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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 

pie2oelectric 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 position 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 alloy, electrostrictive materials, 

magnetostrictive materials, fiber optics and piezoelectric materials. In which piezoelectric 

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 

v 



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 (stiffness) 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 
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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 20th  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 21St  century, peoples are entering into research and development 

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. 

1° 

+ 

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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Matrix (Polymer) 

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 actuator 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. 
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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 different control strategies are discussed. 

Chapter 5 presents 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 placement 

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 

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

overall size and complexity of the system. 

SMART STRUCTURAL SYSTEM 

PASSIVE STRUCTURE 

primary "load" bearing 
structure 

(multi-functional) 

Control 
Sensing and. Actuation 

ACTIVE MATERIALS 

Vibration Control 
	

Piezoelectric Materials 

Shape Control 
	

Electrostrictive Materials 

Size Control 
	 Magnetostrictive Materials 

Speed Control 
	 Shape Memory Alloys 

Precision Control 
	

Electro-Rheological Fluids 

Damage Control 

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

CONTROL. 

(]A~i7t74P(IIiE5tf 

ACTt1ATOR 

SEMSOR 

SMART STRUCTURE  

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

Shape Memory 

_'' 	 Martensite 

t✓  
Deforming the 
Martensite 

jji;j c 	Deformed 
Martensite 

I J key  - 	' Austenite 

f - 	= Martensite 

Figure 2.2: The shape memory effect [89] 
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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 

temperatures. 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]. 
Macroscopic View 

Austenite 	 Twinned Martensite 	 Deformed Martensite 

Microscopic View 

Austenite Twinned Martensite Deformed Martens ite 

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 MS, Mf, A, and Af 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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Temperature 

Figure 2.4: The Dependency of Phase Change Temperature on Loading [89] 

M~~~1il~ll~ 

Twinned martbn 	 Deformed martonsite 

Load 

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 Mf. 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 Af. 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: 

• Nickel/Titanium alloys such as Nitinol and Tinel 

• Copper/Zinc/Aluminum Alloys 

• Copper/Aluminum/Nickel Alloys 

Other alloys that are known to display shape memory properties are: 

• Silver/Cadmium Alloys 

• Gold / Cadmium alloys 

• Copper / Tin alloys 

• Copper / Zinc alloys 

• Indium / Titanium alloys 

• Nickel / Aluminium alloys 

• Iron / Platinum alloys 

• Manganese / copper alloys 

• 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 effect). 

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 (Si02), Aluminum orthophosphate - Berlinite (AIPO4), 
Gallium orthophosphate (GaPO4), 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 A1N, 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 
I OE-5 to JOE-7 % strain) [91 ]. 

electrostrictive 	c 

c 	 ~ 
X 	 ~ N 	 / 

electric field , 

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 length 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].  



14 

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 applied 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: 

✓ Low weight 

✓ Easily mounted on the structures 
✓ Quick response 

✓ Low power consumption 
✓ High efficiency and compactness 
✓ Dual nature (sensing and actuation both) 
✓ 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]. 

Converse Piezoelectric Effect 
Expansion 

Contraction 
I + 

_  I 

4piied voltage of Applied voltage of 
same polarity as opposite polarity as. 
material 	material 

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 (7k.), the 

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

its unit cell. Below T~ , 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. 

Figure 2.8: Crystal structures of PZT ceramics above and below their TT  [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). 

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

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]. 

itt 

ttt 
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) 03] 

(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 operating 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: 

S„ 
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(2.1) 

(2.2) 

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}+[s'`]{E} 
	

(2.3) 

{~} _ [cE ]{S} —[e]{E} 
	

(2.4) 

Where, 
{D} =Electric displacement vector 

[e] =Dielectric permittivity matrix 

{S} =Strain vector 

les l =Dielectric matrix at constant mechanical strain 

{E} =Electric field vector 

{6} =Stress vector 

[cF]=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 
4 

OVEN DRY 
4 

SOLID STATE REACTION UPTO 1200°C 
4 

MICRO-PULVERISATION TO A PRE-DETERMINED PARTICLE SIZE RANGE 
4 

FORMING PROCESSES 
4 

SINTERING 1300°C. - QC FOR SINTERABILITY 
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GRINDING / LAPPING / SLICING TO THE REQUIRED DIMENSIONS 
4 

FIRED - ON SILVER ELECTRODES 

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. 

Actuator(s) 	Dynamic System 	 Sensor(s) 

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 Pe et 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 et 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 et 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 et al. [1994] presented the vibration control of a laminated 

composite 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 

laminate 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. [19981 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- ,Q 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 et 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. et 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 et al. [2004] investigated the dynamic stability of negative-velocity 

feedback control of piezoelectric composite plates using a finite element model. 



27 

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 et at [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 et at [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 et al. [20061 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 control (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. [20071 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. et 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 et al. [2005] presented the hybrid damping design which 

contains active piezoelectric materials 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. et 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 considered 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 et 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 Formulation 

Liu Chorng-Fuh et al. [19951 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. et al. [19971 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 direct 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-f method are used in the numerical simulation to calculate the dynamic 

response of the laminated composite plate. 

Han J.-B el al. [19991 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. et at [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 El Mostafa et at [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 et 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 120081 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 0 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 et al. [20091 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. [19971 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 successfully controlled, and for cantilever plates the simultaneous control of 

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

Halim Dunant et al. [20011 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 fora 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. 

Yap Y.J. et al. [20021 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. 120031 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 at [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 granunian. 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 finally 

concluded that genetic algorithm is an effective method to reduce the energy required for 

achieving significant vibration reduction. 

Wang S. Y. et at [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 at [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. Secondly, 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. et al. [20081 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 zero—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 cantilever, 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. 



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: 

N 

(x,Y,z,t) = (z)'<p'(x,y,t) 
l=o 

Where gyp, 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 co are the functions to 

be determined [60]. 

The classical plate theory is one in which displacement field is selected so 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 straight 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]: 

'o  
ur(r,0,Z,t)-U j(r,0,t)-z• 

a^ 
	 (4.1) 

ue(r,0,z,t)=vo(r,0,t)—z(1 
r 

caw°) 	
(4.2) ae 

u.(r,0,z,t) =w0(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 9 coordinate is taken along the 

circumference of the plate. The displacements (ur ,u9 ,uZ ) are along the coordinate 

(r, 0, z) and functions of r, 0 and z coordinates. 

(u0 ,vo , w0 ) are the radial, angular and transverse displacements respectively of a point on 

the midplane (i.e., z = 0) of the plate. 



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: 

z 

Mrr = —D a w° + v(1 awo 
r ar 

+ I a2 wo) 
r 	aB (4.10) 

z 
MBO =—D V a w° +1 	2 + 

ar 	r ar 
z 

12 a '2~ 
aB r (4.11) 

2 

Mre — — (1- v)D 1 
a wQ — 

— 
I aw0 

(4.12) r&aO , O  O J  
Shear force displacement are given as: 

Qr =—D 	(V2wo) Or (4.13) 

Qe = —
D1 aB`V2w°) 	 (4.14) r 

Where, V2=1 a r a + 1 a2 
r ar Or ) r a02 

Force resultants are given as: 
h 

Nrr = f err d2 	 (4.15) 
_h 

z 

h 
2 

Nee = $ 600dz 	 (4.16) 
h 
2 

h 
2 

Nr9 = 
_2 

{ 6redZ 	 (4.17) 
h 

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: 

f6} = [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, = E2 =0 and E3 = E(r,t)) and thus the following conditions must be satisfied. 

d32 = d31, d36 = 0 and d24 = d15 also for piezoelectric material, e32 = e31, e36=0. The 

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

{E} ={L}Ø 	 (4.19) 

Where, 

{ LT A} = —o—~ —a ax' ay ' Oz 

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

electric field generated is 0, 0, d- . The electric charge is obtained from electrical 
dz 

displacement by following relation 

{Q} = f{D}ds 
s 

(4.20) 

Where, {Q}T = [Q,, QZ , Q3] 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 au 	u tau 	Vd E 
6r 1—V Zt ( Or +~P( r +Y aO )) k(l Vp) 	 (4.21) 

_ E 
( 
u, I aue 	7u, 	Vd30 E p 	 ) 

6e 1—v,, r + r 00 +Vp Or 	hP(I—v) 
(4.22 

dur 	uT 	V D3 = d3r dr + d30 Y — X33 h 	 (4.23) 
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Where, 6r ,o and r are respectively, radial stress, circumferential stress, and shear 

stress on the interface surface, dir, and d39  are transverse piezoelectric constants in the 

radial and circumferential directions, respectively. V is the voltage acting in the direction 

perpendicular to plate. Ep  and v,, are the modulus and Poisson ratio of the actuator. D3  

is the electrical displacement and E33  is a permittivity coefficient [65]. 

The constitutive equation of the plate 

E 	
rr 	e  

6' 1 vz( ar +v( r + r aB)) 	 ( 4.24 ) 

E u, l aue 	aur   

6B = 1—v2(r +rae +var) 
	 (4.25) 

zre = E 
	aue  1 au,  ue 	

(4.26) 2(l +v) ( ar + r a8 r  

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 
2 (r  8a' 

+6r — ao )hp —z-r=p h r a  u' 	 (4.27) a r  

The balance of the moment is expressed as: 

a(rMT ) 

— M,, — rT + hrr = 0 	 (4.28) 

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

M=—D( aw+v ) 
	 MB  _ —D( 

+v  
im 	 au' 	a2 	

(4.29) 
) 

are  rar rar ra2r )   

D= Eh3  
12(1—v2) 

Where, T is the shear force, M r  and MB  are internal plate moments, D is the plate 

cylindrical stiffness, hp  is the thickness of the actuator, pp  is the modified density of the 

actuator and t is the time. Differentiating equation (4.28) with respect to r 

i2M
r 	r +2 aMr— aM9 — a(Tr)+h a(rz) =0 
are ar ar ar ar 

The equation of the transverse plate motion is 

(4.30) 



3(Tr) — phr a2w  
Or 	ar 

(4.31) 

Where p is the density for combined structures given by p = p, + np'1 (r, B) in 

which p, , p p  and n are the density coefficient for the plate, the patches and the number 

of piezoelectric respectively. ,r, (r, B) 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 

haw 
u' 	2 3r 

(4.32) 

Substituting equation (4.31) into equation (4.30), differentiating equation (4.27) with 

respect to r, and replacing the term 33(rr)/ar finally, the equation for modeling the 

transverse motion is as follow 

V ow+ 	h 	—  h2hh p p  V2  a2w  = P 	 (4.33) 
p Dp +D at e  2(Dp+D) at e  DP +D 

iEhh 
D. = n 	 (4.34) 

Where V =---(r--I 
1 a  a 1 a (r  a) ) is the Laplacian operator in the polar coordinates r 
r ar ar r ar or 

and 0, 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, B, t) = 1 bmn (r) cos(mO)J mn (t) 
	 (4.35) 

m=O n=o 

Where, gmn( r )=Amn Jm( "mnrrO)+BmnYm(Ari) + Cmnlm  ( 2mn?7o) + Dmn K m ( no) in which 

m and n are the numbers of nodal diameters and circles, fmn  (t) = e'°m^' , Amn, Bmn> Cm,, and 

Dmn  are the mode shape constants. Jm ,Y,, are the Bessel functions of the first and second 
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kinds, 1m  and Km  are the modified Bessel functions of the first and the second kind, and 

2,,,n  is the frequency parameter. Hence, the frequency parameter, A.m„ is related to the 

circular frequency w of the plate with Piezo-ceramic 

22  D+Dp 
ro 2 	ph 	 (4.36) 

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

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

=?
z  

=„ D  mn 	Z ro  ph (4.37) 

Where m indicates number of nodal diameters and n 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} = [e p ] ({--} - [dT ] { E}) 

{De } =[ e]{E}+[ss]{E} _{ a}[d]+[E6 j{E} 

Where, 

6 = stress vector 

CP  = electric stiffness matrix of piezoelectric ceramic 

E =strain vector 

E =electric field vector 

e =piezoelectric constant (piezoelectric stress/charge tensor) 

De  =electric displacement vector 

e' =piezoelectric permittivity constant under constant strain condition 

s° =piezoelectric permittivity constant under constant stress condition 

(4.3.1) 

(4.3.2) 
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[e]=[d][Cc ] 
	

(4.3.3) 

[~5 ]=[~a ] — [d][CP ][d]T 	 (4.3.4) 

The superscript "T" denotes the transpose of a vector or matrix. 
r 

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) = u0(x,y,t)+zf3x(x,y,t) 
	

(4.3.5) 

v(x,y,z,t) = v0(x,y,t)+z/3 (x, y, t) 
	

(4.3.6) 

w(x, y,z,t) = wo(x,y,t) 
	

(4.3.7) 

I 	., 

.,.- x 	 ~ 

Figure 4.2: Definition of displacement and rotations 

Where t denotes time, u, v and w are the displacement components in the 

piezoelectric composite plate space along the x, y and z axes, respectively. u0 , vo and wo 

are the displacement components of a reference point (x, y) on the midplane(z=O) and 

flX and fl are the slopes of the normal to the reference point (xy,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 

{s} =[Z]{~} 	 (4.3.8) 

Where, 

1  0 0  0 0 z  0  0 

0  1 0  0 0 0  2  0 

[z]=o 0 1 	0 0 0 	0 	0 
0  0 0  1 0 0  0  0 

0  0 0  0 1 0  0  2 

{ê} _ [Ex 	Ey 	i Y., 	rxy] T 

{} _ ax ay ay + 	+fix ox 

4.3.2 Isoparametric quadratic element 

(4.3.9) 

(4.3.10) 

T 

0  + O fx,x /3 	fx,y + i3y.x 	(4.3.11) ax 

The eight-noded isoparametric quadratic element is adopted and the interpolation 
formulae for the spatial coordinates are: 

8 	 g 

x=~N,x, 	 y=~Ny, 	 (4.3.12) 

Where N; is the quadratic shape function. 

The displacement vector {u} at any point (x,y,0) on the midplane is defied in terms of 

nodal variables via the shape function matrix [Nd ] as . 

Jul =[Nd ]{u; } 	 (4.3.13) 

Where, 
/~ fl ] T 

= [u0 v0 w0 f3 fl ]
T 
 

[Nd] = [[NlI] [N2]] ... [N8I]] 	 (4.3.14) 

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

is the nodal displacement vector of element i 



From equation (4.3.8), (4.3.11) and (4.3.13), the reduced strain vector {E} can be written 

as 

{0} =[Z][Ba]{u,} 	 (4.3.15) 

Where, 

[ Bd ] = [[Bl ] [B2 ] ... [B8 ]] 	 (4.3.16) 
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0 0 0 aN 0 
ax 

0 0 0 0 
ON` 
ay 

00 0 aN; 7N,. 
c}y dx 

(4.3.17) 

(1=1,2...............,8) 

4.3.3 Electric field-electric voltage relations 

The electric potential functions have linear variations across the thickness of the 

piezoelectric actuator and sensor layers. The electric voltage vector {o; } of the i th 

element can be expressed as 

T {oi } _ [ 1 ) 	0( 2 ) 	... 	 (4.3.18) 

Where NN the number of is piezoelectric layers and O 	(k =1,2................N) is the 

electric voltage of the k th piezoelectric layer in the i th element 



The electric field vector {El } in the j th piezoelectric layer is 

T 
~(i) f 

{ E1} — 0 0 	 (j =1,2,.............,Np ) 	 (4.3.19) 

Where hh (j = 1, 2 ............... Np ) is the thickness of the j th piezoelectric layer in the 
i th element. 

4.3.4 Governing equation of motion 

Applying Hamilton's variational principal yields the following equation of motion: 

[M]{X}+[C]{X}+[KK ]{X} = {F}+[Kda ]{oa } 
	

(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 vector, [Kda ] is the structural electromechanical matrix, and {Oa } is 

the actuator voltage vector. 

The equivalent nodal force IFQ } of the actuator voltage is given as: 

{FQ} =[Kda ]{0a} 
	

(4.3.21) 

It can be expressed as a summation of the equivalent forces of each piezoelectric actuator 
element 

{Fo } _ 	 {fa} = 	{kda }(j)o, 	 (4.3.22) 
Where, 

J f[ B d] [ Z ]T_~,. [Tz]T { e3}I J J d~d?J 	 (4.3.23) 

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

the thickness direction and the transformation matrix 1Z is 
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m2 n2 0 0 mn 
2 	m 2 n 	0 0 —mn 

[T2 ]= 0 	0 m —n 	0 	 (4.3.24) 
0 0 nm 0 

—2mn 2mn 0 0 m2 —n2 
m = cos O, n = sin O and 0 is the skew angle. 
{83} = [e31 e32 e34 e35 e36]T 	 (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 DZ on the sensor 

surfaces given by 

D = e31-'1 + e32s2 +e34-4 + e35g5 + e36£6 
	

(4.3.26) 

Equation (4.3.26) in the matrix form 

D ={e3}T [T2 ]{s} 
	

(4.3.27) 

From Gauss's law, the charge output Q' (t) of the i th electroplated sensor is expressed in 

terms of spatial integration of DZ over its surfaces as: 

.Q` (t) = I .Q' (t) 	 (4.3.28) 

Where, 

Q`~ (t) _ ! (J DZdA + f D dA) 	 (4.3.29) 

In which the subscript j denotes the element number of the i th sensor, and A j+ and A1- 
are the top and bottom surfaces of the sensor element. 
Substituting equations (4.3.27) and (4.3.15) into (4.3.29) gives, 

Q'(  t) _ [ kds ]c>> {u1 } 	 (4.3.30) 
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Where the mechano-electronic matrix of the j th piezoelectric element [kds ](') is given 

as: 
T 

[k j] 	 ][z], [Bd]JJJd~d~l 
	

(4.3.31) 
-1-! 

In which zo = 2 (z; + z; ) (4.3.32) 

Equation (4.3.31) can be given as: 

[kds ]ci) =[A1 	A2 	A3 	Aa 	As 	z Al 	zoo 	z A3 ] [Bd ] 
(4.3.33) 

A, =m2e31 +n2e32 —2nme36 
4 = n2e31 + m2e32 + 2nme36 

A3 = me34 — ne35 
A4 = —ne34 + me35 
AS = mne31 — mne32 

(4.3.34) 

[pd] = 5 f [Bd]I JId~d (4.3.35) 

For PZT sensor, normally the dielectric constant e34 = e35 = e36 =0,  

Hence, equation (4.3.34) becomes, 

A, = m2e3, +n2e32 

A2 = n2e3, +m2e32 
A3 =A4 =0 
A = mne3 , — mne32 (4.3.36) 

The PZT sensor is equally poled, e3, = e32 , then equation(4.3.36) can be given as: 

A, = e31 	4 = e32 	A3 = A4 = A5 = 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]c~) _[k►s 	k2 	k8,] (4.3.38) 

Where, 

[ k1 ] = [e31A, 	e32Aly 	0 	e31Z0 AL 	e32Z0 A1y] 

(1=1,2...............,8) 
(4.3.39) 
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Where, 
c" 	~ ,7 

A, = —
N

d d 
-, ax 	

(4.3.40) 

Aly=JfaNld di1 
-1-1 ay 

By assembling the electric charge Q 1 (t) based on the equation (4.3.28) gives, 

Q' = [Kt ](J' {X } 	 (4.3.41) 

Where [Kds ](') is the mechano-electronic matrix of the i th sensor. When piezoelectric 

sensors are used as strain rate sensors, the output charge Q' can be transformed to sensor 

voltage ,' as: 

cs' = G;c dQ = G ;̀ [Kds ](' ) {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: 

T 
cI ' ] =[Gc][K~]{X} 	 (4.3.43) 

Where Ns is the total number of piezoelectric sensors and 

[G~ ] = diag {G°, G`2 ... G`N } 	 (4.3.44) 

T 

[Kas ] = [K, K2 ... KN ]= 

4.3.6 Actuator Forces 

By comparing equation (4.3.23) with (4.3.31), the equivalent nodal force vector 

~') of an element of the i th piezoelectric actuator induced by the input voltage ~.fA} 	 j 	p~ 	 Y 	P  
can be given as: 

A3 A4 A5 z Al z A2 Zo A3 ]T 	 (4.3.45) 

For PZT actuator, e31 = e32 , equation (4.3.45) becomes, 



53 

f kcJ> } 	~ 	f 	... 	{~ 
t 	da = f f 	✓  za 	 ✓  Ra 

T 

Where, 

(4.3.46) 

l 
{ 1 a } = [e31 AA e32A1y 0 e31 zo Ate e32 Zo Al 

r'
y (4.3.47) 

(i = i ................. 8). 

Comparing equation (4.3.47) with (4.3.33), if the sensor/actuator pair is collocated, i.e. 

zo = zo Hence, the relationship between the mechano-electronic matrix and the 

electromechanical vector can be expressed as: 

({k
}( ) \ (T) _ [k ]c>> 	 4.3.48 c!a 	— de 	 ( 	) 

The equivalent nodal force vector {Fa } of the i th piezoelectric actuator is expressed as: 

{Fa }(i) _ {Kda} O, 	 (4.3.49) 

Where {K 0} is the expanded electromechanical vector of the same size as the system 

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

by the voltages {ct a} of all the Na actuators is given as: 

(Fa }=[K,}{ta } 

Where, 

[Kda]=[{Kda}" Kda} 2̀' 

T 

{ (Da } = [ 01 02 	.. ON, ] 

(4.3.50) 

(4.3.51) 

(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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ARUetarlayer 

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 voltage 0a  

is obtained by multiplying sensing voltage 0s  with gain G. Gain value for the vibration 

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

0Q (t) = Go.s (t) 

(2) Constant Gain Negative Velocity Feedback: Negative velocity control method 

involves differential terms of the sensor signal q, (t) i.e. q$ (t) 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. 
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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: 15cm 

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) 30 x 30 x 0.5 

Young's Modulus (N/m) 63E09 

Density(Kg/m3) 7600 

Dielectric constant (d31)(m/V) 254e-12 

Stress constant (g31)(Vm/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 

Maximum 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 230 V, 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 PTI0 terminals / B & C connectors 

Input power 230 V, 50 Hz AC 
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5.2 Experimental setup 

Piezo Sensing 
PZT Sensor 	 System 

PZT Actuator 

Data Aaquisiaon 
Card 

Piezo Actuation 
System 

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. 

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 for 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 connected 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. 



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 increasing the gain value. 

5.2.4 Computer with Lab VIEW 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 VI. 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. 
rel 
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Figure 5.6 (a): LabVIEW main screen (at the time of starting) 
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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. 



(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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CHAPTER 6 	 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' 
modulus of 
elasticity (GPa) 

Ell 63 70 

E22=E33 63 - 

Poisson ratio v12  = v13  0.3 0.334 

v23  0.3 - 

Shear modulus 
(GPa) 

G12=G13 24.2 - 

G23 24.2 - 

Density, p (Kg/m) 7600 2700 

Piezoelectric constant 
(m/V) 	d31=d32 

254E- 12 - 

Electrical permittivity 
(F/m) 

J  e, l  = £22  15.3E-9 - 

933 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 
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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 

ro 
Axisymmetric vibration mode number 

1 2 3 4 5 

0.001 Ref [22] 6.6604 42.614 123.46 244.18 405.23 

Present 
work 

6.657 42.556 123.413 243.857 405.19 

0.050 Ref [22] 6.6234 41.265 115.17 216.78 340.08 

Present 
Work 

6.579 41.24 115.13 216.242 339.49 

0.100 Ref [22] 6.5162 37.894 98.261 171.59 252.29 

Present 
work 

6.49 37.79 97.74 171.58 251.799 

0.150 Ref [22] 6.3494 33.766 82.172 136.07 192.56 

Present 
work 

6.29 33.75 82.009 136.05 192.53 

0.200 Ref [22] 6.1372 29.763 69.409 110.42 151.28 

Present 
work 

6.136 29.63 68.93 110.168 151.232 

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 r` = 0.3 
ro 	 ro 
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r;  Axisymmetric vibration mode number 

1 2 3 4 5 

0.1 Ref [22] 4.2374 25.262 73.899 146.69 243.94 

Present 
work 

4.234 24.87 73.71 146.1 243.01 

0.2 Ref [22] 5.1811 32.291 94.082 186.42 309.68 

Present 
Work 

5.179 32.08 93.44 185.9 308.65 

0.3 Ref [22] 6.6604 42.614 123.46 244.18 405.23 

Present 
work 

6.657 42.556 123.413 243.857 405.19 

0.4 Ref [22] 9.0205 58.548 168.68 333.05 552.29 

Present 
work 

9.013 58.52 168.32 332.17 552.109 

0.5 Ref [22] 13.024 85.031 243.68 480.40 796.12 

Present 
work 

12.987 84.687 243.675 480.34 796.07 

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 h = 0.001 
r; 
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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 optimization 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]. 

{i} +[c ]{,,} = {F} +[B]I r! 
	 (6.1) 

Where {i} E Rr'' is the modal coordinate vector, r the number of retained modes, 

[S2] E R .* r the matrix of eigenvalues, {F} E R 1  the reduced force vector, [B] E Rr* P the 

actuator influence matrix, { cJY' } 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 { i ' } . But for the classical constant gain negative velocity feed 
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back control system {<D°} = —[G]{cI~s} where [G] is the constant gain matrix which is 

coupling in between input actuator voltage vector { i° } and output sensor voltage { ts } 

[77]. Hence, in order to maximizing 	the { i } , the corresponding sensor voltage 

J'` } should also be maximized. 

{ a} 	{s}
`~TImax 
	 (6.2) 

In order to maximize the sensor voltage {mss} 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. 

( c~ )max 	 Q̀' max 
	 (6.3) 

To maximize the induced electric charge, the integration of electric displacement 

DZ according to equation (4.3.26) should be maximized. But for the PZT 

e3a = e35 = e36 = 0. Hence, equation (4.3.26) becomes, 

Dz = e31 e1 + e32 e2 

= (m2 e31 +n2e31)£x ±(m2 e32 +n2e31)ey 
	 (6.4) 

Where, m = C os 0, n = SinO and 0 is the skew angle of the sensor, which is constant. 

Q' _ (m2e3, +n2e32) jexdyi + (m2e32 + n2e31) f EydV1 
	

(6.5) 

w 	 w 

Where yr 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 (e31 = e32) equation (6.5) is given as 

(Q' )max 	(f(ex +ey)dy.i)max 
w 

(6.6) 

Hence, to maximize the input voltage of actuators {i°} , 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, 



77 

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`h  PZT actuator is expressed as [77] 

T, _ —e31 3t, = —e3l , 
a 

 

T2  = -e32E3t1  _ -e32I, a 	 (6.7) 

Where, T, and T2  are the equivalent surface shear forces under the applied 

voltage (DQ , E3  the electric field along the thickness direction and t;  the thickness of the 

ith actuator. Both T and Tz  actively damp out the vibration energy of the dynamic 

system and these are proportional to cJ . To maximize the active damping effect, the 

actuator should be located where the virtual work W done by T, and T2  along the surface 

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

W = 

 

 

f(TI --I  +T2E2)dyr  (6.8) 

w 

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

	

= —(DQ (m2e3 , +n2 	e32 )  Jexdyr + (m2e32  + n2e3,) f e dyr  (6.9) 

w 	 w 

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. 



Figure 6.11: Boundary condition imposed on the plate 

Where, 

W„ = Transverse deflection 

aW"  =Slope 
ar 

M, (r, 0) =Bending moment 

Q, (r, 0) =Shear Force 
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Figure 6.12: Normal elastic strain of circular annular plate 



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. 

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 6.14: Best fit curve (Uncontrolled response) crossing the peak level of amplitude 

for figure6.2 

Figure 6.15: Controlled response (Gain-1) of amplitude of vibration with respect to time 



Figure 6.16: Best fit curve crossing the peak level of amplitude for Gain-1 

Figure 6.17: Controlled response (Gain-2) of amplitude of vibration with respect to time 
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Figure 6.18: Best fit curve crossing the peak level of amplitude for Gain-2 
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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 

Response 8 (Logarithmic Decrement Index) 

Uncontrolled 0.375945 

Controlled (Gain-1) 0.5953740 

Controlled (Gain-2) 0.7042063 

Controlled (Gain-3) 0.807432 
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Figure 6.21: Bar chart to show the logarithmic decrement 
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Figure 6.22: Uncontrolled response of amplitude of vibration with respect to frequency 

Figure 6.23: Controlled response (Gain-1) of amplitude of vibration with respect to 
frequency 



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

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. 
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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. 

Total Donn Ion 
Type. Total Deformation 
Frequency. 9.7481 Hz 
Unit mm 
811 712009 11 51 PM 

264.03 Max 
23469 
20535 
17602 
14668 
11730 
88.009 
58.673 

'0 

 

29336 
0i 

TV 	c) 
Taal Deferma k,n 
Type: Total DeformaOon 
Frequency 9.7481 Hz 
Unit mm 
611 712 009 11.50 PM 

  

L 

264.03 Max 
23469 
205 35 
17602 
14..69 
117.35 
88.00 
58.6 
293 
0 

 

 

0.00200.00 (mm) 

100.00 

 

0.00 	100.00 (mm) 

50.00 

 

I Mode: f12 =9.7481 Hz 	 I Mode: f12 =9.7481 Hz 

(Front view) 
	

(Isometric view) 

Total D.formallon 
Type: Total Delorma6on 
Frequency: 10.668 Hz 
Unit. mm 
611712008 1153 PM 

255.78 Max 
227 36 
98.94 

1 70.52 
113.1 
113.88 
85.258 
56.039 
28419 
0 Min 

 

Total Daformatlon 
Type: Total Deformation 
Frequency 10.668 Hz 
Unit: mm 
611712009 712009 11.53 PM 

265.78 Max 
22736 
19894 
17052 
1421 
11369 
85.258 
56.639 
28.419 
0 Ma 

 

  

 

L 

   

 

0.00 	 200.00 (mm) 

10000 

 

0.00 	 200.00 (mm) 

10000 

 

II Mode: f„ =10.668 Hz 	 II Mode: f„ =10.668 Hz 

(Front view) 	 (Isometric view) 



Tal OMgmiSon 
TYPO: Total Deformation 
Frequency 19.407 HZ 
Unit mm 
8!1712009 11:56 PM 

270.5 Yet 
246 45 
21739 
198.34 
15679 
124.22 
93.169 
62.112 
31.056 

Y 

Total OtoemMbr 
Type: Total Deformation 
Frequency 19402 HZ 
Unit mm 
611 7/7009 11:57 PM 

270.5 N.' 
248.45 
217.39 
188.34 
155.26 
124.22 
83,188 
82.112 
31.058 
0Nu 

92 

Y 

0.00 	 200.00 (mm) 

100.00 

0.00 	 200.00 (mm) 

100.00 

III Mode: f„ =19.402 Hz 
(Front view) 

Tal 0elemtrlon 
Type: Total Deformation 
Frequency 30.167 Hz 
Untt mm 
6)17!200911:59 PM 

266.9 
233.54 
200.17 
168.81 
133.45 
10009 

I 88.724 
33.382 
09u 

0.00200.00 (m rO 

100.00 

IV Mode: f„ =30.167 Hz 
(Front view) 

Tc l OelonnEUM 
Type: Total Deformation 
Frequency: 43.728 Hz 
Unit mm 
W19f2009 12:00 NA 

n'76 ".' 
'33.33 
291.68 
250 
20833 
188.68 
125 
83.332 
41.866 

0.00 	 200.00 (mm) 

10000 

V Mode: f„ =43.726 Hz 
(Front view) 

YS. 

L. x 

0.00 	 200.00 (mm) 

100.00 

Y 

III Mode: f„ =19.402 Hz 
(Isometric view) 

TOW 04"N"Woen 
Type: Total Deformation 
Frequency. 30.187 Hz 
Unit mm 
6)1712008 11:59 PM 

3q 28.. 
26e.9 
23354 
20017 
188 81 
133.45 
1.00 09 
68.724 
33.362 
amm 

N Mode: f„ =30.167 Hz 
(Isometric view) 

TotarOranynn /  r 
type: Total DefMmaaon 	 , I  '_  
Frequency: 42.726HU 	 - 
UnR mm 
011 812009 1 2.01 NI 

375 MYr Q 333.33 
291.56 
250 
208.33 
18e.5e 
125 
83.332 
41.898 
0m 

0.00200-00 (mm) 

100.00 

V Mode: f„ =43.726 Hz 
(Isometric view) 



93 

Total Dolan fl*8m 
Type: Total Debrma8an 
Frequency. 59,542881 
UnI mm 
8/1812009 12:03 AM 

3si.6e Mex 
312.49 

273.42 
234.36 
195.3 
158.24 
11718 

78121 
39.08 
0~ 

000 	 200.00 (mm) 

100.00 

TowDetmmamon 
hype: Total Detmma8on 
Frequency. 59.542 Hi 
Unit mm 
811 812009 12:02 AM 

35114 Wu 
312 48 
27342 
234.38 
195.3 
158.24 
117.18 
78.121 
39.06 

0.00 	 21.00 (mm) 

100.00 

Y 

L 

2~x 
0.00 	 200.00 (mm) 

100.00 

VI Mode: f„ =59.542 Hz 	 VI Mode: f„ =59.542 Hz 
(Front view) 
	 (Isometric view) 

Total DeramMbr 
Type: Total Deformaton 
Frequency 82.711 FR 
Unit mm 
811812009 12:05 AM 

30t17 Mq 
249.93 
219,89 
18745 
15831 
12497 
93.724 
02.483 
31.241 
00ir 

` ° SYS Total DAermalw 
Type: Total Deformation 
Frequency: 82.711 HZ 
Unit mm 
WI 812009 12.05 AM 

207.17 MI. 
24993 
218.89 
197.45 
¶8021 
124.07 
93.724 
82.483 
31.241 
0121 

L. 0.00 	a 00 (mm) 

100.00 

VII Mode: f=62.711 Hz 	 VII Mode: f„ =62.711 Hz 
(Front view) 
	 (Isometric view) 

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. 



CHAPTER 7 	 CONCLUSION AND FUTURE SCOPE 

7.1 Conclusion 
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 piezoelectric patches should be taken into consideration. Experiment shows 

that proportional control can achieve better active vibration control of the plate with 



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 

✓ 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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