequence of this property, piezoelectric materials
can be also used as actuators [12]. Beside these, a piezoelectric material can be simultaneously
used as a sensor and an actuator when actuation and sensing signals are decomposed. For this

purpose, a special bridge circuit can be used [34, 42].

The bridge circuit used in this study is shown in Figure 4.1. This bridge circuit includes the
electrical model of the piezoelectric material with additional circuit elements. The piezoelec-
tric material is modelled as a voltage source vp(f) with a series capacitor C),. In essence, when
the actuation signal v4(?) is applied to the piezoelectric patch bonded on the smart beam, the
response of the smart beam particular to this excitation can be measured by monitoring the

voltage vs(¢) by using this bridge circuit.
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vi(t) ¢ }7 ’_| }7 va(t)

vs()

Figure 4.1: Bridge Circuit for Self-Sensing Piezoelectric Actuator

The sensor signal vs (¥) is equivalent to the substraction of the two voltages vi(¢) and v,(¢) at

nodes:

vs (1) = vi(t) = va(?) 4.1

By applying Kirchoff’s current and voltage laws, the sensor signal in terms of actuation and
piezoelectric material voltages can be obtained in time domain. By assuming zero initial
conditions and applying Laplace transform, the transfer function for the sensor signal can be
found as :

SCARQ SCPR1
1+ S(C2R2 + CARZ) 1+ S(ClRl + CPRI)

SCpRl

)VA(S) Ty sCiR + CoRp ")

4.2)

Vs(s) = (

The details of the application of Kirchoff’s laws and obtaining the transfer function for the

sensor signal is presented in Appendix B.

In the transfer function shown in Equation 4.2, independency of the sensor voltage from the
actuation voltage can be achieved theoretically by selecting the values of capacitors (C; and
C») and resistors (R; and R) as identical, and setting the amount of capacitance (C4) to
capacitance of piezoelectric material. These conditions for isolating the sensor voltage from

the actuation voltage are listed in Equation 4.3:

CAZCP C=C1 =C2 and R=R1=R2 (43)
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By assuring the conditions in Equation 4.3, the sensor voltage independent from actuation

voltage is acquired as ;

SCpRl
Vs(s) = % 4.4
5O = T 5CiR + CoRy VP @4

This sensor voltage in Equation 4.4 is the high-pass filtered form of the piezoelectric ma-
terial’s voltage. In fact, the cut-off frequency of this high pass filter can be determined by
selection of resistance and capacitance values in the bridge circuit. In our study, to capture
low frequency dynamics of the system, the cut-off frequency of the high pass filter should be
kept low. Figure 4.2 shows the frequency response of the high-pass filter defined by Equation

4.4 for 3.3MQ resistor value and 75nF capacitances value.
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Figure 4.2: High Pass Characteristics of Bridge Circuit

In our study, the total capacitance of the piezoelectric patches (1A-1B and 4A-4B) is measured
as 75 nF. The value of the resistances and capacitances are selected as 3.3 MQ and 72 nF.
As aforementioned, the other condition for the independency of the sensor voltage from the
actuation voltage is the equivalency the amount of capacitance C4 and piezoelectric material
capacitance. So that, the conditions of the independency are provided by adjusting the amount

of capacitance Cy.
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4.2.2 Experimental Frequency Response

The frequency response of the smart beam is obtained by self-sensing piezoelectric actuator
and then the analytical model of the system is gathered for controller applications with self-
sensing actuator. Four piezoelectric patches (1A-1B and 4A-4B) are used as self-sensing
actuator and using the special bridge circuit explained in Section 4.2.1, the actuation and

sensing signals are decomposed.

4.2.2.1 Experimental Setup

The experimental setup for self-sensing piezoelectric actuator configuration is presented in
Figure 4.3. Using this configuration, a swept sine signal in the bandwidth 2 Hz to 152 Hz
is applied to the bridge circuit while the actuation signal and sensing signal is monitored by

PULSE Data Acquisition system.

The analyzer properties of the Briiel and Kjer PULSE 3560C listed in Table 4.1. High res-
olution in frequency domain is needed to prevent the interlacing of the resonance and anti-
resonance modes of the system. By configuring the analyzer, high resolution in frequency

domain is achieved by increasing the number of lines.

Table 4.1: Analysis Setup Configuration for System Identification by Self-Sensing Piezoelec-
tric Actuator

Analyzer Property Value/Type

Frequency Span 0 Hz - 200 Hz
Number of Lines 3200 lines
Number of Averages 120 Averages
Duration of Analysis 600 seconds

Averaging Mode Linear
Analysis Mode Baseband
Overlap Ratio %66.67
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Figure 4.3: Experimental Setup for Modelling

4.2.2.2 Frequency Response

Using the self-sensing piezoelectric actuator, the frequency response in Figure 4.4 is acquired.

The measured frequency response of the smart beam with self-sensing piezoelectric actu-

ator has mass-dominated characteristic at the low frequencies. Regarding resonance/anti-

resonances, the behavior is similar with the frequency response obtained via piezoelectric

sensor/actuator pair. In spite of this fact, the resonance peak amplitudes appear to be very low

compared with that of measured via piezoelectric sensor/actuator pair case.
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Figure 4.4: Measured Frequency Response for Self-Sensing Piezoelectric Actuator

4.2.3 Analytical Model of the Smart Beam

The mathematical model of the smart beam is derived based on the measured frequency re-
sponse of the smart beam via self-sensing piezoelectric actuator. As in Chapter 3, MATLAB’s
“fitsys” command is also used and state-space model of the system is built for 4" , 8/ and
16™ orders. The frequency responses of these estimated transfer functions are given in Fig-
ure 4.5. These transfer functions represent the relation between the excitation signal applied
to self-sensing piezoelectric actuators and the sensing voltage acquired from the self-sensing
bridge circuit. The 8" order transfer function presented in Equation 4.5 is accurate enough to

be used in the controller applications.

—0.663s% — 499.857 —3.583 x 10°5° — 2.706 x 108s° — 1.918 x 10195*—
58 +449.9 x 57 +5.482 x 10°5° +2.416 x 1085> + 3.527 x 101054+
1.657 x 101353 +1.764 x 10'4s% — 3.17 x 10'05 + 4.36 x 10!/

1.459 x 101353 + 1.794 x 101452 + 2.746 x 10165 + 2.038 x 1017

G(s) = .. (4.5)

70



Mag. (V/V in dB)

= 4th Order = 4th Order
= 10" 10° 0 10" 10°
Frequency (Hz) Frequency (Hz)
0
10 . - - s N 4
8 g -100
2 ,ﬂr r_\.‘_ ¢
2 [
S o | € -200
g g
2 o 1 T -300
= 8th Order = 8th Order
0 161 162 e 16‘ 162
Frequency (Hz) Frequency (Hz)
T T 0
10 : [ o
3 p g -100
2 o r_.t_ g
2 8.
S 10l | £ ~200
5
s 20 ] T -300
= 16th Order = 16th Order
= 161 162 o 161 167
Frequency (Hz) Frequency (Hz)

Figure 4.5: Frequency Responses of Estimated Transfer Functions of Smart Beam via Self-
Sensing Piezoelectric Actuator

4.3 Robust Controller Design

The suppression of free and the first resonance frequency forced vibration via self-sensing
piezoelectric actuator is achieved by designed robust controller. The design process for self-
sensing piezoelectric actuator is kept almost similar with piezoelectric sensor/actuator pair

case as explained in details in Chapter 3.

In this section, on the other hand, the differences in design and analysis process of the robust
controller including H., synthesis and u analysis are explained. At first, system uncertain-
ties and performance specifications are pointed out. Then, the H,, synthesis and y analysis
is conducted for design of robust control. Finally, the performance specifications of robust

controller is presented via simulation results.
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4.3.1 System Uncertainties and Performance Specifications

As emphasized in Chapter 3, an important phase of robust controller design is the development
of system uncertainties and desired performance criterions. In essence, the block diagram
used for robust controller design via self-sensing piezoelectric actuator is provided in Figure
4.6. The difference in the block diagram compared to that in piezoelectric sensor/actuator
pair case, the additive uncertainty block (W,4,) is placed instead of multiplicative uncertainty
block (W,,). Uncertainties in the mathematical model of the plant can be identified as a
normalized transfer function by multiplicative uncertainty and absolute transfer function by
additive uncertainty [72]. The additive and multiplicative uncertainties are mathematically
convertible [73]. The other blocks which are used to present performance specifications are
kept in the same positions, but the transfer function of each block is adopted for self-sensing
piezoelectric case. In the following, the development of system uncertainties and performance

specifications is revealed.

Wa| |W, > Wadd —| A
l A
+ l+
> K T:_Z > G :_
y
Y
—>
Wp c N
oWl

Figure 4.6: Block Diagram for Robust Controller Design via Self-Sensing Piezoelectric Ac-
tuator

4.3.1.1 Desired Performance Weight (W)

The aim of the robust controller via self-sensing piezoelectric actuator is identical with the
prementioned robust controller via piezoelectric sensor/actuator pair. In brief, the desired
performance block (W),) is selected as a low pass filter in the form of second order transfer

function and is adopted for self-sensing piezoelectric actuator as shown in Equation 4.6.
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4900
W, = 4.6
P52 47005 + 122500 (4.6)

The frequency response of the transfer function of desired performance W), is shown in Figure
4.7. The characteristics of desired performance at low frequencies is constant smooth-line
up to the first resonance frequency (7 Hz) whereas the magnitude of desired performance
slowly decreases after the first resonance frequency of the smart beam since high frequency

attenuation is beyond the scope of this study.
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Figure 4.7: Frequency Response of Desired Performance Weight (W),)

4.3.1.2 Disturbance Weight (W,)

The disturbance weight is a significant parameter accounting for generation of undesirable
behavior of the smart beam during the design process of robust controller. The undesirable
behavior of the smart beam is the vibration due to external disturbances at low frequencies.
Therefore, the disturbance weight is utilized as in the form of low pass filter and the gain of
the filter is adopted for better and stable robust controller via self-sensing piezoelectric actu-
ator. The transfer function of the disturbance is shown in Equation 4.7 and the corresponding

frequency response is presented in Figure 4.8.

300
s+ 300

W, = 1.401 x 4.7)
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Figure 4.8: Frequency Response of Disturbance Input Weight (W)

4.3.1.3 Noise Weight (W,

The aim in considering the noise weight during the design phase of robust controller is to
quantify the noise in vibration measurement of the smart beam via self-sensing piezoelectric
actuator. For this purpose, noise measurement is conducted via programmable controller and
presented in Figure 4.9. Figure 4.10 shows the power spectral density of this noise measure-
ment. From this power spectral density of the noise, it is concluded that the signal-to-noise
ratio is constant over the frequency range of interest. However, in the self-sensing piezoelec-
tric configuration, the amplitude of the average noise is twice the amplitude measured for
piezoelectric sensor/actuator pair case. So that, the noise weight is selected as unity with an

amplitude 0.02.

Measured Signal (V)

|
5 10 15 20 25 30
Time (s)

Figure 4.9: Recorded Noise for Self-Sensing Piezoelectric Actuator
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Figure 4.10: Power Spectral Density of the Noise for Self-Sensing Piezoelectric Actuator

4.3.1.4 Actuator Limitation Weight (W,)

Determining and using the actuator limitation in design process is needed to prevent the piezo-
electric patches from high voltage by keeping the output voltage of the programmable con-
troller in limits. The actuator limitation weight (W,) is again assumed to be constant over the
frequency range and its magnitude is calculated as 0.2 by normalizing the unity voltage by

the output limit of the controller which is 5V.

4.3.1.5 Additive Uncertainty (W 4, and A)

As described earlier, the decomposition of sensor and actuator signals in self-sensing piezo-
electric actuator configuration is utilized by using special bridge circuit. This bridge circuit
includes capacitor which has the capacitance value equal to capacitance of self-sensing piezo-
electric actuator patch. However, the capacitance of piezoelectric material changes due to the
environmental effects such as, room temperature, humidity etc. and this results in a depen-
dency of the sensor signal on actuator signal. The additive uncertainty is included to eliminate
this undesirable effect on the sensor voltage in robust controller design. The block diagram
for additive uncertainty is shown in Figure 4.11. This diagram includes nominal plant G
and additive uncertainty weight W,,; with structured uncertainty A. In addition to these, the

perturbed plant G, is shown with dashed line.
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Figure 4.11: Block Diagram for Additive Input Uncertainty

From the relationships between the output signal y and the input signal u, the relation for the
perturbed plant can be found as:

Gy =G+ AWyyq. (4.8)

When the structured uncertainty block is eliminated, the additive uncertainty can be expressed
as follows,

Waaa =G, —G. (4.9)

This additive uncertainty weight W,;,; can be obtained experimentally by acquiring the fre-
quency responses of the nominal and perturbed plants. Herein, the nominal plant stands for
the analytical model of the smart beam based on measured frequency response via self-sensing
piezoelectric actuator. For this frequency response measurement, peak-to-peak 150V is ap-
plied to the piezoelectric patches and the sensing signal is measured from the special bridge
circuit. In order to reveal the perturbed plant because of sensing and actuation signals cou-
pling, three different frequency responses via self-sensing piezoelectric actuator configuration
are obtained with different actuation signals. For these measurements, the actuation voltage is
selected as a swept sine in the frequency range of 2Hz to 152 Hz with a peak-to-peak 30V, 90V
and 120V. The response of the smart beam particular to each actuation voltage is monitored
by the sensor signal through the bridge circuit. These frequency responses are considered as

perturbed plants’ frequency responses shown in Figure 4.12.

The frequency responses of perturbed plants are averaged and the nominal frequency response
is subtracted from this average frequency response. Experimental frequency response of ad-
ditive uncertainty is obtained with the result of this substraction. In order to consider this

experimentally found frequency response of additive uncertainty in controller design, this
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substraction is covered by an estimated transfer function shown in Equation 4.10. The fre-
quency responses of measured and estimated additive uncertainties are shown in Figure 4.13.
The magnitude of the estimated additive uncertainty is kept constant at high frequencies to

also include high frequency dynamics of the smart beam.

10

-10F

—15

Magnitude (V/V in dB)

— Nonimal Plant (150 V)
—-251- = = Perturbed Plant (30 V)
““““ Perturbed Plant (90 V)

= = =Perturbed Plant (120 V)
_30 i i i i i i F— I T T i i i i i Lol >

10 10
Frequency (Hz)

-

Figure 4.12: Experimental Frequency Responses for Different Actuation Voltages
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Figure 4.13: Frequency Response of Additive Uncertainty (W)
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4.3.2 Synthesis of System Inputs and Outputs

Previously in Chapter 3, the solution of Hy, controller problem is explained for a plant and
a controller in linear fractional transformation form. The main concern in this section is to
obtain a lower fractional transformation form of the plant and the controller by considering
system uncertainties and performance specifications. For this purpose, each output signal is
defined in terms of input signals. Figure 4.14 shows the input and output signals considered

in the synthesis of system inputs and outputs.
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d: z3i z
Wql |Wa > Wadd H—{ A -
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! X
.................. z > >
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W, Zz’
+
2 _:— W <€---

Figure 4.14: Block Diagram for Robust Controller Design

The output signal z; is the output signal of additive output uncertainty, z; is the output signal
of the desired performance weight, z3 is the output signal of actuator limitation weight, and
Z4 1s the addition of system output signal and noise weight signal. The input signals are the
output signal of uncertainty w, noise signal n, disturbance d and controller u. Equations 4.11

- 4.14 show the relations between the system inputs and outputs.

21 = Waaa(Wad + u) (4.11)
2 = W,G(Wyd + u) 4.12)
7z = W,Wud+ u) (4.13)
24 = w+GWud +u)+ Wyn 4.14)
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The system inputs and outputs are shown in the matrix form in Equation 4.15 as.

71 0 0 WewaWa Waaa w
Z o o0 ww,G W,G n
- pRAT TP (4.15)
23 0 O W, W, W, d
| 1w oows G | |u
P

Figure 4.15 shows corresponding generalized plant P, uncertainty block A and controller K

with system inputs and outputs.

L=

1
n ———» P —>Z,
d —> —>Z3
u Zy

A

K

Figure 4.15: Generalized Plant with Inputs and Outputs

In order to acquire lower linear fractional transformation, the input and output signals are
grouped as follows in Equation 4.16 and the matrix form of generalized plant is given in

Equation 4.17.

w 21
r=|\n 2=\ 2 V=24 (4.16)
d Z3

Py P2 r

X 4.17)

Py Py u

The output of controller signal u (Eqn. 4.18 can be expressed with the signal addition of

system output and noise signal (formerly z4, now it is named as v).

u=Kv 4.18)
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Then the equation for each output signal group can be written as follows,

z= Py r+ PppKv, 4.19)

V= ler + PzzKV, (4.20)

where the partitions of the generalized plant P are

0 0 Wadd Wadd

Pu={0 0 W,W,G P =| W,G |, (4.21)
i 00 wWw | W

Py=(1 W, W,G Pyn=|G|. (4.22)

By solving Equation 4.20 for v, one can obtain,

v=(~~-PnK)'Pyr, (4.23)

and by substituting v in Equation 4.19, we obtain a relation between output signal z and input

signal r, which is shown in Equation 4.24, can be obtained.

™~
Il

[P11+ I = PnK) ' Py,

F(P,K)r. (4.24)

In Equation 4.24, the weighted output signals are expressed as a function of disturbance and
noise. As explained previously in Section 3.3.1, the objective of H., controller is to minimize

the ||F (P, K)||- by finding a stabilizing controller K.

4.3.3 H. Controller Design and Performance Specifications

By considering the system uncertainties and performance criterions, H., controller is designed
for self-sensing actuator configuration. The frequency responses of open and closed loops are
shown in Figure 4.16. Applying Hs controller, a considerable reduction (5 dB) in the first

mode is achieved for the self-sensing piezoelectric actuator.
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Figure 4.16: Open Loop and Closed Loop Frequency Responses for Self-Sensing Piezoelec-
tric Actuator Configuration

4.3.4 u Analysis for Designed H., Controller

The designed H., controller is further examined by u analysis. The output and input signals of
the robust controller via self-sensing piezoelectric actuator are kept identical with the piezo-
electric sensor/actuator case. So that, u analysis is conducted in a similar way as explained in

Section 3.3.7.

Figure 4.17 shows the singular values of the closed-loop system over the frequency range.
From this figure, it can be seen that the maximum singular value is 0.99 at the 2"¢ bending
mode. Since the maximum singular value is smaller than 1, robust performance is guaranteed

for the designed H,, controller.
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Figure 4.17: Singular Values of the Closed-Loop System with Self-Sensing Piezoelectric
Actuator

4.4 Active Vibration Control Experiments

The piezoelectric patches bonded on the surface of cantilever-beam like structure are used
as self-sensing actuators to suppress free and forced vibrations. Active vibration control is
achieved by using four piezoelectric patches as self-sensing actuators. During the experi-
ments, another piezoelectric patch, 2A, is also used to monitor the vibration of the smart
beam. For cantilever-beam structures, maximum curvature at the clamped-end corresponds
with the maximum tip displacement in the first bending mode. Therefore, monitoring of volt-
age of piezoelectric patch 2A reflects the tip displacement of smart beam for the free and the
first resonance forced vibrations. Monitoring the vibration of the smart beam by piezoelectric
patch 2A provides opportunity to compare the performance of the self-sensing piezoelectric

actuator configuration with piezoelectric sensor/actuator pair case.
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4.4.1 Experimental Setup

The suppression of vibrations of the smart beam is shown by experiments. The experimen-

tal setup of the self-sensing piezoelectric actuator case includes the special bridge circuit

explained in Section 4.2.1. The input of the special bridge circuit is the amplified output

signal of the programmable controller and the output of the special bridge circuit is directly

transferred to the programmable controller as the input signal. Four piezoelectric patches

(1A-1B and 4A-4B) are used as self-sensing actuator. In order to compare the performance

of self-sensing piezoelectric actuator with results presented in Chapter 3, the output voltage

of piezoelectric patch (2A) is also monitored during the experiments.
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Figure 4.18: Experimental Setup for Controller Applications with Self-Sensing Piezoelectric

Actuator
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4.4.2 Suppression of Free Vibration

At the first part of active vibration control, analysis of open-loop and closed-loop time re-
sponses are performed by applying a 7mm initial tip displacement with zero initial tip veloc-

ity. Corresponding time responses are given in Figure 4.19 and 4.20 respectively.
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Figure 4.19: Open-Loop Time Response for 7mm Initial Tip Displacement
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Figure 4.20: Closed-Loop Time Response for 7mm Initial Tip Displacement

4.4.3 Suppression of the First Resonance Forced Vibration

At the second part of active vibration control via self-sensing piezoelectric actuator, analysis
of open-loop and closed-loop time responses are performed by applying a 150 V(p-p) sinu-

soidal signal to bimorph configured piezoelectric patches (3A and 3B) at the first resonance
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frequency (7 Hz). Similar to the suppression of free vibration results, the open-loop time re-
sponse corresponds to the case where the robust controller via self-sensing actuator is inactive
whereas the closed-loop time response corresponds to the one when active robust control is
achieved via self-sensing actuator. Corresponding forced-vibration time responses are given

in Figure 4.21 and 4.22 respectively for the open and closed loop cases.
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Figure 4.21: Open-Loop Time Response for the First Resonance Forced Vibration
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Figure 4.22: Closed-Loop Time Response for the First Resonance Forced Vibration

4.4.4 Vibration Suppression in Frequency Domain

The performance of active vibration suppression via self-sensing piezoelectric actuator with
robust controller is further investigated by open and closed loop frequency responses. For this

purpose, the smart beam is excited with piezoelectric patches (3A-3B) while the response of
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the smart beam is monitored with piezoelectric patch 2A as in the piezoelectric sensor/actuator
pair case. The measurement is conducted for inactive (open - loop) and active controller
(closed loop) cases. The obtained open and closed loop frequency responses of the smart
beam is shown in Figure 4.23. It can be seen from the figure that the vibration attenuation

around 5 dB is achieved in between the input disturbance signal and output sensor signal.
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Figure 4.23: Performance Specification in Frequency Domain
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4.5 Conclusion

In this section, self-sensing piezoelectric actuator is used for an active vibration suppression
of the smart beam with robust controller which is designed for the stable and the effective

suppression of free and the first resonance forced vibration.

For the free vibration suppression, reduction of one-quarter of the maximum voltage takes
more than 13 seconds at the open-loop, however at the closed-loop, suppression of free vibra-
tion to the one-quarter of the maximum voltage takes only 7 seconds. In the case of forced
vibration suppression, the monitored voltage at closed-loop is almost the half of the monitored
voltage at open-loop. This means that the robust controller via self-sensing actuator can only

suppress half of the amplitude of vibration in the forced vibration.

The experimental results show that active vibration suppression of the smart beam via self-
sensing piezoelectric actuator configuration is less effective than the vibration suppression
achieved by piezoelectric sensor/actuator pair. In self-sensing configuration, the variations
of the capacitance of the piezoelectric material severely affect the dynamic characteristics of
the bridge circuit which is used for the decomposition of sensing and actuation signals. This
unbalanced circuit results in a performance reduction of the robust controller via self-sensing
piezoelectric actuator for vibration suppression. This issue of the self-sensing piezoelectric

actuator is also reported and studied by researchers [35, 74].

As a conclusion, active vibration control of a smart beam is achieved with employment of
piezoelectric patches as self-sensing actuators via designed robust controller. The experimen-
tal work performed on the suppression of free and forced vibrations shows the effectiveness

of these self-sensing actuators with the robust controller.
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CHAPTER 5

DISCUSSION

5.1 Achievements

In this thesis, piezoelectric materials are used as sensors, actuators and self-sensing actuators
for the investigation of vibration characteristics and the performances of each piezoelectric
sensor/actuator configuration is evaluated for the active vibration suppression of the smart

beam.

The investigation of the vibration characteristics of smart beam by employment of piezoelec-
tric patches as sensors and actuators are presented and additionally the effect of location of
piezoelectric patch for actuation and sensing and the effect of bimorph configuration of piezo-
electric patches are studied. The excitation of smart beam is performed by an impact hammer
and the response of smart beam to this excitation is measured by using two piezoelectric
patches, a single axis accelerometer and a laser displacement sensor. In further experimental
studies in the Chapter 2, the piezoelectric patch is employed as an actuator to excite the smart
beam. Similar to the previous configuration, the response of smart beam is again measured
both by two piezoelectric patches located at different positions and by commercially available
sensing devices. Following this, the vibration characteristics of the smart beam is obtained.
For each measurement, sample time records and frequency response functions are presented.
By comparing the first three out of plane bending modes of smart beam, it can be concluded
that vibration characteristics of smart beam is satisfactorily investigated via piezoelectric sen-
sor with piezoelectric actuator. Additionally, it is observed that the bimorph configuration
doubles the actuation authority of piezoelectric patches by also providing better signal to

noise ratio.
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During this study, piezoelectric sensor and actuator pair is used for an active vibration sup-
pression of the smart beam with robust controller which is designed for the stable and the
effective suppression of free and the first resonance forced vibration (Chapter 3). At first, fre-
quency response of the system is obtained by using piezoelectric sensor and actuator patches.
Then, analytical system model is acquired from the measured frequency response. Following
this, robust controller is designed for the active vibration control of the smart beam. System
uncertainties and noise in measurement are experimentally obtained. In order to qualify the
effectiveness of the designed robust controller, y analysis is conducted. Finally, the robust
controller is applied by using a programmable controller. The time responses of free and
forced vibration at the first resonance frequency of the smart beam are acquired for open-loop
and closed-loop cases. For the free vibration suppression, reduction of the maximum voltage
to the sensor noise level takes more than 30 seconds at the open-loop, however at the closed-
loop, suppression of free vibration to the sensor noise level takes only 3 seconds. In the case
of forced vibration suppression, the monitored voltage at closed-loop is approximately one-
tenth of the monitored voltage at open-loop case. This means that the robust controller via
piezoelectric sensor and actuator pair can suppress approximately %90 of the amplitude of
vibration in the forced vibration. In addition to time domain, the effectiveness of the con-
troller is also presented by open-loop and closed-loop frequency responses. As a conclusion
of Chapter 3, active vibration control of the smart beam is achieved by employment of piezo-
electric patches as sensors and actuators via designed robust controller. The experimental
work performed on the suppression of free and forced vibrations shows the effectiveness of

these piezoelectric patches with the robust controller.

Self-sensing piezoelectric actuator (Chapter 4) is also used for an active vibration suppression
of the smart beam with robust controller which is designed by following the same procedure
and for the same purpose as in the piezoelectric sensor/actuator pair case. For self-sensing
piezoelectric actuator configuration, time responses of free and forced vibration at the first
resonance frequency of the smart beam are also acquired for open-loop and closed-loop cases.
For the free vibration suppression, reduction of approximately one-quarter of the maximum
voltage takes more than 13 seconds at the open-loop, however at the closed-loop, it takes
only 7 seconds. In the case of forced vibration suppression, the monitored voltage at closed-
loop is almost the half of the monitored voltage at open-loop. This means that the robust

controller via self-sensing actuator can suppress roughly half of the amplitude of vibration in
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the forced vibration. As a conclusion, active vibration control of a smart beam is achieved with
employment of piezoelectric patches as self-sensing actuators via designed robust controller.
The experimental work performed on the suppression of free and forced vibrations shows the

effectiveness of these self-sensing actuators with the robust controller.

This study also presented that the performance of piezoelectric sensor/actuator pair is superior
than the performance of self-sensing piezoelectric actuator in vibration suppression. One of
the objectives in this study, on the other hand, is to show that in case of a failure of any
piezoelectric sensor patch, the piezoelectric actuator patch can also be used as a sensor when
self-sensing actuator configuration is adapted. The action taken here could be considered as a
backup configuration which is extremely crucial from the durability of active vibration control

system for flexible structures.

In order to demonstrate the effectiveness of the self-sensing actuator in case of sensor failure;
a failure and a back-up configuration scenario is presented in Figure 5.1. In this demon-
stration, the active vibration suppression of the first resonance forced vibration of the smart
beam is aimed. The piezoelectric patch (2A) is selected as vibration sensor, and piezoelectric
patches (1A-1B-4A-4B) are selected as actuator and also configured as self-sensing actuator.
Throughout the scenario, the smart beam is vibrated in its first resonance frequency by the
disturbance of piezoelectric patches (3A-3B). During the first four seconds, active vibration
controller is inactive. At the fourth second, the active vibration controller via piezoelectric
sensor/actuator pair is started to operate. At the fourteenth second, the failure of piezoelectric
sensor is simulated as if the controller via piezoelectric sensor/actuator pair became inactive
(fatigue failure of piezoelectric sensor, disconnection of piezoelectric sensor). Due to this
sensor failure, the smart beam vibrates freely. However, if the piezoelectric actuator in the
piezoelectric sensor/actuator pair is also configured as a self-sensing actuator; by a sensor
failure detection mechanism, the self-sensing actuator configuration can be used as a back-up
system. In the demonstration, back-up operation of this self-sensing piezoelectric actuator is
presented at the nineteenth seconds of the test. As mentioned in Chapter 4, the self-sensing
piezoelectric actuator can suppress the half of the vibration at the first resonance forced vibra-
tion. Therefore, the self-sensing piezoelectric actuator configuration can be used as a back-up

system in case of sensor failures.
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Figure 5.1: Vibration Suppression by Self-Sensing Piezoelectric Actuator Configuration After
Sensor Failure of Piezoelectric Sensor/Actuator Pair

5.2 Future Work

In this thesis, piezoelectric materials are used as sensors and actuators and it is concluded
that piezoelectric materials can be effectively used in the active vibration control. However,
the reliability of the piezoelectric materials should be studied before implementing the real
structures. For safer flights, civil aviation authorities require back-up systems for air-vehicles.
This thesis presents that in case of the sensor failure of the piezoelectric sensor/actuator pair,
self-sensing piezoelectric actuator configuration can be employed as a back-up system. In
order to automatically switch sensor and actuator configurations, an online sensor failure

detection can be studied and verified experimentally.

As a future topic, the performance of the self-sensing piezoelectric actuator in active vibra-
tion suppression of the smart beam can be increased by using adaptive mechanisms for the

capacitance variation [35] of the piezoelectric material.
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CHAPTER 6

CONCLUSION

The main objective of this thesis is to employ piezoelectric patches bonded on a smart beam
as a sensor, actuator and self-sensing actuator in the investigation of vibration characteristics
and active vibration control. In order to achieve this aim, the actuation and sensing capabili-
ties of the piezoelectric material are analyzed by obtaining frequency responses of the smart
beam and comparing the results gathered via commercially off-the shell sensing and excitation
devices. During the study, the piezoelectric sensor with piezoelectric actuator can be satis-
factorily used in the investigation of vibration characteristics and the further investigations in

active vibration control are conducted.

With the purpose of active vibration suppression of the smart beam, piezoelectric sensor and
actuator pair are used to sense the disturbance of the smart beam and counteract to suppress
the disturbance with the designed robust controller. Performance expectations are met by
simulating open and closed loop frequency responses and in order to demonstrate and val-
idate the effectiveness of the designed controller, active vibration control experiments were
performed for the free and the first resonance forced vibrations of the smart beam. The results
of the active vibration control experiments proved that piezoelectric sensor/actuator pair is an

effective sensor and actuator configuration for active vibration control.

Having demonstrated the performance of piezoelectric sensor/actuator pair on active vibra-
tion control, piezoelectric material is intended to be use as a self-sensing actuator. In this
configuration, the aim is to employ a piezoelectric material as a sensor and an actuator simul-
taneously. The system identification of the smart beam is conducted via self-sensing piezo-
electric actuator and designing a robust controller in a similar way followed in piezoelectric
sensor/actuator pair case, the performance of the self-sensing piezoelectric actuator for active

vibration control is presented with experiments.
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It can be concluded that piezoelectric materials can satisfactorily suppress the vibration of
the smart beam when they are used as sensor, actuator and self-sensing actuator. This study
also showed that the performance of piezoelectric sensor/actuator pair on active vibration sup-
pression is superior than that of self-sensing piezoelectric actuator. Moreover, it is proposed
that self-sensing actuator mechanism can be used as a back-up configuration in case of sensor

failure.
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APPENDIX A

INVERTING VOLTAGE AMPLIFIER CIRCUIT

Inverting voltage amplifier circuit shown in Figure A.1 includes two resistors and an opera-
tional amplifier. The main function of voltage amplifier circuit is to capture low frequency
piezoelectric material voltage output and to convert it to low impedance signal. The secondary
function of voltage amplifier circuit is to amplify the input signal by the ratio of resistor values

of Resistance 2 and Resistance 1 by inverting the sign of the signal.

R2
AAAA

+12V
-V
2t @—— NN\

Figure A.1: Inverting Voltage Amplifier Circuit

In Figure A.1, the piezoelectric material’s voltage is presented with v, and the sensor signal,
which is the output of the operational amplifier, is denoted by v,,. The resistance value
of Resistor 1 (R;) and Resistor 2 (R;) are 4.7MQ and 1MQ, respectively. The operational
amplifier used in this study is supplied with +12V and —12V.
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APPENDIX B

SELF-SENSING BRIDGE CIRCUIT ANALYSIS

As mentioned in Section 4.2.1, the relationship for the sensing signal of the self-sensing bridge
circuit can be obtained by using Kirchoft’s laws. Figure B.1 shows voltage loop analyses of

the self-sensing bride circuit for the application of Kirchoff’s voltage and current laws.

iA(t) iA(D)
— — 2

/
va(t)
LOOP | LOOP 2
i PZT Model i(t)
: H 1
§|FOE
N 1

Vi) «

(a) Loop-1 Analysis (b) Loop-2 Analysis

Figure B.1: Application of Kirchoff’s Voltage Law (a) Loop-1 Analysis (b) Loop-2 Analysis

The current flow i4(¢) from the actuator voltage is divided into two components i;(¢) and i ()

at the current junction,
ia(t) = i1(1) + iz(1) (B.1)

For the loop-1 analysis, following equation is written,

1 .
va(f) — vp(t) — ol fn(t)dt -vi()=0 (B.2)
p
Here, the current i;(¢) is divided into two parts for the parallel capacitor C; and resistor R;
connection,
. . . ) vi(t . dvi(t
i1() = ig1(6) + ic1(f)  where zm:%% m:cli) (B.3)
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Then, when i (¢) is substituted into Equation B.2 , the equation for v{(¢) is obtained as follows:

V() = va(t) — vp(t) — ci f(vzle_(lt) +C) dv;t(t))dt (B.4)
)4

For the loop-2 analysis, following equation is written,

1
va(t) — Ch fiz(t)dt -n@®=0 (B.5)

Here, the current i,(¢) is divided into two parts for the leg which includes parallel capacitor

C, and resistor R, connection,

va(1) i dvy(1)
R, c2=C—

iz(t) = iRz(l) + icz(l) where iRy = (B6)

Then, when i»() is substituted into Equation B.5, the equation for v,(¢) is obtained as follows:

Va(t) = va(t) — CLA f (V;—(:) +C dv;t(t ))dt (B.7)

A transfer function model of the sensor signal (v2(¢#)—v(#)) can be obtained as follows: Taking
the Laplace transforms of Equations B.4 and B.7, assuming zero initial conditions, following

equations obtained,

1 V
Vi(s) = vA(s>—vp<s>——( 1(S)+sclvc1<s>) (B.8)
SCp R1
1
Vals) = VA(s)—E(V;—(:)+sC2V2(s)). (B.9)

Then, the transfer function for V(s) and V> (s) dependent on actuator voltage V4 (s) and piezo-

electric material voltage Vp is found to be:

SCpRl SCAR2

Vils) = 17 SCiR + CpR])(VA(S) = Ve(s)) Vals) = [+ 5(CoRy + CaR2) Va(s)  (B.10)

Then, the transfer function for the sensor signal (Vs ) can be acquired as:

SCAR2 SCpRl
1+ S(C2R2 + CARz) 1+ S(ClRl + CpRl)

SCpRl

)VA(S) Ty sCiR + CoRp )

Vs(s) =(

(B.11)

Equation B.11 is the equivalent to Equation 4.2.
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