ACTIVE VlBRATlON CONTROL OF PIEZO-LAMINATED
CIRCULAR PLATE

A DISSERTATION

Submitted in partial fulfillment of the
requirements for the award of the degree
of

MASTER OF TECHNOLOGY
‘ in A
. MECHANICAL ENGINEERING
(With Specialization in Machine Design Engineering)

By
MOHAMMAD ARIF

DEPARTMENT OF MECHANICAL AND {INDUSTRIAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY ROORKEE |
ROORKEE - 247 667 (INDIA)

JUNE, 2009



CANDIDATE’S DECLARATION

I here by declare that the work, carried out in this dissertation titled “ACTIVE
VIBRATION CONTROL OF PIEZO-LAMINATED CIRCULAR PLATE” s
presented in behalf of partial fulfillment of the requirement for the award of the degree of
“Master of Technology” in Mechanical Engineering with specialization in Machine
Design Engineering, submitted to. the Department of Mechanical and Industrial
Engineering, Indian Institute of Technology, Roorkee, is an authentic record of my own
work under the supervision and guidance of Dr. B.K.Mishra, Professor and Dr. V. H.
Saran, Assistant Professor, Department of Mechanical & Industrial Engineering, IIT,
Roorkee, India. '

I have not submitted the record embodied in this report for the award of any other

degree or diploma of this or any other institute.

Date: 23 . 0€. 2009 ' MM‘ @4‘7¢

Place: Roorkee | —NMOHAMMAD ARIF

This is to certify that the above statement made by the candidate is correct to the best of
our knowledge.
Date: ’3—"’16 \?

Place: Roorkee

(Dr. V.H.Saran) (Dx, B.K.Mishra)

Assistant Professor ' Professor

Department of Mechanical & Department of Mechanical &
Industrial Engineering Industrial Engineering

LLT, Roorkee I.1.T, Roorkee



ACKNOWLEDGEMENT

First and foremost I wish to thank, the one and almighty for his mercy and blessings,
without which I can’t be able to precede a single step in any direction.

I wish to express my sincerest gratitude to my supervisors Dr. B. K. Mishra,
Professor and Dr. V.H. Saran, Assistant Professor, Department of Mechanical and
Industrial Engineering, Indian Institute Of Technology, Roorkee for their consistent
advice, guidance and encouragement in this work. Their timely help, constructive
criticism , and painstaking efforts made it possible to bring the work contained in
this report in its present form. Working under their guidance was a privilege and an
excellent learning experience that 1 will cherish for a long time.

I am very much grateful to Prof. Pradeep Kumar, Prof and Head of the
department of Mechanical and Industrial Engineering, for his encouragement and overall
supervision in bringing out this dissertation report.

I would also like to thanks Dr. S.P.Harsha, Assistant Professor & O.C., Mechanical |
Vibration & Noise Control Laboratory, for his kind and generous support and fruitful
discussions during the course of this work. In spite of his busy schedule he has rendered
guidance whenever needed, giving golden suggestions and holding informal discussions.

I would like to extend my thanks to all the teachers of the department who had
been source of inspiration to me and also to Md. Shaukat Ali, Saad Alam, A.A. S. Gazi,
Rehan Sédique and Md. Asif for their continuous encouragement and motivation.

I would like to express my gratitude to my parents, their blessings; motivation and
inspiration have always provided me a high mental support. I am also grateful to my
friends who are actively involved in providing me a vital support and encouragement
whenever I needed.

At last but certainly not least, I would like to express my sincere thanks all those who

were attached to me and helped me at any level during my stay at Roorkee.

MOHAMMAD ARIF



CONTENTS

TITLE - PAGE NO.
CANDIDATE’S DECLARATION AND CERTIFICATE i
ACKNOWLEDGEMENT ii
ABSTRACT v
LIST OF SYMBOLS vii
LIST OF FIGURES ix
LIST OF TABLES xi
Chapter 1. INTRODUCTION 1
1.1 Motivation 1
1.2 Preamble 4
1.3 Organization of the thesis 5
Chapter 2. BACKGROUND 6
2.1 Perspective in smart structure 6
2.1.1 Shape memory alloy 8
2.1.2 Piezoelectric material 11
2.1.3 Electrostrictive material 12
2.1.4 Magnetostrictive material 13
2.1.5 Electro-rehostatic and Magneto-rheostatic fluids 13
2.1.6 Fiber optics 14
2.2 Piezoelectric material 14
2.2.1 Classification of piezoelectric materials 19
2.2.2 Piezoelectric constitutive relations 19
2.2.3 PZT manufacturing processes 21
2.3 Active control strategy for vibration suppression 22
Chapter 3. LITERATURE REVIEW 24
3.1 Vibration control 25
29

3.2 Experimental work

iii



3.3 FEM Formulation
3.4 Optimal sensor/Actuator placement
Chapter 4. BASIC EQUATIONS AND FORMULATIONS
4.1 Classical Plate Theory
4.2 Modeling of Circular Plate with Piezoelectric patches
4.3 Constitutive Equations of Piezoelectric materials
4.3.1 Linear strain-displacement relations
4.3.2 Isoparametric quadratic element
4.3.3 Electric field-electric voltage relations
4.3.4 Governing equation of motion
4.3.5 Sensor Voltage
4.3.6 Actuator Forces
4.4 The Control Law
Chapter 5. EXPERIMENTATION
5.1 Equipments
5.2 Experimental setup
5.2.1 Piezoelectric material (PZT patch)
5.2.2 USB based data acquisition
5.2.3 Piezo sensing and actuation system
5.2.4 Computer with LabVIEW software
5.3 Procedure
Chapter 6. RESULTS AND DISCUSSION
6.1 Optimal placement of sensor/actuator pair
6.2 Experimental work
‘Chapter 7. CONCLUSION AND FUTURE SCOPE
7.1 Conclusion
7.2 Scope for future work
REFERENCES

iv

31
34
38
38
39
45
46
47
48
49
50
52
53
56
56
59
60
61
63
64
68
70
75
80
94
94
95
96



ABSTRACT

This work deals with the experimental study of vibration suppression of circular
annular plate clamped at the inner boundary and free at the outer boundary using
pieZoelectric patches. Piezoelectric material is used, both as a sensor and actuator.
Proportional feed back control system is used in this experiment. In the proportional feed
back control method, the feed back voltage is generated as a function of ﬁosition like
quantity (i.e. strain). As the plate deforms, due to external excitation, the PZT film
(sensor) attached to it also deforms and due to its characteristics, it develop a voltage
proportional to the applied force. The voltage is amplified by the control system, to
obtain the feedback voltage. This feedback voltage is applied to the actuator which
develops counteractive deformation of the plate. This action is used to suppress the
vibration of the plate.

First of all, a brief description about objective of active vibration control methods are
discussed which mainly focus on the reduction of vibration is done by automatic
modification of the system structural response. Active vibration control is widely used
because of its broad frequency response range, low additional mass, high adaptability and
good efficiency. '

Subsequently, theoretical background of smart structures and smart materials are
discussed in details which contents shape memory élloy, electrostrictive materials,
magnetostrictive materials, fiber optics and piezoelectric materials. In which piezbelectric
materials are discussed in details. Further a brief review of the available literatures on
active vibration control of beams and circular plates are presented. In which optimum
location of PZT patches are also discussed. After that, basic equations and formulations
are presented in detail, which contents classical plate theory, modeling of circular plate
with piezoelectric patches, constitutive equations of piezoelectric materials, governing
equation of motion and sensor voltage relations. ‘

First the optimal locations of the sensor/actuator pairs are investigated by ANSYS
simulation, because sensor/actuator pairs have a critical influence on the vibration

suppression of smart structures. Hence, sensor/actuator pairs must be placed in high strain



regions and away from areas of low strains. An experimental set-up is developed which
consist of circular annular plate, PZT patches, DAQ, signal conditioner and computer
system with LabVIEW software. The plate is clamped at the inner boundary and excited
by impulsive force at the outer boundary. The sensor readings are recorded in the
computer with the help of data acquisition card and the vibration of the structure is
controlled by the Piezo-actuation system by increasing the gain further logarithmic rate of
decay are calculated for comparison purpose. Natural frequency with different aspect
ratio are theoretically calculated and compared with the available literature. Mode shape
with PZT patch and without PZT patches both are presented.

Finally, experimental and numerical simulation shows that a combination of sensor-

actuator-controller can be used to suppress the vibration in the plate.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

The trend in aeronautical, mechanical and civil design requires structures to become
lighter, stronger and more flexible. In aeronautical applications for example, the
advantages of lighter weight structures are attained through cost savings and increased
capacity to carry a greater payload. However, light weight flexible structures can be
more easily influenced by unwanted vibrations, which may lead to problems such as
fatigue, instability and performance reduction; these problems may eventually cause
damage to the highly stressed structure. Vibration problems may also cause acoustic
disturbance (noise nuisance) due to the coupling of structural vibration and the
acoustic field. Acoustic disturbance caused by structural vibration can be annoying
and harmful to health, and in some cases illegal. Hence controlling vibration is one
of the challenging practical problems. With appropriate control, structural problems
associated with unwanted vibration can be reduced, and the corresponding noise
radiation from the vibrating structure can also be attenuated.

In the past few decades, various control techniques have been developed in different
fields to attenuate structural vibration disturbance. Among these techniques,
traditional passive control is used widely in industries and commercial products. In
passive control technique, the material properties of structures such as damping and
stiffness are modified so as to change the response of structure. The two most essential
components of passive vibration isolator are its load-supporting means (stiffhess) and its
energy dissipating means (damping). Typical passive isolator employs metallic springs,
elastomers, wire cables, pneumatic springs. They don’t require external power in order to
function properly. They are very effective in the middle to high frequency range.
However, passive control approaches become ineffective when the dynamics of the
system and/or the frequencies of the disturbance vary with time. They are often
impractical to implement in the low frequency range, where the disturbance
wavelength is relatively long and the passive control methods require bulky/heavy
installations. In many applications, such as in aeronautical industries where

minimizing the structural weight is paramount in the system design, the large and



heavy -passive control appendages are impractical. Hence due to theses drawbacks
active vibration control technique is very much frequently used in order to eliminate the
undesired vibration. Particularly during the recent years, due to the progresses in
electronic technology and the availability of low cost electronic components, they
experienced a dramatic gain in interest. Their use can be considered as under-exploited in
the 20" century. The most evident advantage of active systems is given by the lower
weight. Active vibration isolation systems are currently being successfully used to solve
actual on-site industrial vibration problem. The use of smart structures is experiencing a
tremendous growth in actively controlling the vibration.

In the last two decades, due to exponential development in the field of space
structures and high-performance light weight flexible mechanical system has stimulated
extensive research in the area of smart/intelligent materials and structures. The main
reasons to draw attention in the field of smart structure is the ability to sense, measure,
process and diagnoses at critical locations for any change in selected variables and
to command suitable action to restore structural integrity and continue to perform the
required function. The variable may be deformation, temperature, pressure, and change
in state and phase, and may be optical, electrical, magnetic, chemical or biological.
In addition to carrying mechanical loads, smart structures may alleviate vibration, reduce
acoustic noise, monitor their own condition and environment, automatically perform
precision alignments, or change their shape or mechanical properties.

On the threshold of 21% century, peoples are entering into research and develépment
of the next generation of smart materials and structural system which provides excellent
new opportunities for radical changes in the design and development of adaptive
structures and high performance structures. The next generation of smart material
systems will focus towards thermo-electro-mechanical coupling, functionality, intelligent
and miniaturization (down to nano length scales.) [61].

Recent studies in the areas of smart structures inclined more attention towards
piezoelectric materials as compared to conventional discrete sensing and control systems.
Piezoelectric materials act as a coupling in between mechanical and electrical properties
which convert electrical to mechanical energy and vice-versa make them employed as

actuators and sensors. Bonded piezoelectric patches in a structure act as sensor to monitor
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or as actuator to control the response of the structure. In addition to theses properties
piezoelectric materials have several other characteristics such as quick response, lower
power consumption, high efficiency and compactness, easily mounted on the_ structures
and low weight etc. Piezoelectric patches are available in two forms: multi layered active
materials and multi phase active materials [61]. Multi layered active materials are stack
of active materials in which large fields are obtained with the moderate level of input
voltage. It is manufactured by tape casting technology and electrodes are embedded in
several different ways. The multi layered composite system is also amenable to

miniaturization in order to decrease the thickness of active multi layers.

Tv

L

y
o o
+ -
Figure 1.1: A multi-layer actuator [61]

Multi-phase composite systems consist of an active phase embedded in a passive matrix
(e.g. PZT rods in a polymer matrix). Different connectivity schemes are possible in a
two-phase system. The multi-phase composites are most often useful when there are
conflicting requirements on the active material system. This type of active-passive phase

combinations helps in achieving multifunctionality.
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Figure 1.2: A schematic of a 1-3 connectivity composite [61]

The piezoelectric materials are very much frequently used as the sensor/ actuator in
the smart structure for vibration suppression because sensing and actuation mechanism
becomes parts of the structure itself. But, for the complex structure, it is very much costly
to implement smart materials over the entire surface. Hence sensor and actuator are
distributed discretely over the entire structure. One of the main limitations of the
piezoelectric actuator is the amount of force it exerts. Hence, actuator should be placed
on the optimal location in order to minimize the control effort. Hence, optimization of the
placement of the sensor and actuatqr over the structure is one of the challenging tasks in
the suppression of the vibration of structure. The problem becomes so much critical if the
no of sensor/actuator increases and the mode shape becomes complicated. Due to these
problems optimization technique has to be used in order to investigate the good set of
sensor/actuator position. There are several optimization techniques such as Genetic

Algorithms, Tabu Search, Simulated Annealing and Hill Climbing etc.

1.2 Preamble

The main focus of this study is to develop simple finite element of isotropic plate for
active vibration control. This work contents modeling of plate using finite element
method using classical plate theory. The dynamic characteristics of the structure are
studied and piezoelectric patches are used to control the vibration. The vibration of the
plate is controlled by proportional control method experimentally. Piezo sensing and
actuation system are used in order to sense and control the vibration using proportional
control method. Mode shapes and natural frequencies for the different aspect ratio of the

composite plates are presented.



1.3 Organization of the Thesis

Chapter 2 addresses some background of smart structures and materials. Piezoelectric
materials are explained in details. Piezoelectric constitutive relations and its
manufacturing processes are also discussed. The strategies in active vibration control are
also presented. _

Chapter 3 contains brief description regarding the previous study of this field.
Summarized details of work carried out by different authors, their objectives and
conclusions are explained.

Chapter 4 details the development of the finite element model using classical laminated
plate theory. Natural frequency equations are derived with PZT patches. The governing
equation of motion, sensor voltage relations and actuator forces relations are explained in
details. Two differeﬁt control strategies are discussed.

Chapter 5 presénts descriptions about experimental setup for active vibration control and
its specifications. Procedure for active vibration control is also explained.

Chapter 6 presents the results and discussion of the present work. The optimal placemént
of sensor/actuator pairs is also discussed. The controlled and uncontrolled responses are
compared in the normalized form.

Chapter 7 presents the conclusion of the present work and scope for future work. -

\



CHAPTER 2 BACKGROUND

This chapter contents the theoretical background of smart structures and smart
materials, mainly piezoelectric materials and a brief description of active vibration

contro] strategy.

2.1 Perspectives in smart Structure

A structure is an assembly ‘that performs engineering function e.g. building, bridge,
power plant, ship, Jet engine and space craft etc. It is reasonable to expect that all
engineering design should be smart and not dumb. But one can still make a distinction
between smartly designed structures and smart structures. The latter term has acéluired a
specific technical meaning over the last few decades. Smart structures are structures that
are capable of sensing and reacting to their environment in a predictable and desired
manner through the integration of various elements, such as sensors, actuators, power
sources, signal processors and communications network etc. The integrated structure is
called smart structure because it has ability to sense, measure, process and diagnoses at
critical locations for any change in selected variables and to command suitable action to
restore structural integrity and continue to perform the required function. The variable
may be deformation, change in temperature and pressure, and change in state and phase
and may be optical, electrical, magnetic, chemical or biological. In addition to carrying
mechanical loads, smart structures may alleviate vibration, reduce acoustic noise, and
monitor their own condition and environment, automatically perform precision
alignments, or change their shape or mechanical properties [71]. The development in the
field of smart structures are totally depends on the development of material science and
the control logic. In the field of material science, varibus new smart materials are
developed that allow them to be used for sensing and actuation in an efficient and
controlled manner. Smart materials, similar to living beings, have the ability to perform
both sensing and actuating functions and are capable of adapting to changes in the
environment. In other words, smart materials can change themselves in response to an
outside stimulus or respond to the stimulus by producing a signal of some sort. By

utilizing these materials, a complicated part in a system consisting of individual structural,



sensing, and actuating components can now exist in a single component, thereby reducing

overall size and complexity of the system.

SMART STRUCTURAL SYSTEM

(multi-functional)

‘ I
PASSIVE STRUCTURE — )
‘ Control ACTIVE MATERIALS
primary "'load" bearing ‘
structure Sensing and Actuation
e ) I ) o l )
Vibration Control { Piezoelectric Materials
Shape Control Electrostrictive Materials
Size Control Magnetostrictive Materials
Speed Control Shape Memory Alloys
Precision Control Electro-Rheological Fluids
| Damage Contro! ~ ~
\..

Figure 2.1 (a): Components of a smart structural system [61]
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Figure 2.1 (b): Components of a smart structural system [4]



Smart materials can be conveniently subdivided into passively and actively smart
materials. A passively smart material responds to an external change without thought or
signal processing while an actively smart material analyzes the sensed signal, perhaps for
its frequency components, and then makes a choice as to what type of response to make.

A variety of smart material already exists, and is being researched extensively.
Theses includes shape memory alloy, piezoelectric material, magnetostrictive material,
electrostrictive material, ferromagnetic shape memory alloy, electrorheological and

magnetorehological fluids and fiber optics etc.

2.1.1 Shape memory alloy (SMA) ,

Shape memory alloys (SMASs) are the most common group of metallic materials that
can be deformed and can revert back to their original (undeformed) shapes when heated
above their transformation temperatures. The first developed SMA was an alloy of nickel
~and titanium called Nitinol, which was discovered by scientists at the U.S. Naval
Ordnance Laboratory in 1965. This alloy can deform up to 10 % and still regain its
original form. Beyond this limit, it deforms plastically and does not regain its original
shape. The newest types of SMAs are combinations of copper and zinc that are alloyed
with other metals such as aluminum. The shape memory effect is shown in Figure.2.2

Basically, shape recovery is due to solid-to-solid phase transformation from martensite to

austenite [88].

| . Martensite
L |

T Deforming the :
{}/ 7} Martensite

e I Deformed

Martensite

Austenite

Marlensite

Figure 2.2: The shape memory effect [89]



Martensite is the relatively soft and easily deformed phase of shape memory alloys,
which exists at lower temperature. The molecular structure in this phase is twinned which
is shown in the Figure 2.3. Upon deformation, this phase takes the second form as shown
in Figure 2.3. Austenite, the stronger phase of shape memory alloys, occurs at higher
temperaturés. The shape of the Austenite structure is cubic, as shown in Figure 2.3. The
un-deformed Martensite phase has the same size and shape as the cubic Austenite phase
on a macroscopic scale, so that no change in size or shape is visible in shape memory

alloys until the Martensite is deformed [90].

Macroscopit View
Austenite Twinned Martensite Deformed Martensite

Microscapic View

Austenite Twinned Martensite Defarmed Martensite

Figure 2.3: Microscopic and Macroscopic Views of the Two Phases of SMA

The temperatures at which each of these phases begin and finish forming are
represented by M, Mg, As and Ag respectively. The amount of loading placed on a piece

of shape memory alloy increases the values of these four variables as shown in Figure 2.4.
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Figure 2.4: The Dependency of Phase Change Temperature on Loadmg [89]
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Figure 2.5: Microscopic Diagram of the Shape Memory Effect [89]

The shape memory effect is observed when the temperature of a piece of shape
memory alloy is cooled below the temperature My. At this stage the alloy is completely
composed of Martensite which can be easily deformed. After distorting the SMA the
original shape can be recovered simply by heating the wire above the temperature A¢. The

heat transferred to the wire is the power driving the molecular rearrangement of the alloy.
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The deformed Martensite is now transformed to the cubic Austenite phase, which is
configured in the original shape of the wire.
The main use of SMA is especially as actuators but it has little use in vibration
control. Following materials shows the SMA characteristics.
Commercially available shape memory alloys:
e Nickel/Titanium alloys such as Nitinol and Tinel
e Copper/Zinc/Aluminum Alloys
e Copper/Aluminum/Nickel Alloys
Other alloys that are known to display shape memory properties are:
e Silver/Cadmium Alloys
e  Gold/ Cadmium alloys
e Copper / Tin alloys
e Copper/ Zinc alloys
¢ Indium / Titanium alloys
e Nickel / Aluminium alloys
e Iron/Platinum alloys
¢ Manganese / copper alloys

e Iron/Manganese / Silicon alloys

2.1.2 Piezoelectric Materials

Piezoelectric materials produce an electric field when exposed to a change in
dimension caused by an imposed mechanical force (piezoelectric or generator effeot).‘
Conversely, an applied electric field will produce a mechanical stress (electrostrictive or
motor effect). Piezoelectric materials transform energy from mechanical to electrical and

vice-versa. The stress is very small, 0.1-0.3%. They are used for sensing purposes (e.g.
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microphone, transducer), and for actuating applications. They are often used to measure
fluid composition, fluid density, fluid viscosity and the force of impact. Piezoelectric
materials can be broadly classified into two groups i.e. crystalline and ceramics. In the
category of crystalline, Quartz (SiO2), Aluminum orthophosphate - Berlinite (AIPO,),
Gallium orthophosphate (GaPO,4), Tourmaline etc are available. In the field of ceramics,
Barium Titanate (BaTiO3) and Lead Zirconate Titanate (PZT) are available. Except these
several other materials also shows piezoelectric effect in certain extent, such as Zinc
oxide ZnO, Aluminum nitride AIN, Polyvinylidene fluoride PVDF, Lithium tantalite,

Lanthanum gallium silicate, Potassium sodium tartrate etc [90].
2.1.3 Electrostrictive Materials

These materials are very similar to the piezoelectric materials with better strain
capability, but very much sensitive to temperature. The major difference between them is
that piezoelectric materials will elongate or get compressed, whereas electrostrictive
material will elongate only, irrespective to the direction of the applied electric field.

Generally this property is found in all materials in very small quantity (approximately
10E-5 to 10E-7 % strain) [91].

electrostrictive

expansion +

Pid electric field +

-,
7’ \ . .
s piezoelectric

Figure 2.6: Displacement Vs Voltage behavior of piezoelectric and electrostrictive

materials [91].
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2.1.4 Magnetostrictive Materials

Magnetostrictive materials transduce or convert magnetic energy to mechanical
energy and vice versa. As a magnetostrictive material is magnetized, it strains; that is it
exhibits a change in léngth per unit length. Conversely, if an external force produces a
strain in a magnetostrictive material, the material's magnetic state will change. This bi-
directional coupling between the magnetic and mechanical states of a magnetostrictive
material, provides a transduction capability that is used for both actuation and sensing
devices. Magnetostrictive Materials were discovered in the 1840s by James Prescott Joule,
when he noticed that iron changed length in response to changes in magnetism and
named the phenomenon the Joule Effect.

Magnetostrictive materials can operate at higher temperatures than piezoelectric and
electrostrictive actuators. They can also undergo higher strains and lower input voltages
that most piezoelectric and electrostrictive materials can. However, magnetostrictive
materials are not easily embedded in control structures. Some kinds of magnetostrictive
materials ‘are cobalt, iron, nickel, ferrite, terbium Alloys (Terfenol-D) and metglass etc

[92].
2.1.5 Electro-rehostatic and Magneto-rheostatic fluids

Electro-rheostatic (ER) and magneto-rheostatic (MR) materials are such types of
fluids upon which when external electric field is applied, the viscosity of fluid increases,
and when the electric field is taken away, the viscosity of fluid goes back to original state.
This characteristic is called ER effect. These fluids can change from a thick fluid (similar
to motor oil) to nearly a solid substance within the span of a millisecond when exposed to
a magnetic or electric field. The effect can be completely reversed quickly when the field
is removed. MR fluid changes viscosity when comes in the field of magnetic field but ER
fluid shows same behavior in the electric field. MR fluids are mostly used in car shocks,
machine vibration, exercise equipment and prosthetic limbs etc. and ER fluids are used to
reduce noise and vibration in vehicles. Examples of MR fluids is tiny iron particles
suspended in oil, while ER fluids can be as simple as milk chocolate or cornstarch and oil
[93].
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2.1.6 Fiber Optics

An optical fiber (or fibre) is a glass or plastic fiber that carries light along its length.
Fiber optics is the overlap of apl;iied science and engineering concerned, with the design
and application of optical fibers. Optical fibers are widely used in fiber-optic
communication, which permits transmission over longer distances and at higher data rates
than other forms of communications. Fibers are used instead of metal wires because
signals travel along them with low loss, and they are immune to electromagnetic
interference. Optical fibers are also used to form sensors and in a variety of other
applications. The fiber optic sensors (FOSs) provide several advantages over their
electrical counterparts, viz high bandwidth, small size, low weight, corrosion resistance,
geometrical flexibility and an inherent immunity to electromagnetic interference (EMI).
FOSs can be embedded in composite materials in a non-obtrusive manner that does not
degrade structural integrity. In general, the embedded fiber optic sensors can monitor the

health of the structures in service condition.

<% For the vibration suppression of thin structures, piezoelectric materials are widely
used due to large amount of characteristics:
v" Low weight
Easily mounted on the structures
Quick response
Low power consumption
High efficiency and compactness

Dual nature (sensing and actuation both)

D N N N NN

Lower prices
2.2 Piezoelectric Materials
Piezoelectricity ("Piezo" is a Greek term which means "to squeeze.") was

discovered by Pierre and Jacques Curie in the 1880s. The Curies noticed two things:

Firstly, applying mechanical stress on certain natural non- symmetrical crystals changes
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their internal electric polarization in proportion to that stress. Secondly, the same crystals
deform when they are subjected to an electric field. These unique properties are known as
the direct and converse piezoelectric effects respectively. The piezoelectric effect is
practically linear and direction-dependent. As shown in Figure. 2.7, compressive and
tensile stresses applied along the polarization direction of the material, will generate
electric fields and hence voltages of opposite polarity. The phenomenon is also reciprocal
so that upon application of electric fields of opposite polarity, the material will expand
and contract in accordance with the applied fields. While these direct and converse
effects are mostly used in sensors/generators and actuators/motors respectively, this dual
functional ability enables piezoelectric to be employed as transducers, converting

electrical energy into mechanical energy and vice-versa [88].
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Figure 2.7: Piezoelectric effect [88].

For a material to exhibit the piezoelectric effect, its structure should have no center
of symmetry (non Centro-symmetric). That is, the material has anisotropic characteristics,
i.e. its properties differ according to the direction of measurement. Consequently,
piezoelectricity is an anisotropic characteristic. Figure 2.8 shows the change in crystal

structures of a PZT upon temperature change. Above the Curie temperature (7,), the

ceramic has a cubic (Centro-symmetric) structure with no electric dipole moment within

its unit cell. Below 7, however, the positively charged Ti/Zr ion shifted from its central

location along one of the several allowed directions, thereby distorting the crystal lattice
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into perovskite (non Centro-symmetric) structure and producing an electric dipole with a

single axis of symmetry.

Gwo QO zr

Figure 2.8: Crystal structures of PZT ceramics above and below their 7,,[91]

This dipole form regions of local alignment called domains. The alignment gives a
net dipole moment to the domain, and thus a net polarization. The direction of

polarization among neighboring domains is random, so the ceramic element has no

overall polarization (Figure 2.9).

7
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Figure 2.9: Random orientation of polar domain prior to polarization [91]

axls of polerizatlon

The domains in a ceramic element are aligned by exposing the element to a strong
direct current electric field (more than 1KV/mm), usually at a temperature slightly below
the Curie point (Figure 2.10). Through this polarizing (poling) treatment, domains most
nearly aligned with the electric field expand at the expense of domains that are not
aligned with the field, and the element lengthens in the direction of the field. When the

electric field is removed most of the dipoles are locked into a configuration of near
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alignment (Figure 2.11). The element now has a permanent polarization, the remanent

polarization, and is permanently elongated [91].
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Figure 2.10: Polarization in DC electric field Figure 2.11: Remanent polarization

after electric field is removed

The ability of piezoelectric materials to exchange electrical and mechanical properties
vice-versa draw attention to employee them as sensor and actuator. If piezoelectric
material is bonded properly to the structure, deformation of the structure will be sensed
properly, because deformation of the structure would cause the deformed piezoelectric
material to produce an electric voltage. This characteristic shows it as the sensor. On the
other side structural deformation can be induced by applying a voltage to the material,
which is termed as the actuator. The extent of electrical deformation is observed by
measuring the electrical voltage produced by the material. But the natural crystal shows
very much weak piezoelectric effect, so it is not directly used as the sensor and actuator.
But exponential developments in the field of material science have provided piezoelectric
material, which shows very good inter-relation in between electrical and mechanical
domain. There are various piezoelectric materials in which Polyvinyllidene fluoride
(PVDF) (semi crystalline polymer film) and lead zirconate titanate (PZT) [Pb (Zr, Ti) Os]
(piezoelectric ceramic material) are commonly used in practice. PZT apply larger forces
or moments on structure as compared to PVDF because it has larger value of
electromechanical coupling coefficient. But, PZT is relatively brittle in nature while

PVDF is flexible and can be cut into any desired shape. PVDF shows excellent sensing
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properties so it is mostly used as sensor. Piezoelectric materials are mostly used as

actuators, for large range of frequency including ultrasonic application.

+«» But there are several limitations to use the piezoelectric materials:

» Electrical Limitations - Exposure to a strong electric field, having polarity

opposite to that of the polarizing field will depolarize a piezoelectric material. The
degree of depolarization depends on the grade of material, the exposure time, the
temperature, and other factors, but fields of 200-500 V / mm or more typically
have a significant depolarizing effect. An alternating current will have a
depolarizing effect during each half cycle in which polarity is opposite to that of
the polarizing field. Piezoelectric materials shows linear relationship in electric
field and strain for low field values (max up to 100V/mm) but it shows non linear

- behavior for large field values and shows hysteresis characteristics. It shows drift
from zero state of strain under cyclic electric field, hence it is unable to reproduce
strain.

» Mechanical Limitations- Mechanical stress sufficient to disturb the orientation

of the domains in a piezoelectric material can destroy the alignment of the dipoles.
Like susceptibility to electrical depolarization, the ability to withstand mechanical
stress differs among the various grades and brands of piezoelectric materials.

> Thermal Limitations - If a piezoelectric ceramic material is heated to its Curie

point, the domains will become disordered and the material will be depolarized.
The recommended upper operating temperature for a ceramic usually is
approximately half-way between 0°C and the Curie point. Within the
recommended ol.)erating temperature range, temperature-associated changes in the
orientation of the domains are reversible. On the other hand, these changes can
create charge displacements and electric fields. Also, sudden temperature
fluctuations can generate relatively high voltages, capable of depolarizing the

ceramic element.
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> Stability - Most properties of a piezoelectric ceramic element erode gradually, in
a logarithmic relationship with time after polarization. Exact rates of aging
depend on the composition of the ceramic element and the manufacturing process
used to prepare it. Mishandling the element by exceeding its electrical,

mechanical, or thermal limitations can accelerate this inherent process.
2.2.1 Classification of Piezoelectric Materials

Ferroelastic: Materials in which spontaneous polarization is induced by mechanical load.
Ferroelectrics: Materials in which spontaneous polarization is induced by electric field.
Their polarization is changed by reversing the electric field.

Pyroelectrics: Materials in which the electric field is generated as a result of application

of heat and degree of polarization depends on the temperature range.

2.2.2 Piezoelectric constitutive relations

The equations which describe the electromechanical behavior of piezoelectric
materials are called piezoelectric constitutive relations. Piezoceramic is considered as the
orthotropic materials such as unidirectional laminated composite. The relations are
derived by considering several assumptions:

» Piezoelectric material is linear and actuation strain is modeled like thermal

 strain.

» Total strain in the actuator is the sum of the mechanical strain induced by the
stress, the thermal strain due to temperature and the controllable actuation
strain due to electric voltage.

The axes are expressed in numeral forms as 1-corresponding x-axis, 2- corresponding
y-axis and 3-corresponding z-axis. The z-axis is generally referred as the poling direction
in the monolithic-type material. A piezoelectric material produces electric displacement
when it is strained along the poling direction conversely; it produces strain when electric
field is applied along the poling direction. Hence, the former property is used as the

sensing and latter is used as the actuation.
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Figure 2.12: Axis configuration of piezoelectric patch

Coupled electromechanical constitutive relations are:
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Equation (2.1) describes direct effects and equation (2.2) the converse effects. Equation

(2.1) and (2.2) can be written simply as:
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{D}=[e] {s}+[&" {E} | 2.3)
@} =[c" |{s}-[el{E} | 2.4)
Where,

{ D} =Electric displacement vector

[¢] =Dielectric permittivity matrix

{S} =Strain vector

[8”‘] =Dielectric matrix at constant mechanical strain
{E} =Electric field vector

{o} =Stress vector

[cE-]=elasticity matrix for a constant electric field.

t denotes transpose of the matrix.

2.2.3 PZT manufacturing processes

PZT are manufactured from their respective oxides/carbonates of Pb, Zr, Ti, rare
earths, alkaline earths, transition metals etc. to the specified compositions, well tuned to
the end properties, by mixing and solid state reactions. Typical production flowchart is

given below :
WEIGHING RAW MATERIALS

4
MIXING - BALL MILL

U
OVEN DRY

U
SOLID STATE REACTION UPTO 1200°C

U
MICRO-PULVERISATION TO A PRE-DETERMINED PARTICLE SIZE RANGE

U
FORMING PROCESSES

U
SINTERING 1300°C. - QC FOR SINTERABILITY

U
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GRINDING / LAPPING / SLICING TO THE REQUIRED DH\/IENSIONS

U
FIRED - ON SILVER ELECTRODES

Y
POLING, HIGH DC FIELDS; TIME-TEMP PROFILE

U
TESTING

2.3 Active control strategy for vibration suppression

Active control methods use external active devices to generate a second set
of disturbance waves of equal amplitude but opposite phase to cancel the targeted
unwanted disturbance. Unlike passive control, active control needs an external power
supply for its control system. A typical active control system is composed of three
basic components; sensors, controller and actuators. A schematic for implementing
active control is shown in Figure 2.13. Sensors sense the primary unwanted disturbance
experienced (structural vibration or acoustic noise) and monitor how well the control
system is performing. Based on the sensor inputs and some knowledge of how the
plant responds to the actuators, the controller determines the signal that drives the
control actuators. The calculated/determined control signal is eventually passed on to the
control actuators to generate the second set of anti-disturbance waves to cancel the

primary unwanted disturbance.

Dynamic System

Controller (and Processor)

Figure 2.13: A schematic diagram of an active control system

The development of active control technology is supported by developments in
the field of physics, control, signal processing and mechanical and electrical engineering.

In contrast with passive control, active control works effectively over a wide bandwidth
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where the working band does not depend on the characteristics of the structure, and is
limited only by the bandwidth of the actuators. Furthermore, the actuators are less
sensitive to the characteristics of the structures and the vibration sources. Therefore, the
same actuators can be used even if the characteristics of the structures or the vibration

sources are changed.
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CHAPTER 3 LITERATURE REVIEW

Interest in the use of smart-structure technology for noise and vibration reduction
in several applications has been on the rise in recent years. It has been established that
significant gains in structures performance can be achieved through active vibration
control. Active vibration control came in existence in the early 1960’s. This technology
was re-introduced to seismic level vibration isolation problems in the early 1980’s. It is
currently being used in various research fields using electronics or modern DSP base
system. Piezoelectric materials, offers an efficient means for implementing active
vibration control technologies and as a consequence the topic has received considerable
interest in the recent years. Piezoelectric materials have been widely used for sensors and
actuators due to their excellent properties, such as low weight and quick response. A lot
of numerical and experimental studies are available. A brief review of the available

literatures is presented here.

Bhattacharya P. ef al. [1998] developed a finite element model for the free vibration
analysis of smart laminated composite beams and plates. The structure consists of a
laminated composite substrate to which are surface bonded or embedded a set of
piezoelectric layers, one of which is a sensor while the others are actuators. The linear
piezoelectric constitutive relations and the first order shear deformations behavior was
used for analysis. An eight noded quadratic isoparametric piezoelectric element is
developed to discretize the analysis domain, and the same shape functions are used to
describe the electric field, the charge density, the structural geometry as well as the

structural displacement.

Yaman Yavuz ef al. [2002] presented theoretical and experimental result of the
modeling of a smart plate for active vibration control. The smart plate consists of a
rectangular aluminum plate modeled in cantilever configuration with surface bonded
piezoelectric patches. The patches are symmetrically bonded on the top and bottom
surfaces. They have used ANSYS (v.5.6) software to derive the finite element model of
the smart plate. By using this model, they have determined the influences of the actuator

placement and size on the response of the smart plate and obtained the maximum
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admissible piezoelectric actuation voltage. Based on this model, the optimal sensor
locations are found and actual smart plate is produced. The experimental results of the
smart plate are then used in the determination of a single-input, single-output system
model. By using this model, a single-input/single-output H. controller is designed to

suppress the vibration of the first two flexural modes of the smart plate.

Taher H. Rokni Damavandi ef al. [2006] computed the first nine frequency
parameters of circular and annular plates with variable thickness and combined boundary
conditions for different thickness to radius ratios. They have considered several combined
boundary conditions for inner and outer edges. These boundary conditions are free, soft
and hard simply supported and clamped boundary conditions. Three-dimensional
elasticity theory is used. They have compared the results with works of other authors and

the results of finite element method analysis which are in agreement.
3.1 Vibration Control

Hwang Woo-Seok er al. [1994] presented the vibration control of a laminated
composité plate by passive and active control technique. In the passive control technique
they have considered as the stiffness changes in composite structures by changes in
léminate orientation but in active control technique negative velocity feed back control
with the piezoelectric sensor/actuator is used. The effects of passive and active controls
are investigated by changing the layer. angles of a laminated composite plate or the
location and number of the sensor/actuator pairs. Classical lamented theory with the
induced strain actuation and Hamilton’s principle are used to formulate the equation of
motion of the system. The system equations are discretize by the finite element method.
Finally they have suggested a design strategy for a laminated composite plate with

piezoelectric sensor/actuator.

Peng X.Q. et al. [1998] developed a finite element model based on third order
laminate theory for active position control and vibration control of composite beams with
distributed piezoelectric sensor and actuators. They have used direct piezoelectric

equation to calculate the total charge created by the strains on the sensor electrodes; and
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the actuators provide a damping effect on the composite beam by coupling a negative
velocity feedback control algorithm in a closed control loop. A modal superposition

technique and the Newmark- £ method are used in the numerical analysis to. compute

the dynamic response of the composite beams. Finally, the effect of the number and

locations of the sensor/actuators on the control system are investigated.

Hu Yan-Ru er al. [2002] developed an approach for active vibration control of
flexible structures with integrated piezoelectric actuators using control theory. First,
dynamic models for a flexible circular plate with integrated piezoelectric actuators and
sensors are derived using the Rayleigh-Ritz method. An active robust controller is
designed to suppress vibration of the circular plate. They have discussed the Robustness
of the control system of the circular plate for the model parameter uncertainty. This
active robust vibration control method is tested via experimental implementation. The
experimental results show that the proposed robust active control method is efficient for

active vibration suppression.

Karagulle H. er al. [2004] presented the modeling of smart structure with
piezoelectric materials using the product ANSYS/Multiphysics. They have realized the
integration of control action into the ANSYS solution. First, the procedure is tested on the
active vibration control problem with two-degree of freedom system. They have
compared the analytical results obtained by the Laplace transformation method and by
ANSYS. After that they have studied the smart structure by ANSYS. The input reference
value is taken as zero in the closed loop vibration control. The instantaneous value of the
strain at the sensor location at a time step is subtracted from zero to find the error signal
value. The error value is multiplied by the control gain to calculate the voltage value
which is used as the input of the actuator nodes. The process is continued with the
selected time step until the steady-state value is approximately reached. The results

obtained for the structure are compared with other studies.

Wang S.Y er al. [2004] investigated the dynamic stability of negative-velocity

feedback control of piezoelectric composite plates using a finite element model.
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Lyapunov’s energy functional based on the derived general governing equations of
motion with active damping is used in order to carry out the stability analysis. The active
damping matrix must be positive semi-definite in order to guarantee the dynamic stability.
It is found that the imperfect collocation of piezoelectric sensor/actuator pairs is not
sufficient for dynamic stability in general and that ignoring the in-plane displacements of
the midplane of the composite plate with imperfectly collocated piezoelectric
sensor/actuator pairs may cause significant numerical errors, leading to incorrect stability.
The numerical results based on a cantilevered piezoelectric composite plate shows that
the feedback control system with an imperfectly collocated PZT sensor/actuator pair is
unstable, but asymptotic stability can be achieved by either bonding the PZT
sensor/actuator pair together or changing the ply stacking sequence of the composite
substrate to by symmetric. This stability analysis is of practical importance for effective
design of asymptotically stable control systems as well as for choosing an appropriate
finite element model to accurately predict the dynamic response of smart piezoelectric

composite plates.

Moita Jose M Simoes er al. [2005] presented a finite element formulation for active
control of forced vibrations, including resonance of thin plate/shell laminated structures
with integrated piezoelectric layers, acting as sensors and actuators, based on third-order
shear deformation theory. The finite element model is a single layer triangular
nonconforming plate/shell element with 24 degrees of freedom for the generalized
displacements, and one electrical potential degree of freedom for each piezoelectric
element layer, which are surface bonded or embedded in the laminate. They have used
Newmark method to calculate the dynamic response of the laminated structures, forced to
vibrate in the first natural frequency. In order to achieve a mechanism of active control of
the structure dynamic response, a feedback control algorithm is used, which acts as a

coupling in between sensor and active piezoelectric layers.

Sethi Vineet ef al. [2005] presented results of multimodal vibration suppression of
a smart flexible cantilever beam by using single piezoceramic actuator and a single

sensor. Piezoceramic PZT (Lead Zirconate Titanate) patches are surface-bonded on the
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beam and perform as actuator and sensor. They have employed System identification for
the dynamics of the first three modes and model reduction techniques to assist in control
system design. They have used the state space model from system identification for state
estimation and development of control algorithm. A linear pole placement controller is
designed and simulated using the identified model. Experimental results demonstrate the

effectiveness of multimodal active vibration control of the structure using smart materials.

Fei Juntao ef al. [2006] presented results on active control schemes for vibration
suppression of flexible steel cantilever beam with bonded piezoelectric actuators. The
PZT patches are surface-bonded near the fixed end of flexible steel cantilever beam.
Active vibration control methods such as strain rate feedback control (SRF) and positive
position feedback confrol (PPF) are investigated and implemented using xPC Target real
time system. Experimental results demonstrate that the SRF control and PPF control

achieve effective vibration suppression results of steel cantilever beam.

E. A. Kovalovs et al. [2007] have used macro-fiber composites (MFC) for vibration
reduction of structures. The MFC consist of polyimide films with IDE-electrodes that are
glued on the top and the bottom of rectangular piezoceramic fibers. The interdigitated
electrodes deliver the electric field required to activate the piezoelectric effect in the
fibers and allows invoking the stronger longitudinal piezoelectric effect along the length
of the fibers. When this actuator embedded in a surface or attached to flexible structures,
the MFC actuator provides distributed solid-state deflection and vibration control. The
major advantages of the piezoelectric fiber composite actuators are their high
performance, ﬂexibility, and durability when compared with the traditional piezoceramic
(PZT) actuators. The ability of MFC devices to couple the electrical and mechanical
fields is larger than in monolithic PZT. They have experimentally showed that an MFC
could be used as actuator to find modal parameters and reduce vibration for structures
such as an aluminum beam and metal music plate. Two MFC actuators were attached to
the surfaces of test subjects. First MFC actuator used to supply a signal as exciter of
vibration and second MFC show his application for reduction of vibration in the range of

resonance frequencies. They have compared experimental results of aluminum beam
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with MFC actuators with finite element model which modeled in ANSYS software. The
experimental and numerical results presented in this paper confirm the potential of MFC

for use in the. vibration control of structures.

3.2 Experimental Work

Lee Y. Y. ef al. [2003] presented an experimental study for the active vibration
control of structures subjected to external excitation using piezoelectric sensors and
actuators. They have used a simply supported plate and a curved panel as the controlled
structures in their experiment. They employed the independent model space control
approach for the controller design. They also incorporated the time domain modal
identification technique into the controller for real time update of the system parameter
for increasing the adaptability. They have tested the adaptive effectiveness of the time
domain modal identification technique by fixing an additional mass on the simply

supported plate to change its structural properties.

Pankaj K. Langote ef al. [2005] presented the hybrid damping design which
contains active piezoelectric matérials and passive viscoelastic materials (VEM) which
achieve the advantage of both active and passive constrained layer damping. They have
conducted experiment on nine systems viz., bare beam, active damping (AD), passive
constrained layer damping (PCLD- three variants) and hybrid active/passive constrained
layer damping (Hybrid AD/PCLD-four variants) .Based on the time domain analysis of
these systems, it is shown that best performance is obtained by using a hybrid

configuration where in the VEM and the piezoelectric layers are acting separately.

Qiu Jinhao et al. [2006] presented the active vibration control of a plate using a
self-sensing actuator (SSA) and an adaptive control method. In self-sensing actuator, the
same piezoelectric element functions as both a sensor and an actuator so that the total
number of piezoelectric elements required can be reduced. A method to balance the
bridge circuit of the SSA was proposed and its effectiveness was confirmed by using an
extra piezoelectric sensor, which is not necessary for balancing bridge circuits of SSA in

future applications. A control system including the SSA and an adaptive controller using
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a finite impulse response (FIR) filter and the filtered —X algorithm was established. The
experimental result shows that the bridge circuit was well balanced and the vibration of

the plate was successfully reduced at multiple resonance frequencies below 1.2 kHz.

Yan S.U. ef al. [2007] analytically build the model of adaptive composite panels
with surface-mounted/embedded piezoelectric patches by using the Lagrange-Rayleigh-
Ritz method (LRRM), and verified through experiments and finite element method
(FEM). They have cor{sidered two panels. A cantilevered adaptive composite beam
(ACB) and an adaptive circular composite plate (ACCP) with complex boundaries. The
inertia and stiffness of the surface-mounted/embedded piezoelectric patches are included
in the developed models. To obtain the mode shapes of the ACCP, which are essential to
the LRRM modeling, the method of separation of variables is employed and Bessel series
and modified Bessel series are introduced. The built models are verified by experiments
for the ACB and by the FEM for the ACCP. The actuation configurations of the
piezoelectric patches in the panels are optimized based on the introduced analytical
model. Finally, with the optimal locations of the piezoelectric patches, the vibration
suppression of the ACB and the ACCP are experimentally and numerically carried out,

and excellent vibration suppressions for both adaptive panels are obtained.

Malgaca Levent ef al. [2007] studied experimentally and numerically analysis of
actively controlled piezoelectric smart structure. They have considered two different
configurations of smart structures for the control of the free and forced vibrations.
Cantilevered smart structures consist of Aluminum beams with surface bonded Lead-
Zirconate-Titanate (PZT) patches of Sensortech BM532. In the first case they have used
a smart structure with single PZT patch for free vibration control under an initial
displacement. In the second case, they have used a smart structure with two PZT patches
for the vibration control. Harmonic excitation is applied to one of the PZT patches placed
in the middle of the beam. The other patch is used as vibration controlling actuator. A
non-contact laser displacement meter is used as a sensor. Natural frequency of the beams
is found with chirp signals. Open loop and closed loop dynamic responses are obtained in

the time domain to evaluate the effectiveness of the active control. Closed loop numerical
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solutions are performed in the finite element environment. They have finally concluded

that the experimental and numerical results are in good agreement.

3.3 FEM Formulétion

Liu Chorng-Fuh et al. [1995] analyzed the axisymmetric vibration of annular and
circular plates, isotropic or polar orthotropic by finite element. The main features of their
studies are (i) the formulation of the finite element is based on elasticity theory and has
no assumptions as in the conventional plate theory-based analyses, which is simple and
ready for use, and (ii) the boundary conditions are satisfied exactly and the significant
effect of boundary conditions on the vibration frequency is presented. They have finally
shows the accuracy of their solution and the inadequacy of conventional methods in
dealing with the vibration of annular and circular plates with simply supported boundary

conditions.

Lam K. Y. er al. [1997] developed a finite-element model based on the classical
laminated plate theory for the active vibration control of composite plate containing
distributed piezoelectric sensors and actuators. The formulation is derived from the
variational principle. The piezoelectric’s mass and stiffness are taken into account in this
model. A simple negative velocity feedback control algorithm coupling the diréct and
converse piezoelectric effects is used to actively control the dynamic response of an
integrated structure through a closed control loop. The modal superposition technique and
the Newmark-B method are used in the numerical simulation to calculate the dynamic

response of the laminated composite plate.

Han J.-B ef al. [1999] presented a numerical analysis of the axisymmetric free
vibration of moderately thick annular plates using the differential quadrature method
(DQM). The plates are described by Mindlin’s first-order shear-deformation theory. The
first five axisymmetric natural frequencies are presented for uniform annular plates, of
various radii and thickness ratios, with nine possible combinations of free, clamped and
simply supported boundary conditions at the inner and outer edges of the plates. The

accuracy of the method is established by comparing the DQM results with some exact
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and finite element numerical solutions. The convergence characteristics of the method for
thick plate eigenvalues problems are investigated and the versatility and simplicity of the

method is established.

Wang Q. ef al. [2000] presented the vibration analysis of a circular plate surface
bonded by two piezoelectric layers, based on the Kirchhoff plate model. The form of the
electric potential field in the piezoelectric layer is assumed such that the Maxwell static
electricity equation is satisfied. The validation of the theoretical model is done by
comparing the resonant frequencies of the piezoelectric coupled circular plate obtained
by the theoretical model and those obtained by finite-element analysis. The mode shape
‘of the electric potential obtained from free vibration analysis is non-uniform in the radial
direction. The piezoelectric layers have an effect on the frequencies of the host structure.
The proposed model for the analysis of a coupled piezoelectric circular plate provides a

means to obtain the distribution of electric potential in the piezoelectric layer.

Sekouri EI Mostafa ef al. [2004] presented an analytical approach for modeling of
circular plate containing distributed piezoelectric actuators under static as well as
dynamic mechanical or electrical loadings. The analytical approach is based on the
Kirchhoff plate model. The equations governing the dynamics of the plate, relating the
strains in the piezoelectric elements to the strain induced in the system, are derived for
circular plate using the partial differential equation. The natural frequencies and mode
shapes of the structures were determined by modal analysis. The harmonic analysis is
performed for analyzing the steady-state behavior of the structures subjected to cyclic
sinusoidal loads. Numerical simulation results are obtained using finite element approach.
They have verified the analysis and the computer simulations results by experiment using
a thin circular aluminum plate structure with distributed piezoelectric actuators. They
have found very good agreements between the results of these three approaches. Finally,
the results show that the model can predict natural frequencies and modes shapes of the

plate very accurately.
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Moita Jose M. Simoes ef al. [2006] presented a finite element formulation based
on the classical laminated plate theory for laminated structures with integrated
piezoelectric layers or patches, acting as sensors and actuators. The finite element model
is a single layer triangular nonconforming plate/shell element with 18 degrees of freedom
for the generalized displacements, and one additional electrical potential degree of
freedom for each surface bonded piezoelectric element layer or patch. The control is’
initialized through a previous optimization of the core of the laminated structure, in order
to minimize the vibration amplitude and maximize the first natural frequency. Also the
optimization of the patches position is performed to maximize the piezoelectric actuators
efficiency. In order to achieve the mechanism of active control of the structure dynamic
response, a feedback control algorithm is used, coupling the sensor and active
piezoelectric layers or patches. Newmark method is used to calculate the dynamic
response of the laminated structure. They have also presented the influence of the
position and number of piezoelectric patches, as well as the control gain.

Park Chan II [2008] derived the frequency equation for the in-plane vibration of
the clamped circular plate of uniform thickness with an isotropic material in the elastic
range. To derive the frequency equation for the clamped circular plate in the cylindrical
coordinate, kinetic and potential energy for in-plane behavior were first obtained by._‘using
the stress—strain—displacement expressions and applying Hamilton’s principle, which led
to two sets of highly coupled differential equations for the equations of motion.
Substitution of Helmholtz decomposition for the coupled differential equations produced
uncoupled equations of motion. The assumption of a harmonic solution for the uncoupled
equations led to wave equations. Using the separation of the variable, the general
solutions for the wave equations were obtained. The solutions generated the in-plane
displacements in the r and & directions. Finally, the application of boundary conditions
yielded the frequency equation for the clamped circular plate. The derived frequency
equation was validated by finite element analysis and by comparison of previously

reported results.
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Yalcin Hasan Serter ef al. [2009] analyzed the free vibrations of circular plates for
simply supported, clamped and free conditions. The solution method is differential
Quadrature transformation method (DTM), which is a semi-numerical-analytical solution _.
technique that can be applied to various types of differential equations. By using DTM,
the governing equations are reduced to recurrence relations and related
boundary/regularity conditions are transformed into a set of algebraic equations. The
frequency equations are obtained for the possible combinations of outer edge boundary
conditions and the regularity conditions at the centre of the circular plate. Numerical
results for the dimensionless natural frequencies have presented and compared to the
Bessel function solution and other numerical solutions. It is observed that DTM is a

robust and powerful tool for eigenvalues analysis of circular thin plates.

3.4 Optimal sensor/Actuator Placement

Han Jae-Hung et al. [1997] developed an analytical model of the laminated
composite beam with piezoelectric sensors and actuators by using classical laminated
beam theory and Ritz method. Smart composite beams and plates with surface-bonded
piezoelectric sensors and actuators were manufactured and tested by them. It has been
observed that the developed analytical model predicts the dynamic characteristics of
composite plates very well. Utilizing a linear quadratic -Gaussian (LQG) control
algorithm as well as known classical control methods, a feedback control system was
designed and implemented. A personal computer (PC) was used as a controller with an
analogue-digital conversion card. For a cantilever beam the first and second bending
modes are successfu]ly controlled, and for cantilever plates the simultaneous control of

the bending and twisting modes gives a significant reduction in the vibration level.

Halim Dunant ez al. [2001] suggested a criterion for the optimal placement of
collocated piezoelectric. actuator-sensor pairs on a thin flexible plate using modal and
spatial controllability measures. They have given consideration to the reduction of control
spillover effect by adding an extra spatial controllability constraint in the optimization

procedure. The spatial controllability is used to find the optimal placement of collocated
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actuator-sensor pairs for effective average vibration reduction over the entire structure,
while maintaining modal controllability and observability of selected vibration modes. It
is found that the methodology for optimal actuator placement can be used for a collocated
system without damaging the observability performance of the collocated sensors.
Experimental validation of their optimal placement is done on a simply supported thin

plate with a collocated piezoelectric actuator—sensor pair.

Yan Y.J. et al. [2002] presented the optimal design methodology for number and
locations of actuators in active vibration control of a space truss using multiple
piezoelectric ceramic stack actuators. They have applied eigenvalues distribution of the
energy correlative matrix of the control input force, to determine the optimal number of
actuator required, and genetic algorithms (GAs) were adopted to search for the optimal
locations of actuators. They have finally concluded that the disturbance acting on a
structure is a key factor in determining the optimal number and locations of actuators in
active structural vibration control, and a global and efficient optimization solution of

multiple actuator locations can be obtained using the GAs.

Quek S. T. et al. [2003] presented a simple optimal placement strategy of
piezoelectric sensor/actuator (S/A) pairs for vibration control of laminated composite
plate, where the active damping effect under a classical control framework is maximized
using finite element approach. The classical direct pattern search method is employed to
obtain the local optimum, where two optimization performance indices based on modal
and system controllability are used. The start point for the pattern search is selected based
on the maxima of integrated normal strain consistent with the size of the collocated
piezoelectric patches used. This would maximize the virtual work done by the equivalent
actuation forces along the strain field of an initial state. Numerical simulation using a
cantilevered and a clamped composite square plate illustrate the effectiveness of the
proposed strategy, where the results coincide with the global optimal layout from
exhaustive search for both modal and system controllability indices. The number of trails
to reach the optimal position is few compared to an initial blind discrete pattern search

approach.
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Peng F. et al. [2003] investigated the actuator placement on a plate structure and
vibration control of the structure. They have optimized.the location of actuators based on
maximizing the controllability grammian. It was implemented using structural analysis in
ANSYS and genetic algorithms. They have also used filtered-x LMS based multi-channel
adaptive control to suppress the vibration. They have also done numerical simulations in
suppressing tri sinusoidal response at three points of the plate. They have finaily
concluded that genetic algorithm is an effective method to reduce the energy required for

achieving significant vibration reduction.

Wang S. Y. ef al. [2006] presented the problem of topology optimization of
collocated piezoelectric sensor/actuator (S/A) pairs for torsional vibration control of a
laminated composite plate. Both isotropic and anisotropic PZT S/A pairs are considered
and it is highlighted that the torsional vibration can be more effectively damped out by
employing the topological optimal design of the S/A pairs than by using the conventional
designs. To implement this topology optimization, a genetic algorithm (GA) based on a
bit-array representation method is presented and a finite element (FE) simulation model
based on the first-order shear theory and an output feedback control law is adopted.
Numerical experiments are used to Verify the present algorithm and show that the present
optimal topology design can achieve significantly better active damping effect than the

one using a continuously distributed PZT S/A pair.

Qiu Zhi-cheng et al. [2007] used piezoelectric ceramics patches as sensors and
actuators to suppress the vibration of the smart flexible clamped plate. Firstly, modal
equations and piezoelectric control equations of cantilever plate are derived. Secohdly, an
optimal placement method for the locations of piezoelectric actuators and sensors is
developed based on the degree of observability and controllability indices for cantilever
plate. The bending and torsional modes are decoupled by the proposed method using
bandwidth Butterworth filter. Thirdly, an efficient control method by combining positive
position feedback and proportional-derivative control is proposed for vibration reduction.

The analytical results for modal frequencies, transient responses and control responses
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are carried out. Finally, an experimental setup of piezoelectric smart plate is designed and
built up. The modal frequencies and damping ratios of the plate setup are obtained by
identification method. Also,. the experimental studies on vibration control of the
cantilever plate including bending modes and torsional modes are conducted. The
analytical and experimental results demonstrate that the presented control method is

feasible, and the optimal placement method is effective.

Kumar Ramesh K. ef al. [2008] presented the optimal placement of collocated
piezoelectric actuator—sensor pairs on flexible beams using a model-based linear
quadratic regulator (LQR) controller. A finite element method based on Euler—-Bernoulli
beam theory is used. The contributions of piezoelectric sensor and actuator patches to the
mass and stiffness of the beam are considered. The LQR performance is taken as the
objective for finding the optimal location of sensor—actuator pairs. The problem is
formulated as a multi-input, multi-output (MIMO) model control. The discrete optimal
sensor and actuator location problem is formulated in the framework of a Azero-one
optimization problem which is solved using genetic algorithms (GAs). Classical control
strategies like direct proportional feedback, constant gain negative velocity feedback and
the LQR optimal control scheme are applied to study the control effectiveness. They have
studied the optimal location of actuators and sensors for different boundary conditions of

beams like céntilever, simply supported and clamped boundary conditions.

Al-Hazmi Mohammed W. [2008] presented a 3-D finite element analysis for
cantilever plate structure excited by patches of piezoelectric actuators. He has
investigated the influence of actuator location and configuration of piezoelectric actuators
attached to the plate structure in order to identify the optimal configuration of the
actuators for selective excitation of the mode shapes of the cantilever plate structure. The
FEM modeling based on ANSYS package using harmonic analysis is used in his study for
cantilever plate structure excited by patch type of piezoelectric actuators. The results
clearly indicate that effective active damping of structural vibration of the cantilever plate

can be achieved by proper positioning of the piezoelectric actuator patches.
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CHAPTER 4 BASIC EQUATIONS AND FORMULATIONS

In this chapter, a finite element model of piezolaminated circular plate based on the
classical laminated plate theory is presented. Brief relations of piezoelectric materials are
described. The basic assumptions of classical plate theory are explained. The equations
for calculating natural frequency with piezoelectric patches and without piezoelectric
patches both are discussed. For piezoelectric material linear strain-displacement relations,
relations for sensor voltage and actuator forces are also discussed. A brief description of

proportional control is explained.

‘4.1 Classical Plate Theory

A plate is a structural element with plan form dimensions that are large compared to
its thickness and is subjected to loads that cause bending deformation in addition to
stretching. Plate theories are developed by assuming the form of the displacement or

stress field as a linear combination of unknown functions and the thickness coordinate:

2% ,2,0= (2Y ¢! (x, 3,1)

i=0
Where ¢, is the i th component of displacement or stress, (x, y) are the in-plane

coordinate, z is the thickness coordinate, t denotes the time, and ¢’ are the functions to

be determined [60].

The classical plate theory is one in which displacement field is selected 50 as to satisfy
the Kirchhoff hypothesis. The Kirchhoff hypothesis has the following three assumptions
[60]:

(1) Straight lines perpendicular to the mid-surface (i.e., transverse normal) before
deformation remain strai ght after deformation.

(2) The transverse normal do not experience elongation (i.e., they are in-extensible).
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(3) The transverse normal rotates such that they remain perpendicular to the mid-surface

after deformation.

4.2 Modeling of Circular Plate with Piezoelectric Patches

The structure under consideration consists of a thin circular plate with piezoelectric
patches bonded on the surface of it. The plate is clamped around the inner boundary and
free at the outside edge. The free patches generate strains in response to an applied
voltage. When the plate is bonded to an underlying structure, these strains lead to the
generation of in-plane forces and / or bending moments. The circular plate is also
assumed to be made of linearly elastic, homogeneous and isotropic material. For wave
propagation in this structure, the displacement field is according to Classical Plate Theory
(CPT) is given as [60]:

u,(r,H,z,t)ztlo(r,H,t)—z% 4.1)
or
16w, :

uy(r,0,2,0) = v, (r,0,0)—2(=—) (4.2)
r 06 |

u, (r, 0,z,t) =wy(r,0,t) 4.3)

Where r-coordinate is taken radially outward from the centre of the plate, z-coordinate
along the thickness (or height) of the plate and € coordinate is taken along the

circumference of the plate. The displacements (u,,u,,u ) are along the coordinate
(r,0,z) and functions of r,0 and z coordinates.
(u,,v,,w,) are the radial, angular and transverse displacements respectively of a point on

the midplane (i.e., z = 0) of the plate.
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Figure 4.1: Moment and shear force resultant on an element of a circular plate

The nonlinear strains are given as (accounting only Von Karman non-linearity):
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Moment-displacement relations are given as:
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(4.10)

@4.11)

4.12)

(4.13)

(4.14)

(4.15)

“.16)

(4.17)

The poling direction of the piezoelectric material is assumed to be in the z- direction.

When external an electric potential is applied across the piezoelectric layer, a differential

strain is induced that results in the bending of the plate. The strain in the plate and

piezoelectric with respect to the radial and tangential directions and the shear components
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are according to equations (4.4), (4.5), and (4.7). The piezoelectric ceramics equations are

taken from the equations (4.3.1) and (4.3.2). For plate stress tensor equation are given as:
{o}=[C]{s} (4.18)

Where [C] is the elastic stiffness matrix of the plate.

In order to satisfy the assumptions, an electric field E is applied along the z- direction. (i.e.
E =FE,=0 and E; = E(r,?)) and thus the following conditions must be satisfied.

dy, =d, , d,=0 and d,, =d,, also for piezoelectric material, e,, =e,,, e,, =0. The

relationship in between electric field E and the applied voltage is given by

{E}={L,}¢ (4.19)

Where,

ry.]. 2 _9 9
. {L¢}_{ ox’ oy’ 62}

Hence, when a constant voltage is applied to the network along the Z-direction, the

: T
electric field generated is {O, 0,%?} . The electric charge is obtained from electrical
Z

displacement by following relation

{0} = ]{D}ds | (4.20)

§

Where, { Q}.T =[0.,0,.0,] and S denotes the surface area of the electrode.

The radial stresses in the Piezo-layers are assumed to be uniformly distributed in the
direction perpendicular to the plate because of the plate’s small thickness. The equations

of each piezoelectric layer have the following form.

E vd, E
, =5 (____au, +V,,(u—’+lau9 ) ——2L 4.21)
1-v? " or 0" h(-v,)
E vd,,E
0y =—Lr (% 10, \, Oy — (4.22)
l-v, r r o8 or” h,(1-v))

du u V
D, =d,, j +dy, L =&y — (4.23)
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Where, o,,0, and 7 are respectively, radial stress, circumferential stress, and shear
stress on the interface surface, d,, and d4,, are transverse piezoelectric constants in the
radial and circumferential directions, respectively. V' is the voltage acting in the direction
perpendicular to plate. £, and v, are the modulus and Poisson ratio of the actuator. D,
is the electrical displacement and &,; is a permittivity coefficient [65].

The constitutive equation of the plate

E Ou u 10cu
- LA I +____6’ 4.24
o 1—v? (Br V(r r 00 ) ( )

u, [ 10ou, o 4.25
1-v? ' r r 08 6r) ( )
. E 8u9+16u,_£4£_
PU24v) o r o0 r

Oy =

(4.26)

Where E and v are the modulus and Poisson ratio of the material of the plate. For the

radial actuator motion, the dynamics equation is expressed as

o ou
(r ar’ +0,—0,)h,—tr=p,hr 621: @.27)
The balance of the moment is expressed as:
a(Lj‘/"fl—Mg T +hrr=0 | | (4.28)

Using Hooke’s law the moment by the plate transverse displacement is given as

o’w ow ow F*w

2
M =-D +v—o M, =—-D(—+v 4.29
r ( or? ror ¢ (rar r62r) (4.29)
3
p=_Eh
12(1—v?)

Where, T is the shear force, M, and M, are internal plate moments, D is the plate
cylindrical stiffness, h, is the thickness of the actuator, p, is the modified density of the

actuator and ¢ is the time. Differentiating equation (4.28) with respect to »

- aZM, +2 oM, a oM, N o(Tr) +h o(rt) _
or’ or or or or

The equation of the transverse plate motion is

0 (4.30)
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o(Tr) o’w | | |
= phr—— 431
or P or’ _ (4.31)

Where p is the density for combined structures given by p=p +np, x,(r,0) in
which p,, p, and 7 are the density coefficient for the plate, the patches and the number

of piezoelectric respectively. z,(r,6) is the characteristics function which has a value of
1 in the region covered by the ith and 0 elsewhere. Taking into account a perfect bonding

the plate transverse displacement is related to the radial actuator displacement by

y =-now (4.32)

’ 2 or
Substituting equation (4.31) into equation (4.30), differentiating equation (4.27) with
respect to r, and replacing the term d(r7)/0r finally, the equation for modeling the

transverse motion is as follow

2 hzh 2
h Ow WPy 2 8w _ P 433)

Viw+p = >
D,+D ot 2(D,+D) ot D,+D

2
_ Bk

D, ”2—(1—_7;)‘7(,-(",9) (4.34)

Where V* = 10,91 [—(?— (,.i)]) is the Laplacian operator in the polar coordinates 7
ror Orrior or

and @, n is the number of actuators and P is the external surface force. The displacement
in the transverse z- direction w of the circular plate integrated Piezo-ceramic actuators is
governed by equation (4.33). To obtain the natural frequencies and modes, all external
mechanical and electric excitations are assumed to be zero. For the case of axisymmetric
boundary conditions the solutions is as follow

w(r,0,t) = i i g,..(rycos(md)f, (1) : 4.35)

m=0 n=0
Where’ gmn (7’) = Amn']m (;anrro ) + anYm (lmnrro) + Cmnlm (ﬂ’mnrro) + DmnKm (ﬂmn"’b) in WhICh
m and » are the numbers of nodal diameters and circles, f, ()=, 4,,,B,,.C,, and

D, are the mode shape constants. J, ,Y, are the Bessel functions of the first and second
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kinds, /, and K, are the modified Bessel functions of the first and the second kind, and

is related to the

mn

A, is the frequency parameter. Hence, the frequency parameter, A

circular frequency @, of the plate with Piezo-ceramic

_/Ijm D+DP
mn 2

0 ph

(4.36)

Where, r, is the internal radius and 7, is the external radius of annular plate.

Similarly natural frequency of circular plate without piezoelectric patches is given as:

2
o, =2 | D 4.37)
n' \ ph

Where m indicates number of nodal diameters and » indicates number of nodal circles.

The frequency of circular plate doesn’t depend on the Poisson’s ratio.

4.3 Constitutive Equations of Piezoelectric Materials

The linear piezoelectric constitutive equations coupling the elastic field and the
electric field can be expressed as the direct and the converse piezoelectric equations,
respectively. It is assumed that thermal effect is not considered in the analysis. The

piezoelectric sensor equations can be derived from the direct piezoelectric equation [69].

{o}=[c,]{s}-["J{ED 4.3.1)
{D.}=[el{s}+] & |{E} ={o}[d]+[ " |{ E} (4.3.2)

Where,

o = stress vector

C, = electric stiffness matrix of piezoelectric ceramic

& =strain vector

E=electric field vector

e =piezoelectric constant (piezoelectric stress/charge tensor)

D, =electric displacement vector

&° =piezoelectric permittivity constant under constant strain condition

&£ =piezoelectric permittivity constant under constant stress condition
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[e]=[4][c, ] 433
L&' ]=[#"]-[d][c, ]laT (4.3.4)

The superscript “T”” denotes the transpose of a vector or matrix.

| 4

4.3.1 Linear strain-displacement relations

Based on the first-order shear theory of small strain, the displacement components of a

piezoelectric composite plate are as:

u(x,y,z,t) =uy(x, y,t) + 28 (x, y,t) 4.3.5)
v(x, ¥, 2,1) =V (X, y,0) + 2B, (x, y,1) (4.3.6)
W(x9yszat):w0(xayat) (4.37)

* By

Figure 4.2: Definition of displacement and rotations

Where ¢ denotes time, w»,v and w are the displacement components in the
piezoelectric composite plate space along the x,y and z axes, respectively. uy,voand w,

are the displacement components of a reference point (x, ) on the midplanez=0) and

B.and S, are the slopes of the normal to the reference point (x,,0) on the midplane in

the yz and xz plane, respectively [77].
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The reduced form of the strain vector at any point (x, y, z) with respect to the structural

coordinate system can be expressed as

{&y=[21{¢} (4.3.8)
Where,
(1 0 0 0 0 z 0 0]
01 0000z 0
[Z]=|0 01 0 0 0 0 O (4.3.9)
0001 00UO00O0
00601 00 z|
(&t=[e. & 7. 7a 7, (4.3.10)
o [6u, v, ow ow, du, ov !
{8} = l: a: a)f ayo +ﬂy EO-'-'BX E()-'f‘—a?o ﬂx,x ﬁy,y ﬂx,y +ﬁy,x:| (4.311)

4.3.2 Isoparametric quadratic element

The eight-noded isoparametric quadratic element is adopted and the interpolation

formulae for the spatial coordinates are:

x=) Nx y= iN,y,. (4.3.12)

i=1 i=1

Where W, is the quadratic shape function.
The displacement vector {«} at any point (x, y, 0) on the midplane is defied in terms of

nodal variables via the shape function matrix [N, ] as

{u} =[N, ]{w} (4.3.13)
Where,

w=[u, v w B B]

[N ]=[[NVa] [M1] - [NJ]] (4.3.14)

In which [N, ] is the shape function matrix, [] is an identity matrix of size five and {u,}

is the nodal displacement vector of element i
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From equation (4.3.8), (4.3.11) and (4.3.13), the reduced strain vector {E} can be written

as
{&} =[Z][B,]{u} (4.3.15)
Where,
[B8.1=[[8] [B,] - [B]] 4.3.16)
L/ S
o
o M o o o
oy
o o N o u
oy
o o XN oy 43.17)
[B1=| ov  an o | |
— i i 0 0 0
3y o
o o o P
o
o o o o M
oy
o o o N 9N
A oy Ox |
G =12 8)

4.3.3 Electric field-electric voltage relations

The electric potential functions have linear variations across the thickness of the
picezoelectric actuator and sensor layers. The electric voltage vector {¢,} of the i th

element can be expressed as

(4} =[¢(1> PR ¢<NP)T | (4.3.18)
Where N, the number of is piezoelectric layers and ¢*) (k=12,.............. N,) is the

electric voltage of the k th piezoelectric layer in the i th element.
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The electric field vector { E j} in the j th piezoelectric layer is

$0 d
{E}=|0 0 P =12 N,) (4.3.19)
J
Where 4, (j=12,....... -»IN,) is the thickness of the j th piezoelectric layer in the

ith element.

4.3.4 Governing equation of motion

Applying Hamilton’s variational principal yields the following equation of motion:
[MUX}+[CI{ X} +[K )X} = {F}+[K.){4.} (4.3.20)
Where {X },{X } and {X } are the structural generalized displacement, velocity and
acceleration vectors, respectively. [M ] and [C ] are the structural mass and linear
damping matrices, respectively. [K,] is the structural generalized stiffness matrix, {F}
is the external force vecfor, [K.] is the structural electromechanical matrix, and {g, } is

the actuator voltage vector.

The equivalent nodal force {F,} of the actuator voltage is given as:

{F}=[Ku]{s.} 4.3.21)
It can be expressed as a summation of the equivalent forces of each piezoelectric actuator

element

(F}=3{rY =X {,.}"¢ (4.3.22)

Where,

(k)" = 18] (2], (L] e)lazdn @323)

~1-1

In which z{ is the coordinate of the mid-plane of the piezoelectric actuator layer along

the thickness direction and the transformation matrix 7, is
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[ P ” 0 0 mn |
n’ m 0 0 —mn
[Z]=| o 0 m -n 0 (4.3.29)
0 0 »n m 0
|—2mn 2mn 0 0 m’—n®

m=cos@,n=sinf and O is the skew angle.
_ T
{es} = [e3l €n €3 E3 936] (4.3.25)

4.3.5 Sensor Voltage

In the absence of the externally applied potential ({E} =0), a strained sensor that is
only poled in the z-— direction will induce electric displacement D, on the sensor

surfaces given by

D, =e, ¢ +e,¢, +e,£, +e,8 +e,E, (4.3.26)
Equation (4.3.26) in the matrix form

D, =&} [1]{8) 4327)

From Gauss’s law, the charge output Q'(r) of the i th electroplated sensor is expressed in

terms of spatial integration of D, over its surfaces as:

ow =ZQij(t) (4.3.28)
Where, '

f 1
0, n=> (,, j D.dA+ A j D.dA) (4.3.29)

7

In which the subscript j denotes the element number of the ith sensor, and 4 ; and A4~

are the top and bottom surfaces of the sensor element.

Substituting equations (4.3.27) and (4.3.15) into (4.3.29) gives,
0,0 =[k]" {u,} (4.3.30)
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Where the mechano-electronic matrix of the jth piezoelectric element [k,,S]U) is given

as:
(k1= | [{&} [B]Z].. [B.]lV|d&dn (4.3.31)
In which z, = %(z,.+ +z) ' (4.3.32)

Equation (4.3.31) can be given as:

9 ] ] . -
(k)" =[4 4 4 4 4 z4 z4, z4][B,] (4.3.33)
A =me; +n’e;, —2nme,
A, =n’e, + m’e,, +2nmey
4, = me;, —ne;,
A, =—ne,, + me,;

A = mne;, — mne,,

(4.3.34)

11

[8.]={ [[B.]17|agan (4.3.35)
-1-1

For PZT sensor, normally the dielectric constante,, =e,, =e,, =0,

Hence, equation (4.3.34) becomes,

4, =mle, +n’e,

4, = n2e31 +‘m2e32

A,=4,=0

As = mney, —mne;, (4.3.36)

The PZT sensor is equally poled, e,, =e,, , then equation(4.3.36) can be given as:

4, =e, 4, =e;, A =4,=4,=0 (4.3.37)
From equations (4.3.16), (4.3.17), (4.3.33), (4.3.35) and (4.3.37), mechano-electric
matrix of the PZT sensor element is given as:

[kds](j):[kls kyy oo k8s] (4.3.38)
Where,

[kls] = [eSIAIx eszAly 0 e;,z4, 63223‘40'] (4.3.39)
(=12, ,8)
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Where,
! ON,
Alx = J..l[—angdﬂ
- . (4.3.40)
15
By assembling the electric charge Q,'(¢) based on the equation (4.3.28) gives,
o =[k,]"{x} (4.3.41)

Where [de ](i) is the mechano-electronic matrix of the i th sensor. When piezoelectric
sensors are used as strain rate sensors, the output charge (' can be transformed to sensor

voltage @ as:

i cdQ . My
®,/ =G ==G k.17 {x) . (4.3.42)

Where G is the constant gain of the charge amplifier of the i th electroplated sensor.
The sensor voltage vector {®,} is expressed as:
{o}=[0 @ - "] =[G][K.]{X) (4.3.43)
Where N, is the total number of piezoelectric sensors and

[G.]=diag{G*, G°, - Gy} (4.3.44)

T
[de] = [Kl K, - KN,:I
4.3.6 Actuator Forces
By comparing equation (4.3.23) with (4.3.31), the equivalent nodal force vector

{ Jf,}(j) of an element ; of the ith piezoelectric actuator induced by the input voltage ¢,
can be given as:

( f D T a a a T
(k) = [Bd] [4 4, 4, 4, 4 z4 z4, zg4, | (4.3.45)

For PZT actuator, e,, = e,,, equation (4.3.45) becomes,
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kP ={fe Fra = Sa} (4.3.46)
Where,

a a T
{ﬁa}=[eSIAlx end, 0 e,z;4, e3zzoA,y:| 4347
IS W ,8).

Comparing equation (4.3.47) with (4.3.33), if the sensor/actuator pair is collocated, i.e.
zy =z, Hence, the relationship between the mechano-electronic matrix and the

electromechanical vector can be expressed as:

({ kaa}m)”‘) =[ky]” (4.3.48)
The equivalent nodal force vector {Fa}m of the ith piezoelectric actuator is expressed as:
(£} ={K,}" 4, (4.3.49)
Where {K da}(:‘) is the expanded electromechanical vector of the same size as the system

displacement vector { X} . The assembled equivalent actuator forces vector {F,} induced

by the voltages{®,} of all the N, actuators is given as:

(£} =[K.){®.} (4.3.50)
Where,

(K. ]=[ (K" (KD - (K™ ] | 4351)
{(I)a}z[¢1 ¢2 ¢Na:|T- . (4.3.52)

4.4 The Control Law

The block diagram of the vibration control system is shown in the figure 3.2. It is
single input single output feedback control system. The feedback signal is generated by
the piezoelectric sensor. After that the signal is amplified with gain and applied to the

piezoelectric actuator.
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Figure 4.3: Circular plate with sensor and actuator
The vibration control can be realized in two different ways based on the signal

conditioning:

(1) Position or proportional control
(2) Negative velocity control

In the proportional control, the actuation action is function of position like quantities,
whereas in velocity control, the actuation depends on the time derivative of the same

quantities.

(1) Proportional Control Method: In proportional control method, the feedback voltageq/‘ﬁa
is obtained by multiplying sensing voltage ¢ with gain G. Gain value for the vibration

suppression is chosen arbitrarily, therefore the control equation is written as

9,()=Gg. (1)

(2) Constant Gain Negative Velocity Feedback: Negative velocity control method
involves differential terms of the sensor signal @,(¢) i.e. ¢ (r) .The feedback voltage is

obtained by multiplying the gain value G with the derivative of sensor signal and its sign

is changed before injecting into the piezoelectric actuator.

¢,(t)=—Gé, (1) -
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The velocity feed back enhances the system damping and therefore effectively controls
the oscillation. But the velocity amplitude decays, the feedback voltage also decreases.

This will reduces the effectiveness at low vibration levels for a given voltage limits.
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CHAPTER 5 EXPERIMENTATION

The experimental setup used for the present work is explained in this chapter.
Detailed specifications of the instruments used in the experiment are presented here. The
procedure to conduct the experiment is also explained. The main focus of study is to
monitor the real time vibration signal of the plate specimen, to keep in record of the
signal file and to obtained the response of the plate using sensor voltage and finally
implement the closed loop proportional feed back control logic in order to suppress the
vibration.

5.1 Equipments

Following equipments are used in the experimental work

(1) Aluminum Plate specimen '

(2)Vibration control unit (Piezo sensing and Piezo actuation unit)
(3)Piezoelectric sensor and piezoelectric actuator (PZT patches)
(4)USB based data acquisition card (National Instruments make)
(5)Computer with LAB View software version 8.0
(6) Connections BNC connector cables
(7)Power supply 240V, 50HZ

Specifications of all equipments are given below:

Table 5.1: Material properties of plate specimen

Property Name Value
Material Aluminum
Dimension-Circular plate (annular) Internal diameter: 15c¢m

External diameter: 45cm
Thickness: 0.26mm
Young’s Modulus (N/m?) 70E09

Density(Kg/m®) 2700
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Table 5.2: Properties of the piezoelectric sensor and actuator (PZT patches) by Sparkler
Ceramics Ltd, Pune-411026, INDIA

Property Name

Material Lead Zirconate Titanate
Dimension(mm) 30x30x0.5

Young’s Modulus (N/m?) 63E09

Density(Kg/m’) 7600

Dielectric constant (d3;)(m/V) 254e-12

Stress constant (g3 }(Vmm/N) 9E-3

Table 5.3: USB based Data acquisition card by National Instrument Inc

Property Name

Analog input 8 single ended, 4 differential software
selectable

Max sampling rate 48 KS/sec

Input range +/- 10 volt for single ended

Input resolution 13 bits

Analog output 2

Max.imum update rate 150 Hz, software timed

Output range 0-5 Volt
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Table 5.4: Properties of vibration control unit by Spranktronics Inc

Piezo Sensing System

It consists high quality charges to voltage converting signal-conditioning amplifier
with variable gain, individual input/output connectors to cater for 2 channels

displacement and velocity conditioner. The signal conditioners are biased with built in

DC power supply.
Sensor Piezoelectric crystal
Output Sine/Random
No of channels 2
Frequency Range | 10-2000Hz
Maximum input voltage 10 volt (RMS)
Maximum output voltage 200 volt (RMS)
Input / output connection PT 10 terminals / B & C connectors
Input power 230V, 50Hz AC

Piezo actuation system

It consists of a preamplifier circuit given as input and a power amplifier circuit. The
output of the power amplifier is given to a step up transformer to boost the input Voltage
of 0-5 Volts to 240 V RMS.

Actuator Piezo electric crystal

Output Sine / Random

No of channels 2

Frequency Range 10-2000Hz

Maximum output voltage 200 volt (RMS) —adjustable gain
Input / output connection PT10 terminals / B & C connectors
Input power 230 V,50Hz AC
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5.2 Experimental setup

Piezo Sensing

PZT Sensor - System
—/——>-J -
PZT Actuator R
Data Acquisiton
Card
Piezo Actuation
System «
L 4
PC with LAB
View

Figure 5.1: Block diagram of experimental setup of proportional feedback control

Figure 5.1 shows the schematic block diagram and Figure 5.2 shows the experimental
setup of the proportional feedback control system. The PZT patch, Piezo sensing and

actuation and National Instrument Inc DAQ card forms a closed loop system.



Figure 5.2: Experimental setup of the proportional control system

5.2.1 Piezoelectric material (PZT patch)

PZT patch is made by Sparkler Ceramics Pvt Ltd. It is Lead Zirconate Titanate
(Material SP-5H plate) of dimension 30mm L x 30mm W x 0.5mm thickness, wrap
round silver electrodes, poled across thickness polarity marked and soldered with lead
wires approx 150mm length. For circular annular plate clamped at the inner boundary,
one patch is bonded near the clamped edge, as the sensor and four patches are bonded on
the opposite side in a symmetric fashion which acts as the actuators. Patches are bonded
to the plate by graphite epoxy. Graphite epoxy is made by Resinova Chemie Ltd. When
the plate is excited by impulse, it starts vibrating and the sensor when deformed

mechanically develops the voltage across it terminal.
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Figure 5.3: Aluminum plate clamped at the inner boundary with PZT patches.

5.2.2 USB based data acquisition

Data Acquisition system is National Instrument Inc, make card. This card is used for
various purposes such as measuring and recording of several parameters like
displacement, voltage, acceleration, strain, temperature etc. in machine equipments. PC
based DAQ is used in real time signal to store the signal parameter which is used for
further analysis in future. It consists of various internal devices for signal measurement
and conversion. One of the prime applications is to analog to digital conversion and vice-
versa. Multiplexer is used to combine several input signals into a vector form for the
input/output port. Counter and timers are used to control the signal time and to store the
data in the buffer for the specified amount of time. Counter clock runs with CPU clock

and it is used to synchronize all elements.
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Plate is excited at the outer boundary with unknown impulse and PZT sensor bounded to
the plate send the sensed signal. This voltage is amplified by the Piezo sensing system
and it is fed to the NI DAQ card and Piezo actuation system. PZT sensor is connected to
the DAQ card through the signal sensing device. The voltage developed by the PZT
sensor mounted by the plate surface is able to sense. The sensed voltage is scanned and
stored in the computer with the help of LabVIEW software version 8. The stored data is

used for further processing.
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Figure 5.4 (a): NI make DAQ card-NI 6009
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Figure 5.4(b): NI DAQ card connection unit

5.2.3 Piezo sensing and actuation system

The main function of Piezo sensing and actuation is used in the experiment for
sensing the strain developed in the PZT patch and to amplify the signal so that it can be
used for further processes. It has two channels fof sensing and two channels for actuation.
The output of the PZT sensor is connected to the Piezo sensing and Piezo actuation
system by BNC cables and output of the sensing device is connect‘ed to the NI card and
also connected to the actuation system. Piezo actuation system is similar to voltage
amplifier which amplifies the voltage sensed by the sensing system so that it can be

actuated by PZT for vibration suppression.
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Figure 5.5: Piezo sensing and Piezo actuation system
The system is operated both IN and OUT of phase. First of all the signal is inverted
and amplified by the system and then it is supplied by the PZT actuator. If the sensed
signal is IN phase the output signal will be OUT of phase for suppression of vibration of
plate. The output gain is adjusted by the knob on the actuation and sensing system. The

vibration control is more effective by inereasing the gain value.

5.2.4 Computer with LabVIEW software

Data acquisition card is connected to the USB port of computer by USB data cables.
The outlook and appearance of the LABView is just like a physical instrument (e.g.
Oscilloscope, Multimeter etc). Hence, it is also known as virtual instrument or VL. It
contents various tools for acquiring, analyzing, displaying and storing data and so many
tools for trouble shooting the code. LABView is build with control and indicators in

which controls are in the form as knobs, buttons, dials and other input mechanics.
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Indicators are in the form of graphs, LEDs and other output display unit [43, 44].
Various additional codes may be added using Vis and structures to control the front panel
objects when building the user interface has been completed. The block diagram contents
these codes. The front screen of the LabVIEW is shown in the figure 5.6 (a) and figure
5.6 (b). One VI has been built in the software in order to scan the data from the NI data
acquisition card. The data can be displayed in the form of real time domain and through
FFT it is also possible to display the frequency plot of the time base data. Figure 5.7(b)
and figure 5.7(a) shows the block diagram of the LabVIEW programme and front panel
of the LabVIEW programme respectively. Various parameters are setup as shown in the
figure 5.8 in order to scan the voltage signal with the help of DAQ assistant block
according to block diagram of the LabVIEW VI programme as shown in the figure 5‘7(b).
The wire is connected to the graph indicator block in order to see the real time signal
from the sensor. Band pass filter is in between the graph indicator and DAQ assistant
block and in between the FFT block and DAQ assistant block in order to remove the
unwanted higher frequency components from the signal. By FFT block natural
frequencies are displayed that is compared with theoretical frequency. Front panel of the
VI shows only time domain signal graph and frequency domain signal graph. Both time
domain file and FFT file are stored in the computer with the help of file to measurement
block. -

2
NATIONAL
INSTRUMENTS"
JIGNESH MEVADA
T
M21X42772
LabVIEW Professional Development System
m VIEWWI 8
nilcorni/iFhview,
© 2005 National Instruments. Al rights reserved. Version 8.0 - Finishing Intialization

Figure 5.6 (a): LabVIEW main screen (at the time of starting)



66

File Jools Help

iy W ey

3 LabVIEW §

Licensed for Professional Yersion

e} Blank VI
;’@ Empty Project
”f@ VI from Template. ..

£ More...

[}:} C:A...orced\Cantilever\CANTILEVER. lvproj
@ C:\...sults\shell\ANURAG uncontrolled. vi

[wd C:\...sicaeiDeskiopiAmit Results\Amit. vi

@ C:\...resultsishellANURAG controlled. vi

E% C:\..._NEW_RESULT\arif new controlled. vi
B C:\...e\DeskioplANURAG results|ANURAG. vi
fm} C:\...\cae\Desktop\ARIF RESULTAARIF.vi
B3 C:\...cae\Desktop\ARIF RESULT\ARIF1.vi
@ C:\...EW_RESULT\arif new uncontrolled.vi

i @ C:\... and Settingsicae\Desktop\raghu. vi

RESORICES

New To Lab¥YIEW?
Getting Started with LabVIEW
LabVIEW Fundamentals

i Guide to LabVIEW Documentation

! LabVIEW Help

) Upgrading Lab¥IEW?

' LabVIEW Projects

Changes to Existing VIs and Functions

New Palette Organization

List of All New Features

Web Resources

| Discussion Forums

A S

i Training Courses
LabVIEW Zone

; Examples

t
1 3 Browse... g (&, Find Examples...
\ 3 —

Figure 5.6 (b): LabVIEW main screen

ﬂna&mwm-nlodsm

"‘IE ‘“‘“‘"“

|’ &}

'h“* l J”““ ”' ||l I“ ||\| ll ill""'I'
o AT RAL |‘ II!I'rl“i[' it
s

e

&mmam%nwmm
= 0T o e e

® % G0 1o i 10 140 150 160 W 1w 1% o
Freq

Flgure 5.7 (a) Front panel of the LabVIEW VI programme.



Eile Edit View Project Operate Tools Window Help

' O[] @] [e5] loa]m [of [135% Appication o+ A5 ][]
Fac
t
[
b
DAQ Assistant Filter Spectral
data Signal Measurements
Filkered Signal *| b error irf {no errar)
errorout  * Signals
>error in (no error) ervor out d :
i
et

Figure 5.7(b): Block diagram of the LabVIEW VI programme

DA QFAS SIS Tant)
3 o[> -+ ' x "”'J',@

Urdo  Redo  Test  Add Channels Remove Channels Show Help

— — i e e . J—— e

szaawaeraa-;@ =4 woltage Input Setup

—_m@ [£-03 Settings j
Signal Input Range ~
Ma 5 ¢ Scaled Units
- H I Volts f—\?ﬂ
Min -10 - .
Terminal Configuration
RSE Rl
CHck the AGT CHannels button o .
SGGE more channels £o the task. Custom Scaling —
. L <No Scale> =] B
el
i

| ¥
1 sample (On Demand) i bl
1 Clock Settings - 1 g
& 1 sample (HW Timed) [ i
P samples To Read 2
N Samples
@Continuous' S o L ) Ratek(pjz) 2k - =)
(<7 Tl I e . i F
{3 Express Task | #Z Connection Diagram |

Figure 5.8: DAQ assistant parameter dialogue box



iBandpass ;\7)'!

Filter Specifications
Low cutoff freguency (H2)

|14 i“'|

High cutoff frec_;uency (Hz)
]200 ¢E|
Result Preview

(O Finite impulse response (FIR) filter b

Taps 1-]
29 a 4
£ g
& Infinite impulse response (IIR) filter E
_1 -
Topology
Chebyshev e -2 -
Qrder
8 =)
[— -f‘s View Mode
® signals

O Transfer Function
Scale Mode
[JMmagnitude in dB
[JFrequency in log

[[1Show as spectrum

68

I Filtering Type Input Signal

] {

| oK

] |

Cancel Help

]

Figure 5.9: Band pass filter block

5.3 Procedure

Proportional control method is used for vibration control. Hence, the output of the

sensing system is given to the actuation system by directly giving some gain

(amplification). The plate is excited with unknown impulse at the outer boundary. Sensed

voltage is recorded in the computer with gain and without gain by the actuation system. It

means the data are stored without control action and with control action. The normalized

data are compared with each other on the same scale with different gain values.

Following steps are taken during experiment:

(1) Aluminum plate with PZT patches which are bonded near the fixed edge. The plate is

annular circular plate clamped at the inner boundary.

(2) PZT patches are connected to the Piezo sensing and actuation unit,
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(3) DAQ NI card is connected to the computer through USB port. The output of the
sensing system is connected to the analog input port of the NI card and input of the
actuation system.

(4) BNC and coaxial wire connection is used for the interconnection of all the devices.

(5) Keeping the phase IN/OUT switch in PHASE position.

(6) Keeping the voltage adjusting switch below 50V

(7) Slowly increasing the actuation voltage till the Piezo sensing voltage is reached.
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RESULTS AND DISCUSSION

Free vibration analysis of an isotropic circular annular plate is carried out in order to

obtain the natural frequencies and mode shapes.

Table 6.1: Properties of Piezoelectric patch and plate [55]

Property Name PZT Plate
Young’s Ell 63 70
modulus of
elasticity (GPa)

E22=E33 63 -
Poisson ratio Vi, =V 0.3 0.334

V,, 0.3 -
Shear modulus | G12=G3 24.2 -
(GPa)

Gy 24.2 -
Density, p (Kg/m>) 7600 2700
Piezoelectric constant 254E-12 -
(m/V) d31=ds»
Electrical permittivity £, =&y 15.3E-9 -
(F/m)

£y 15.0E-9 -

The circular annular plate is clamped at the inner boundary and free at the outer

boundary. One PZT patch is bonded on the top surface near the clamped edge as the

sensor and four patches are bonded just opposite side in the same location as the actuator,

by graphite epoxy adhesive. The adhesive thickness layer is neglected for analysis. The

natural frequencies of the annular plate are calculated without piezoelectric patches for

different aspect ratio and the results are compared with the result available in the



literature [22]. Comparison of first five natural frequencies is shown in the table 6.2 and

6.3 and bar charts are drawn for comparison purpose.

h Axisymmetric vibration mode number
rO
1 2 3 4 5

0.001 | Ref [22] 6.6604 | 42.614 123.46 244.18 405.23
Present 6.657 42.556 123.413 | 243.857 | 405.19
work

0.050 | Ref [22] 6.6234 | 41.265 115.17 216.78 340.08
Present 6.579 41.24 115.13 216.242 | 339.49
Work

0.100 | Ref [22] 6.5162 | 37.894 98.261 171.59 252.29
Present 6.49 37.79 97.74 171.58 251.799
work

0.150 | Ref[22] 6.3494 | 33.766 82.172 136.07 192.56
Pre.sent 6.29 33.75 82.009 136.05 192.53
work :

0.200 | Ref [22] 6.1372 | 29.763 69.409 110.42 151.28
Present 6.136 29.63 68.93 110.168 151.232
work

Table 6.2: Comparison of natural frequency (Hz) of annular plate (clamped at inner

boundary and free at outer boundary) for different h ratio and - =0.3

v

4

F

o
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oY |

Axisymmetric vibration mode number

1 2 3 4 5

0.1 Ref [22] 4.2374 25.262 73.899 146.69 24394
Present 4.234 24.87 73.71 146.1 243.01
work

0.2 Ref [22] 5.1811 32.291 94.082 186.42 309.68
Present 5.179 32.08 93.44 185.9 308.65
Work

0.3 Ref [22] 6.6604 42.614 123.46 244.18 405.23
Present 6.657 42.556 123.413 243.857 405.19
work

0.4 Ref [22] 9.0205 58.548 168.68 333.05 552.29
Present 9.013 58.52 168.32 332.17 552.109
work

0.5 Ref [22] 13.024 85.031 243.68 480.40 796.12
Present 12.987 84.687 243.675 480.34 796.07
work

Table 6.3: Comparison of natural frequency (Hz) of annular plate (clamped at inner

boundary and free at outer boundary) for different aspect ratio and LA 0.001
.

(4]
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6.1 Optimal placement of sensor/actuator pair

The problem of determining the optimal locations of actuators for the active vibration
control of flexible structures is of considerable interest in engineering design where
improved performance and efficiency of response is sought from each controller. In
active vibration control of structures using piezoelectric materials, the locations of
sensors and actuators have significant influence on the performance of the control system
as well as the controlled response. Misplaced sensors and actuators lead to problems such
as lack of observability and controllability. Hence it is very challenging problem in the
field of active vibration control. Generally, the optimfzation problem is classified as
continuous or discrete and the optimization methods would be either non-systematic
(such as some intuitive “cut and try” placement techniques) or systematic optimization
methods such as Simulated Annealing (SA), Tabu search (TS), and Genetic Algorithms
(GAs) [57].

In this study, the placement of collocated piezoelectric S/A pairs in a laminated
composite plate is determined by FE method. The equation of motion in the absence of

structural damping with respect to the reduced modal space is given as [66, 77].

iy +[Ql{n} ={F} +[ B {0} 6.1)
Where {r}eR™ is the modal coordinate vector, r the number of retained modes,

[Q]e R the matrix of eigenvalues, {F} e R the reduced force vector, [B]eR™ the

actuator influence matrix, {CD"} e R”"' the actuator voltage vector and p the total

number of piezoelectric sensor and actuator pairs. If the effect of the mass and stiffness of
the sensor and actuator pairs on the dynamic behavior of the composite plate is neglected,
according to the pin force model [6], the equivalent actuators forces are the constant

linear distributed moments along the edges for different placement. Hence, the values of

non-zero elements of actuator influence matrix [B] remains constant for different

placement, though the positions will change with the actual placement. According to

equation (6.1), the equivalent actuator forces are maximized by maximizing the input

voltages of the actuators{d)”} . But for the classical constant gain negative velocity feed
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back control system {CD“} = —[G]{(D“'} where [G] is the constant gain matrix which is
coupling in between input actuator voltage vector {CD"} and output sensor voltage {(D‘}
[77]. Hence, in order to maximizing  the {(D"} , the corresponding sensor voltage

{(I)"'} should also be maximized.

{0} {o7} (6.2)
In order to maximize the sensor voltage {(Ds} for actively damped free vibration,

with the help of equation (4.3.42) and equation (4.3.28) it is concluded that these strain-
rate piezoelectric sensors should be placed in regions where more electric charges and

high electric current are obtained.
(@), > (2)... (6:3)

To maximize the induced electric charge, the integration of electric displacement
D, according to equation (4.3.26) should be maximized. But for the PZT
e,, = e;; = &, = 0. Hence, equation (4.3.26) becomes,
D, =e;& +ey8,
= (m’e,, +n’e,))e, +(me,, + nzesl)gy (6.4)
Where,m =Cos8, n=3Sinf and @ is the skew angle of the sensor, which is constant.

o = (mze3, + n2e32) ngdl// + (mze32 + nze31) Isydw 6.5)
7 v

v

Where 7 represents the top and bottom surfaces of the sensor. Hence, in order to obtain

the maximum input voltages, equations (6.2), (6.3) and (6.5) shows that the surface

bonded sensors should be placed in regions where high integrated values of the normal

strain over the bonding surface are located. For PZT (631 = e32) equation (6.5) is given as

(@Y > ([, +2,)dY7) , (6.6)

Hence, to maximize the input voltage of actuators{(D”} , the isotropic PZT pairs

should be placed in the regions where the sum of the normal strain integrated over the

actuator patch is high. The actuators are assumed to be perfectly bonded to the structure,
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with negligible mass compared to the mass of the host structure. Generally the sizes of
the piezoelectric patches are small compared to the host laminated composite plate.
Therefore, it does not add significantly to the bending stiffness [10]. But for the specified
applied voltage and constant electric field along the thickness direction of a surface-
bonded PZT actuator, distributed shear forces are induced at the bonding surfaces. Based
on linear variation in potential and first-order plate theory, the equivalent surface shear

forces for the i PZT actuator is expressed as [77]

T, = —e; Eyt, = —e;, D7

T, =—e, Eit, = —e,, 07 6.7)
Where, 7, and 7, are the equivalent surface shear forces under the applied

voltage @], E, the electric field along the thickness direction and ¢, the thickness of the

ith  actuator. Both 7] and 7, actively damp out the vibration energy of the dynamic
system and these are proportional to ®@7. To maximize the active damping effect, the

actuator should be located where the virtual work W done by 7; and 7, along the surface

strain field is maximum with the given initial state. The virtual work is given as

W = [T + ey )y | (6.8)
v

Substituting equations (6.7) and (6.4) into equation (6.8) gives,

W =-®°| (m’e,, +n’e,,) Iexdw +(m’e,, +n’e;,) jeydu/} (6.9)
7 v

Comparing equation (6.9) with equation (6.5) shows that to maximize the virtual work
for a given S/A pair, the actuator should be placed at the location where the electric
charge of the sensor is also maximum. Because it is already assumed that PZT S/A pair is
collocated. Therefore, the collocated S/A pairs should be located in regions where the
normal strains integrated over the bonding surfaces is high, resulting in maximum virtual

work done by the actuators.



\ W =0, éﬂ;— =4
dr

M (r.#)=0, 2iré)=0

Figure 6.11: Boundary condition imposed on the plate

Where,
W_ = Transverse deflection

oW,

n

=Slope
or p

M, (r,0) =Bending moment
Q. (r,0)=Shear Force
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Figure 6.12: Normal elastic strain of circular annular plate
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6.2 Experimental work

For the experimental work the excitation force (an impulsive load) is applied at the
free end. The sensor readings are recorded in the computer with the help of data

acquisition card and rate of decay are calculated for comparison purpose.

Amplitude |

Figure 6.13: Uncontrolled response of amplitude of vibration with respect to time

Figure 6.13 shows the uncontrolled response of amplitude of vibration with respect
to time. In figure 6.14 best fit curve crossing the peak level of amplitude of vibration are
drawn in order to calculate the rate of decay. Similar procedure is adopted for the
controlled response and rate of decay are compared. It is shown that rate of decay are

increasing with the gain.
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Figure 6.15: Controlled response (Gain-1) of amplitude of vibration with respect to time
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Figure 6.17: Controlled response (Gain-2) of amplitude of vibration with respect to time
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Figure 6.19: Controlled response (Gain-3) of amplitude of vibration with respect to time
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Figure 6.20: Best fit curve crossing the peak level of amplitude for Gain-3

6 (Logarithmic Decrement Index)

Response
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Figure 6.24: Controlled response (Gain-2) of amplitude of vibration with respect to

frequency
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Figure 6.25: Controlled response (Gain-3) of amplitude of vibration with respect to

frequency
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6.3.1 Mode Shapes without piezoelectric patches
In this section, first six mode shapes of annular plate are presented without

considering piezoelectric patches.



-
0.00 200.00 (mm) 1——— "
[ e—

100.00

[ Mode: f,=8.7252 Hz
(Front view)

-
0.00 200.00 (mm) I—-o X
[ —

100.00

II Mode: f,=10.358 Hz
(Front view)

-
0.00 200.00 (mm) 1—-‘ s
— )

100.00

Il Mode: f,=16.35 Hz
(Front view)

89

0.00 200.00 (mm)
100.00

i

[ Mode: f,=8.7252 Hz
(Isometric view)

0.00 200.00 (mm)
100.00

A

I1 Mode: f,=10.358 Hz
(Isometric view)

b

0.00 200.00 (mm)
100.00

III Mode: f,=16.35 Hz
(Isometric view)



I - 000 200,00 (mm) I./I\
X [ Se—] X

0.00 200.00 (mm) 100.00

100.00

IV Mode: f,=26.56 Hz IV Mode: f,=26.56 Hz
(Front view) (Isometric view)

I . 000 200.00 (mm) ‘/1\‘
X [ e— = X

0.00 200.00 (mm) 100.00
V Mode: f,=40.106 Hz V Mode: f,=40.106 Hz
(Front view) (Isometric view)

. 0.00 200.00 (mm) IJ\
1__ > X ) X

0.00 200.00 (mm) 100.00

100.00

VI Mode: f,=56.422 Hz VI Mode: f,=56.422 Hz

(Front view) (Isometric view)
Figure 6.27: Six mode shape of circular annular plate without PZT patches



6.3.2 Mode Shapes with piezoelectric patches

In this section, mode shapes of the annular plate are presented considering the mass

and stiffness of piezoelectric patches.
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Figure 6.28: Mode shape of circular annular plate with PZT patches

In the experiment, one PZT patch is used as the sensor and four PZT patches are used
as the actuator. The features of mode shapes with PZT patches are drastically changed as
compared to without PZT patches due to un-symmetric structure.
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CHAPTER 7 CONCLUSION AND FUTURE SCOPE

7.1 Conclusion 7 .

In this work a finite element model of the piezolaminated composite plate based on
the classical laminated plate theory is presented. In deriving the finite element model of
piezolaminated composite plate first assumptions of the classical laminated plate theory
is given followed by modeling of circular plate with PZT patches in which natural
frequency equation with PZT patches and without PZT patches are discussed. Further,
constitutive equation of piezoelectric materials, linear strain-displacement relations,
electric field voltage relations, governing equation of motion, sensor voltage relations and
actuator force relations are derived. Natural frequencies with different aspect ratio are
calculated with the derived equations and compared with the available literature. It has
been found that calculated value agree very well with the reference value. By ANSYS
simulation it has been observed that natural frequency of plate is increases with PZT
patches as compared to the without PZT patches, because addition of extra material with
higher stiffness: mass ratio on the original structure. Mode shapes with PZT patches and
without PZT patches both are presented and it is shown that the feature of mode shape
- with PZT patches are changed as compared to without PZT patches. It is due to structure
becomes un-symmetric, because one patch is mounted as a sensor and four patch as the
actuator.

Damping effect varies very much with the position of the piezoelectric patches on the
surface of the plate. Hence, the most effective location of the PZT patches is determined
to suppress the amplitude of vibration. It has been observed that when the sensor/actuator
pairs are bonded near the fixed edge of the annular plate, where high strain region is the
control effect is best. With the experiment it is concluded that damping effect increases
with the increase in the control gain. But the practical limit of the control gain depends on
the breakdown voltage of the piezoelectric material, because when the applied voltage is
exceeds the breakdown voltage the piezoelectric material losses its piezoelectric
properties. Also damping effect depends on the number of patches used but the covering
area of the piezoelectrié patches should be taken into consideration. Experiment shows

that proportional control can achieve better active vibration control of the plate with
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piezoelectric patches used as the sensor and actuator and piezoelectric sensor can be used

to determine the natural frequency of the plate.

7.2 Scope for future work

v

<

Experiment can be performed with different control logic for the same structure
such as Proportional-Differential and Proportional-Integral-Differential.

Classical controller should be replaced with non-classical controller to control the
non-linear vibration.

Experimental and theoretical analysis should be done to suppress up to higher
mode of vibration by changing the location and number of patches used.

The adhesive layer thickness should be taken into the analysis.

Active control of smart structures can be studied using piezoelectric stack (multi-
layer) actuators. Studies may be extended to micro-positioning applications by
trajectory control.

The control of structures having different types of actuators such as fluid power
and servo motor can be used.

Active vibration control of smart structure having complicated geometries such as
two-dimensional structures should be studied. Also, it needs to be tested on real-
life structures, such as airplane wings, helicopter blades, automotive applications,

manufacturing processes, motion control, and measurement systems.
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