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ABSTRACT

Active vibration control using piezoelectric sensors and actuators have recently
emerged as a practical and promising technology. Efficient and accurate modeling of
these structures bonded to or embedded with actuators and sensors is needed for efficient
design of smart structures. This dissertation addresses the modeling of smart plate.

A finite element model of piezolaminated composite plate based on first order
shear deformation theory and linear piezoelectric theory is presented. Finite element has
five mechanical degree of freedom per node and -one electrical degree of freedom per
piezoelectric layer. Finite element has n-host structure layer and two piezoelectric layers.
In deriving the finite element model of piezolaminated plate first displacement equation
is given followed by strain displacement relationship, constitutive equation of
piezoelectric, force and bending moment relation, strain energy equation, electrical
energy equation, work done by external forces and electrical charges, kinetic energy
equation. Governing equations are derived using Hamilton’s principle. Constant gain
negative velocity feedback controller is used for vibration control. Genetic algorithm is
used to obtain optimum voltage in oder to get desired shape of plate. A code is developed
in MATLAB for making numerical studies. Code is validated for static and dynamic
analysis with the available literature.

Numerical studies is carried out in reference of layered composite plate for the
effect of ply orientation angle on deflection, Effect of piezolayer thickness on the natural
frequency, Variation of natural frequency with orientation angle of plate, Variation of
Fundamental natural frequencies with patch coverage area, Effect of feedback control
gain on transient response, Effect of sensor/actuator pairs position on the plate response,
Mode shapes of plate, Shape control of composite plate and optimum voltage in order to
get desired shape using genetic algorithm. Finally, it is observed that piezoelectric
actuator can be used to control the shape of the plate. And a combination of sensor-

actuator-controller can be used to suppress the vibration in composite plate.
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NOMENCLATURE

A =relative to surface area; m?>
A% = volume, _m3

C= struétural damping

Q = elastic constants, N/m?

D = electric displacement vector, C/m>
F = force, N

M = bending moment, Nm

G = shear modulus of material, N/m?
h = thickness, m |

Kuy = stiffness matrix

Muu = mass matrix

Kup = elastic electric coupling matrix
Kao = electric stiffness matrix

G = constant gain

q = displacement field vector

qi = nodal displacement field, m

K = kinetic energy, J

P = Potential energy, J

n = number of layers

t = time, sec

viii



u = displacement field in x direction, m
v= displacerhent field iny directién, m
w = displacement field in z direction, m
W = work, J

T = transformation matrix

E = electric field matrix

Oq= surface charge density

Greek Symbols

g€ = strain field

o = stress, N/m?

v = Poisson ratio

@ = electric potential, Volts
o = frequency, rad/s

p = material density, kg/m?®
Subscripts

b = relative to bending

m= refgrs to memBrane or mid plane
-s = refers to shear

p = relative to point force -

t = relative to traction force
b =relative to body force

¢ = relative to electric charge

e = relative to electrical force



s = relative to the sensor

a = relative to actuatqr

x = relative to x direction

y= relative to y direction
z=relative to z direction
Superscripts

s = relative to constant strain

T = matrix transpose
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CHAPTER 1 INTRODUCTION

1.1 Mo'tivatibn

All the mechanical systems are subjected to various conditions that may results in
. vibrational motion; hence vibration is significance factor to be considered in the design of
lighter mechanical systems, systems working at high speeds and the systems‘like micro
éensing, micro actuation, space struétures etc. where accuracy finds a great importance.
Vibrations may lead to fatigue in the material, damage to the structure, deterioration of
system performance, increased noise level and increase in the difficulty of predicting the
behavior of the structure. Active vibration methods can be used to eliminate the undesired
vibrations. The use of smart structures is experiencing a tremendous growth in actively
controlling the vibration.

Advanced composite materials dré finding increasing application in aircraft,
aﬁtom'obiles’, marine and submarine vehicles besides other engineering applications. The
* fiber reinforced composite posses two desirable features: one is their high stiffness-
weight ratio’and ‘the ‘other'is ‘their dnisotropi¢ “material property that can be tailored
~ through variation of the fiber orientation and stacking sequence- a feature which gives the
designer an 'added degreé”of- flexibility: In -this-thesis a finite element model for a
composité plate has been developed using the first order shear deformation theory for
laminated plates to analyze the behavior of piezoelectric material over a plate structure.

The field of smart structure has been an emerging area of research for the last few
decades. Smart structures or intelligent structures can be defined as. structures that are
capable of sensing and actuating in a controlled manner in response to an input. The
ability of the piezoelectric materials to convert electrical to mechanical energy and vice
versa makes them to be employed as actuators and sensors. If these are bonded properly
onto a structure, structural deformations can Be induced by applying a voltage to the
~ materials; employing them' as ‘actuators. Similarly; these piezoelectric materials can also
be employ'ed as sensors since deformations of a structure would cause the deformed
piezoelectric ‘materials “to “prédice 'an electric charge. The extént of structural
deformations can be observed by measuring the electrical voltage the sensors produce.

This voltage is mulfiplied by some gain according to the control law implemented and is



feedback to the actuators The actuator made of smart materlals react to the voltage and
-generate mechamcal changes Usmg the changes from the actuators, the vibration or other
dynamic characteristic can be closely controlled.

The advantage of incorporating this special type of material into the. structure is
that the resulting sensing and actuating mechanisrn becomes part of the structure itself.
This is possible due to the direct and inverse piezoelectric effects: when a mechanical
force is applied to a piezoelectric material, an electrical voltage is generated (direct) and,
conversely, when an electric field is applied, a mechanical force is induced (inverse).
With the recent advances in piezoelectricity technology, it has been shown that
piezoelectric actuators based on the. converse piezoelectric effect can offer excellent
potential for active vibration control techniques, especially for 'vibiration suppression or
isolation. Smar'_t' materials and structures have wide range of application due to potential
advantage ‘in 'wide range of hpﬁlication: Such as aéronautical engineering, aerospace
engineering, civil engg., Automobilé ‘engg, precision instruments and machines.

For a complex structure, it is very expensive to implement smart materials over
the entire surface. Hence the sensors and actuators are usually discretely distributed over
the structure. One of the limitations of the piezoelectric actuators is the amount of the
force it can exert. Hence it is important that the actuators are placed at optimal locations
so that the required control effort is minimum. Thus optimization of the placement of
these sensors and actuators over the structtire becomes an important task in suppressing
the vibration of  the structure. The" ‘problem! becomes critical as the number of
sensors/actuators to be used over the structuire increases and as the mode shape becomes
complicated. Therefore optimization techniques .ha\/e to be.used in such cases to find a
good ‘set of sens;ors/ac'tuators positions. The significance in using such algorithms is not
only the 'solution' to proble‘m’s but also, drastically cost savings in both experimental and
time expenses. Genetic algorithms produce a global optimum and can be apphed to
complicated problems with relative ease. It is more flexible and provides more accurate
solution.

This work 'deals with the modeling of & composite plate using finite element
method assuming the first order shear deformation theory for plates. The dynamic

characteristics of the structure are studied and piezoelectric patches are used to control its
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vibration. The optimum voltage of the piezoelectric actuators is approximated using
genetic algorithms. The objective function for the genetic algorithm is taken as the error
which is difference between actual shape and desired shape of the composite plate. Mode

shapes of a composite plate are plotted.

1.2 Preamble - o .

The primary objectives of this study is to develop a simple finite element for
multilayered composites plates. The element contains five degrees of freedom, three
dispiacements and two slopes (i.e. shear rotations) per‘node. Element also contains one
piezoelectric degree of freedom per piezoelectric layer. The accuracy of the element is
demonstrated through the problems. Objective of this thesis is to study the dynamic
characteristics of the structure with and without piezoelectric patches over the plate.
Genetic algorithm is used to obtain the optirnum voltage in order to get desired shape of

the plate.

1.3 Organization of the thesis

-----

strategles in the active v1bratlon control have been dlscussed Some perspectlves in smart
structures and plezoelectrlc materials have been ‘given. It also 1ntroduces genetic

algorxthms and discusses their advantages.

Chapter 3 contains a brlef discussion regarding the previous work that has been
done in this field. Summarized details of work carried out by different authors, their

objectives and conclusions are given.

Chapter 4 details the development of the finite element model using the first order
shear deformation theory, the derivation of the equations is given in detail along with

constant galq negatgvg velocity. feedback control technique. . ... .

FrCaSCT DN oot R TA I -



Chapter 5 discusses the- optlmlzatlon of the actuators voltage over the plate. The
ise of genetlc algorlthms is: dlscussed The ob_]ectlve functlon is. derlved in this seétion

vhich is then used in the algorlthm for optlmlzmg

Chapter 6 presents solution to various problems considered. The results are

onsidered with helpv of graphs-and figures.



CHAPTER?2 - BACKGROUND

This chapter covers the theoretical 'backgrouhd of smart materials especially
piezoelectric materials and a brief description of active control strategy of vibration

suppression.

2.1 Perspectives in smart structures _ ‘

The field of smart ‘structures has been‘var_n emerging area of research for the last
few decades. Smart structures are the structlires_ that are capable of sensing and actuating
in a controlled manner in response to a stimulus. The development. of this field is
supported by the development in the field of materials sc1ence and in the ﬁeld of control.
In materlal sc1ence, new smart materials are developed that allow them to be used for
sensmg and actuation in an efficient and controlled manner. These smart materials are to
be integrated with the structures so that they can be employed as actuators and sensors
effectlvely '

There are following - smart materials which can be used as sensor/actuator
application.
> Shape memory allo ‘3'7’ sfructures has brenan o o Lo S

~ITHE" term sha‘ﬁé‘ memory alloy t(SM?A) is *épplled*to 4 gfoup “of metallic materials
that can return t0a prev10usly defined shape When subjected to an appropriate thermal
procedure. Generally, these me.terlals can be plastlcally deformed at some relatively low
temperature, and upon exposure to some higher temperature' will return to their shape
prior to the deformatioh. SMAs allow one to recover up to 5% strain from the phase
.change induced by temperature. SMAs are hest for one way tasks such as deployn"lent
SMAs are llttle used in vibration control Examples Ni-Ti alloys, Cu-Al-Ni, Fe-Mn, and
Fe-Mn-Si, etc.

> Plezoelectrlc materlals

Plezoelectrlclty ist the ab111ty of mater1a1 to develop an electrlcal charge when

Q) L] (\yr\v Ny

subjected 'T0 2 mechamé‘ﬁl‘ Strain conversely) ’I‘h'hn havé 2 redSverabls “strain of 0.1%
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inder electric field. They can be used as actuators as well as sensors. Examples PZT,
>VDF etc.

> Magnetostrlctlve materlals 2 ,

As. a magnetostrlctlve matenal is, magnetlzed there isa> change -in Iength
,onverse]y, 1f an external force produces a strain in magnetostrlctlve materials;
nagnetic state will change. Magnetostrictive materials have a recoverable strain 0.15%
inder magnetic field. The maximum response is obtained when the material is subjected
o compressive loads. They can be used in high precision applications. An example is
Cerfenol-D. | | | ’

> Electrostrictive materials
These are qulte similar to piezoelectric materials with slightly better strain
,apablllty, but - very sensitive to temperature The conceptual difference between

d\ et fovid

siezoceramics electrostrlctors is their response upon reversing the electric field.

>iezoceramics''can' be’ éléhrg"éfed "and" compré?sb’d‘“whrle electrostrlctors ‘only’ eXhlblt an
[ongatlon mdependent of the direction of the apphed electric field. This effect is found

n all materials, though in very small quantltles 10-5 to 10-7 %

> Ferromagnetic shape memory alloys

Ferromagnetic shape memory alloys (FSMA) are a recently discovered class of
\ctuator materials, whose salient features are magnetically ‘driven actuation and large
trains (around ‘6%) e.g. NiMn-Ga ternary alloy. As the name suggests FSMAS are

erromagnetic alloys that also support the shape memory effect.

N
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> Electrorheologlcal‘and magneto rheologlcal flulds

“When an' extenal SIgets HldS "apphed to an ER ﬂuld"the v13c051ty of the ﬂuld
rlcreases remarkably, and when the electric ﬁeld is taken away, the viscosity of the fluid
roes back to the original state. The phenomenon is called ER effect. These fluids can
‘hange from a thick fluid (similar to motor oil) to nearly a solid substance within a span

if a millisecond when exposed to an electric field; the effect can be completely reversed



ust as quickly when the field is removed. Examples of MR fluid is tiny iron particles

uspended in oil and that of ER fluid are milk chocolate and oil.

> Fiber optics
Fiber opti'cs is becoming popular as sensors because they can be easily embedded
n composite structures with httle effect on the structural integrity. They are w1dely ‘used
n structural health monitoring equlpments '
For the v1brat10n suppression of thin structure, plezoelectrlc materlals ~are
renerally recommended for the following reasons '
e Low welght
° Ease of mountmg on the structure
« Fast response o .
° Dual nature (sensmg and actuatmg)
e Low energy consumption
¢ - High efficiency and compactness

A detailed description of piezoelectric material is given below. -

.2 Piezoelectric materials:

In 1880, Pierre and Paul-Jacques curie discovered the direct piezoelectric effect
n i}arfous 'b}‘ﬁz‘s‘t‘é{ié'éiich ask r'&;i-fhz{hﬁé' i(louchelle salt and Quartz. The crystals generate
lectrlcal charges on. thelr surfaces. when they were mechanlcally strained in certain
lirections. In the foiiowlgéng;ea Othei)\fka\lso“&;scovered the converse effect that the shape
f crystals would change when an electric field was applied to them.

The ability of the piezoelectric materials to exchange electrical and mechanical
nergy opens up the nossibility of employing them as actuators and sensors. If -
iezoelectric materials are bonded properly_to the structure, structural deformations can
e induced by applying a voltage to the materials, employing them as actuators. On the
ther hand, they can be employed as sensors since deformations of a structure would
ause the deformed piezoelectric materials to produce an electric charge The extent of

lectrlcal deformatlon can be observed by measurlng the electrical voltage the materials

e _'
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produce. Unfortunately, the piezoelectric effect in natural crystals is rather weak so they
cannot be used effectively as actuators and sensors. B ' a
However, recent developments in the field of materials science have provided
piezoelectric materials that have sufficient coupling between electrical and mechanical
domains: ‘ng"‘"of.tlfe‘commonly used 'pie"zOelec't'ri’c hiate’ri'"é'l.s are Polyvinyllidéne fluoride
(PVDF), a semi _;eryste'll'_ine _\polyrner film, ' and_' lead zirconate titanate (PZT), a
piezoelectric ceramic material. PZT has larger electromechanical coupling coefficients
than PVDF so PZT can induce larger forces or moments on structures. However, PZT is
relatively brittle while PVDF is flexible and can be eas'ily cut into any desired shape.
PVDF also has good sensing properties so it is commonly used for sensors. In this thesis,
we concentrate on using as a transducer for vibration control of flexible structures.
| There are of two broad classes of piezoelectric materials used in vibration control:
ceramics and polymers The plezopolymers are mostly used as sensors, because they
requ1re hlgh voltages as well as llght welght and flexible so they are not effectlve as
actuators on stiff structures:. The best known is ‘the Polyvmyhdene Fluorlde (PVDF).
PidZ68eramic aré ised extensively as actuators“for awide range of frequency in¢luding
ultrasonic applications. The best-known Piezoceramic is lead Zirconate Titanate (PZT).
Piezoelectric materials have ‘some liiriitations also like voltage that can be applied
is limited in the range of -500V to 1500V, the piezo materials cannot be used above their

curie temperature, which is 200°C to 300°C due to possibility of depolarization.

2.2.1 Classification of piezoelectrics

Pyroelectrlcs' Materla]s in 'which electric field generates as a result of apphcatlon of heat

and degree of polarlzatlon depends on the temperature o '

Ferroe]ectrlcS' "Materials ' in which spontaneous polari'zétio‘n”ean be. induced by an

electrlc field. Reversmg external electric field can change their polarization direction.
a’fﬁfﬁ]éé'are PZT and PVDFI\(‘I\ gt actn wrQ“frar amvideTFnnee o e 1 Toerieroe

Ferroelastic: - Materials. in‘ which spontaneous polarlzatlon can be ‘induced due to

mechanical load.



Piezo electrics

Pyroelectric

Ferro-electric

Fxgure 2:1 Classifications of Plezoelectrlc Materlals

e

2.2.2 Plezoelectrlc constltutlve relatlons

Plezoceramlc materlals are assumed. to be linear and the actuatlon strain is
modeled like thermal strain. Piezoceramic can be idealized as an orthotropic material
such as unidirectional laminated composite. ‘The constitutive relations are based on the
aséumption that the'total strain in the actuator is the sum of the mechanical stlfain induced
by the stress, the thermal strdin due to temperaturé and the controllable actuation strain
due to electric vloltage - | o

-The axeg ;;re_ identified-| by ‘numerals i——ca;fééi)ondmg 10~ x—axils 2 correspondmg
to y-axis and 3 correspondlng to z-axis. A plezoelectrlc material produces strains when an
gléc_tric field is _gppﬂl'ied_@lon:_g 1ts poling direction, which 1s 'génerally along the 3-direction
for a monolithic-type material conversely, it generates electric 'displacément when it is
strained. While the' former' property is used in actuation, the latter is used- in sensing.
Figure 2.3 shows the Axis Configuration of Piezoelectric Patch. The constitutive relations

governing these properties are as follows:



Figure 2.2. Axis Configuration of Piezoelectric Patch

“oupled electromechanical constitutive relations are:

{0} =101{s}—[e]’ {E}
(D} =[e){e}+[s1{E}
Where

{o}=Stress vector

(e

{5} = Strain vector |

[Q] = Elasticity coﬁ;taﬁt matrix

{E}= Electric field

{D}= Electric displacement

[e] = Piezoelectric constant stress matrix

[s] = Dielectric constant matrix

Réwriting above equation

DLENN Cn b

[DI- Vel 9 St"r;‘.igvcuoq -0 dis O e
Dy,=4 0 0 0 dyy 0 04
lD3 ds; odsz; dsy - 0 0 o)

10

(2.1)

(2.2)
E;) -
E;:@3)
E;



Where d33 ,d3 1 and d, 5. are called plezoelectnc stram coefﬁc:ent of a mechamca.l ffree

piezo element

o i Characterizes strain in the 1 and 2 directions due to an electric field £3 in

the 3 direction
o« i3 Characterizes strain in the 3_ direction due to field in the 3 direction.

e 915 Relates shear strains in 2-3 and 3-1 planes due to field respectively.

Thus, if an electric field E; is applied to a free piezo-element, it causes

longltudlnal stralnss,, €2 andg;. If an electric field E, or E, is apphed the material

, are-calied PJL/W*]C( LA TR TR Y erm Gt an SO
‘eacts w1th shear straln Y31 and’ 'y'23 respectlvely : | .=

yicwo eleavent
CUIf aLcompresswe force is applled in the polarlzatlon direction (axis 3), or tensile

force is applied in the plane perpendicular to polarization direction (axis 2 or 1), it will
result in a voltage that has the same polarity as the original poling direction.

During the manufacture of a piezoceramic, a large (greater than 1 kV/mm) field is
ipplied across the ceratmic'to create polarization. This is called coercive field during
subsequent testing, if the field greater than coercive field, is applied opposite to the
yolarization direction the ceramic will lose its piezoelectric properties This phenomenon
s called depolmg However, it 1s p0531ble to repole the material. If an applied electric

thy
ield is alrgned w1th the 1n1t1al polarlzatlon direction, there is no depolmg sufficient high

[ESRE I el - [
roltage can cause arcmg or a brlttle fracture Polmg is also pos51ble 1f hlgh temperature or
N and e specm c!\ -

arge stress 1s apphed S ,
T Teempressive foréo e ,,mlmc_- P l).o polarpeation Airveer i
.3 Active control strategy for vibration suppression
A control is considered to be any system that exists for the purpose of regulating
by corltrolling the flow of energy, information, money, or other quantities in some desired
ashion. A control system is an interconnection of many components or functional units
1such a way as to produce a desired restllt. In a closed loop or active control system,
1ere is typically some model of the system to be controlled, a control law, and some

ensors that make measurements to carry to the control figure 2.1 shows a block diagram



of a typical closed loop control system. In this control .system, the control U(t) is

modified by information obtained about the system output, Y(t).

l Disturbances

'GO,ale : . - U(t)

: Control > System > Y ()
S
- law
A E
Sensors ¢
T Measurements errors
T - )
n  viniv Figurg2:3:-A elose;d'--f_IOOp control system ‘ --— -

b
- T
- I

}

i B .. . - .
| IO —_—— : 1 . - : 1

' The next' chapter discusses about the previous work that is carried by different
authors in the field of vibration control using the smart materials. It includes the brief

introduction of their work done and conclusions derived by them.

Figurc2.3. A Cioned Jooln Lunitio Syl
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CHAPTER3 = | ~ LITERATURE REVIEW

Smart structures;'lncorporatmg plezoelectrlc materlals, offer. an efficlent method
for 1mplementmg actlve control technologles and as:a consequence ‘the. toplc has recéived
sonsiderable interest in recent years. Plezoelectrlc materials have been widely used for
sensors and actuators due to their attractive properties, such as low weight and rapid
‘esponse. Below, some relevant work in the area of vibration control using the smart

structures is reviewed.

Crawley and De Luis (1987) developed analytical models to predict the static
and dynamic response of intelligent systems to an applied voltage. These models were

appllcable to systems with segmented plezoelectrlc actuators that are either bonded to an

slastic member or embedded in a lammated composnte structure They also conSIder
perfect bondm“gsl c'oiiditfd'ns BetwEdn the dctliators and' the" Striictires a8 weil as bonds of
finite thickness fand' 'stiffnassy THe Ml was'’ 'uSed t0" seledt 4 ‘Bptimal lo‘cati‘oﬁ for
actuators. With a PZT consisting of two Piezoceramic actuator devices bonded at equal
but o'pposite distances from the neutral axis of the Beam, three experimental systems were
constructed; an ‘aluminum beam with two surface-mounted PZTs, a glass-epoxy beam
with two PZTs and a graphite-epoxy beam with one PZT. The PZTs were used to excite
steady-state resonant vibrations in the beams and the experimental responses were seen to
agree with"the analytical models. Static ‘t'e's_ts performed on the glass-epoxy laminated
material with embedded PZTs showed a reduction in ultimate strengtn- of only 20% and
no 51gn1ﬁcant change in the global elastic modulus of the compOS1te laminate. | |

_'!" "g* i CEYYE e r;r 1"( 13,.‘; .

ot E’,"(")'l"-l'lnsgei"‘'l.’‘[1990]’‘i)rf"ox}'fdedl brief'but "'”fof'r'natlve hlstory ‘of p1ezoelectr1c1ty
and some of thé basic physicsl properties and mathematlcal relatlonshlp tised in thé study
of piezoelectric materials. The fact, that other noncrystaline materials, such as wood,
bone and some polymers, exhibit piezoelectric behavior is discussed. In particular, the
discovery of the p‘iezoelectrie'effect in polyvinylidene fl’uo.ride (PVDF) is presented; In
its-unpolarized form, PVDF is clear, lightweight and tough yet highly ﬂexible film that is

often used as a passive protec‘:tivecoating_ for many surfaces due to its high resistance to
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various chemicals and ultraviolet light. After suitable processing consisting of stretching
at high temperatures, exposure to high electric fields during cooling (poling) and surface
netallization, PVDF can be used as a sensor and/or actuator for active structural control.
After the outstanding introduction to the history, manufacturing and application of
:)lezopolymers Coolins et al. proceeds to model and - experlmentally verify the use of

PVDF as model sensors and spatial filters for various mechanical systems.

: Hagood, Cnung and Von Flotow [1.99'0]:presented a more detailed consideration
>f the interaction between an elastic structure and ibiéioelé'etric actuators used for active
structural eontrolt Also, they _deyeloped state snace models for voltage and current-driven
siezoelectric devices and assessed how the d‘ynamic of the actuator and passive electrioal
aetwork influence the overall system dynamlcs These models are used to predict the
sehavior of a cantilevered beam with surface-mounted Piezoceramic devices. Lastly,
open and closed loop control experiments were performed to verify the analytical models,
‘hus showing signiﬁ_cant effects of the electrical circuits on the beam dynamics.

Cox and ‘Linder [1991] dlscussed in thelr paper, the use of a modal domain
optlcal fiber sensor (MD sensor) as a component in an active control system to suppress

-----

vibrations in a flexible beim.'An MD ‘$énsor cons1sts of a laser source, an optlcal ﬁber
e SNy, P Iy

mdfﬂdetectlon elec?ronlcs They have ‘SHown that “the outnut of ‘the IVID sensor is

proportlonal t0 the 1ntegra1 of the‘ax1al strdin along the optical fiber. -

Kulkarni va'nd Hanagnd [1991] developed an electromechanieal model for a
combined generic three-dimensional, isotropic, linearly elastic body and piezoelectric
body undergoing small or large deformations using a variational formulation. The model
is then used to develop a two- d1mens1onal finite element formulatlon to predict the static
and dynamic response of the system to applied voltages that vary with time and spatlal
distribution on the sutfacé ‘of the ‘patch."A detailed treatment of the electromechamcal
coupling between’ the' activé' elément and' the Eidstic body is presented. The stresses and
strains predictéd By the 'static’ andlyficél' model were verified using a cantilevered

o t\l(\ r\:

alumlnum bea 1th Plezoceramlc patches bonded 8 the top and the bottom surfaces.

i . .
RSN S N ) u G PR TG ’idl L’H‘aélg VEN LT il
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The same beam was used to verify the dynamic response of the system to various types of
apphed voltages It was found that- electrlc ﬁelds applled to. the actuators in @ non-
umform mann'er such as a lmear cosine ofr exponent1a1 varratron along its length result

in different types of bendmg moment distributions be1ng applled to the beam.

IR TH R . e TR F robanaden I . e s
PO .’ L e T _-,_..,.,,..:_,_&y:.l“; ,\ .__, ~v’4 .,. LN .‘.'.—...,..-» L :.,._:_[u.)‘:,--‘ -l._).—...l::.--“,d_ e AnT ey RS >

A Hilton E. et.al., [1995], dealt with the free vibration analysis of prismatic folded
plate and shell structures supported on diaphragms at two opposite edges with the other
two edges arbitrarily restrained. The analysis' was carried out by using curved /variable
thickness finite strips based on Mindlin_Reissner shell theory, which allows for
transverse shear deformation and rotatory inertia effects. The accuracy and relative
performance ‘of a family of CO strips were examined. Results are presented for a series of
problems inclu'ding ‘platels cylindrical shell$ and box girders. In a companion paper these
accurate and 1nexpensrve finite’ strlps wereused' for structural optlmlzatlon S

N manner stech as 4 ! nenr. oS e\ponc‘nl' AT IR

Banks Smith and Wang [1995] exammed the 1nteract1on between piezoelectric
actuators on such structures as beams, plates and more compllcated shell structures such
as right circular cylinder. The changes in mechanical stiffness of the structure due to the
attachments were studied in addition to thel' ability~ of the patches to apply and moments,
which ‘were' found to depend on the geometry and placement of the patch in addition to
the applied voltage. The influence of internal forces and moments due to the vstructure and
the actuator as well as those due to actuating the patch are then related to the time-
denendent structural equations of motion. With that, these models can be applied directly
to controlling the vibration of siich structures, partlcularly those of a curved nature. Smce
the structure at thefociis 'of this’ research Was a torordal shell ’tlié 'r"e's'ult from Banks
Sm1th and Wang will contribute greatly when control of the entlre inflated member is

v AN s e
considered. " e R

acrararetan such strictures as heam=plate - and morc-'r.r"i.n--{.l':x--n-r% ot

Langley [1995] claimed in his paper that the equations for natural frequencies
developed by Rayleigh are invalid. Since. the point mobility of a membrane has an
infinite imaginary component, any inertial force created by an attached point mass would

lead to an infinite displacement at that point. Clearly this is not the case; however, it was |
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found -that- large-detormations-do-take place-around-the attachment that can-only be
represented y multi-term Rayleigh-Ritz method. With this approach, Langley presents
solutions for the free vibration of a circular membrane with a point mass attachment as
well as the forced response of a square membrane with a point mass attachment using the
modal summation method. The results are used to understand the physical limitations of
linear membrane theory with point mass attachments. In order to obtain more accurate
results, he suggests the use of a nonlinear theory,'considering the attachment to have a

finite area or taking into account the finite bending stiffness of the membrane.-

o
s

»“N‘ieke.rk and 'Tongue [1995] investigates ways to actively reduce the transient
noise transmission through a ‘membrane covering a citcuiar duct. Once the nature of
sound has'bedi'idéntified; 'only a-few* millisecond ‘4ré available t6'déterminé the control
signal and actuate the structure. Therefore, piezopolymer actuators were used because
they offer the ability to operate at high frequencies. Their experiment used a speaker to
impart sound waves into a duct whose cross-section is covered by an elastic membrane
ﬁtted with discrete piezopolymer actuators. The sound pressure imparted to the film was
measured immediately before the membrane by a microphone. The resulting velocity of
the centre of the membrane was measured with a laser vibrometer, whose output was
used as a feedback’ signal-for* the: control loop The output of this control loop was glven
to the PVDF actuators attached to the membrane The resultlng sound pressure level was

1\\« "\!(;"Q MBS VR A

. measuréd ‘4t°a’ mlcrophone“on[ the Jida he membrane cE)ppOSlte thé'“speaker. Three

-control schemes were lnvestlgated analytlcally, and then experlmentally, namely optlmal
control, sliding control and’ velocity ‘feedback €éntrol. T was found that & reduction in
transient noise transmission through the membrane was possible. Experimental results
confirmed this analytical prediction. The ‘PVDF actuators performed fast enough to
control the membrane and velocity feedback was found to be the most stable and 'ea.sily

implemented control method.

Sﬁlemah and Venkayya [1995] develeped “finite element 'formulations for

composite’ ‘plates w1th laminated' plezoelectnc layers: They deve10ped 24 degrees of

~hey 1"\! TSTh SRR

lements‘ With 'oné electrlcal degrée
SRR lht, Ty

freedom plezoelectnc plate 8f Fleddoit per Siifface.

T
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They made assufnptions that the electrical degrees of freedom were constant along the
plane and vary linearly through the thickness of the piezoelectric layers. An advantages
of their methodology is that the analysis eliminates problems associated with modeling

thin plate elements;withtisoparametric:solid elements;.which haye excessive shear strain

. Masad [1996] studled a rectangular membrane with uniform tension and
thlckness but with - lmearly varying dens1ty along one dimension of the membrane.
Solutions to natural frequencnes and mode shapes were obtained using both a numerically
accurate analyﬁcal techniques and approximation methods for the inhomogeneous
membrane. The resulting frequencies and mode shapes were compared to those of an
equlvalent homogeneous membrane. As expected, some Varlatlon was seen between the
two types of membranes and the approximate method was able to closely predlct the

natural frequenc1es

ARt uun...uz. WL z\up ¥ hndr. THing \,:x_";n.,j_i-'.:- L ’\r c‘\\‘\“-a.»,.

TaN n} LS 19 B :h .f r'r q& Arrar rs(\ ve

A square niembrane under uniform tensmn w1th a centrally located circular” area
of ﬁmte radlus and e1ther contlnuously# or dlscontmuously varying density was
cons1dered by Bambill, et al. [1997]. ‘He: determmes the natural frequencies using both
the optimized Rayleigh-Ritz method and an approximate conformal mapping approach.
Reasonable agreement is seen between the two methods for the discontinuously \farying
density. Likewise, acceptable restilts are obtained for the square membrane w1th circular

centre section of continually varymg den51ty

Saravanos, D.A. [1997], developed finite elements that enable the formal
analysis of piezoelectric composite shell. His methodology was based on what is called a
“Mixed Lamlnate Theory” ThlS theory utlllzes umque approx1matlons for dlsplacements

ST 11 71,

and electri¢ pofentlals“The Lt‘ rstx orde"i 'H 'm‘deformatlon ‘theor}y v{fa‘saassumed ‘on ‘the
fechanical adlsplaGEfnentgmwhl 3 ldi's"c”fé:‘ﬁ{‘ layerd‘%ﬁrﬁiiimﬁafiehs are’ aésumed on ‘the
electrical potentlals. "The advantages of this mixed laminate theory are they

1. accurately 'and efficiently model thin and/ or moderately thick laminated

piezoelectric shell with arbitrary laminations and electric configurations, and they
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Finite element methods were compared to exact solutions. The analysis was justified with
excellent convergence and agreement with fundamental frequencies and through the

thickness electromechanical modes of moderately thin plates.

Jinsong et al. [1998] used a FOS and ER fluid actuator for vil)ration monitoring
of ‘smart composite structures. They" found same sensitivity in FOS as piezoelectric
materials with lotzver cost. They found change in structural damping and natural .
frequencies with varying electric field and hence can be monitored by nsing FOS and ER
fluid. L IR o |

G/R! Llll, X Q'“Pé'nr 3 a'n'd K‘Y‘l‘L‘m‘ developed‘ odeTlSé‘s’ed W the classical
laminated’ plét e"c')ij'ro’t‘E) Elel‘ he Static and dynamlc response of laminated composite
plates integrated with piezoelectric sensors and actuators. A Finite element model is
developed to study the vibration control and active vibration suppression ef laminated
cornposite plates \lvith integrated piezoelectric layers. The formulations are derived using
Hamilton’s principle. They have taken into account the mass and stiffness of the
p1ezolayes and a simple negatlve ve1001ty feedback control algorithms is used to couple
dlrect effect of the piezoelectric for active control the dynamlc response of the. 1ntegrated

structure.

Pronsato et al.. [1999] con51ders a rectangular membrane: under uniform tension
with a rectangular center sectlon havmg a”constant id'e“r‘isuy dlfféijell ‘ari’the rest—cf the
Strudeited A Agam approx1matlon techni&j{les are I\ o find the frequency Coefficients,
from which natural frequencie_s can be extracted. The approximation was made possible
by-using a truncated Fourier series consisting of a linear combination of sine waves to
approximate the displaced shape of the vibrating membrane. The results are tabulated for
different ratios of density between the outer and inner areas as- well as different
dimensions of the inner rectangular section. Finally, good correlation is seen when the

results are compared to a previous paper in which only one polynomial expression was

aoldwadd
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used to represent the displacement of the membrane. It can be shown that results attained

by Pronsato are even accurate than those of the previous paper.

Payman Afshari and G E. O.'Widera,- [20-00.], developed a series of plate
elements, based on the modified complementary. energy principal, to study the free
--'undamped «Vlbratlony response of -laminated compos1te plates. They:selected-Mindlin thin
plate theory to govern the general characterlstlc and behavror of these plate elements. A
series of m-plane stram functrons ‘were: assumed from whlch the correspondmg m-plane
strams and correspondmg stresses for each lamina were determined. The transverse
stresses were then computed by satisfying the equations of the equilibrium. Eight-noded
isoparametric elements were utilized to describe the displacement field. These.hybrid
plate elements are used to form the stiffness and the consistent mass matrices. The
fundamental natural - frequencies were then computed by solving the generalized
eigenvalue problem and their application demonstrated via a number of examples.

Wang and Chen [2000] performed a modal analysis of a simply supported plate
: uSingior’il‘fr- PZT patthes as dctudtors and PVDF patched’as’ sensots! Their work included a
theorétical development ‘of the 1nteract10n between the smart actuators and sénsors wrth

fel ctraing ﬁn*gcof)nr; \xnl res a-.,b'.nn rhlef'rﬁ'n sy EAT rreg

the" steel plate generatlon équency response ’functlon matrlx,

generatlon 'of thé Qﬁl‘a’t‘e s mode shapes and extractlon of the’ plate s modal parameters
They acknowledged that smart materials have a major advantage over the conventional
structural testing. Piezoceramic transducers can be integrated into the structure, and that
the idea of using smart materials for system identification is also important to other

applications such as structural vibration and acoustic control.

Sie and Yao [2000] prepared a number of finite element models for modeling of
smart structures with segmented piezoelectric patches. These included eight-node solid
shieft-cléttient for iiodelirig HottibgEnGHS and lanfirlatee st stridcfurtS s well'as ad eight:
node solid shell and a; four—node pxezoelectnc membrane element for modelmg surface

wmfum RIS KTaRS

bonded prezoelectnc sensmg” and ﬁctuatmg patches They studled”number of problems

with thése models and found resulis’ agreemg wrth experrmental results.
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Y e Clayton Lis *Smlth 2001]; :demonstrated: that multlple layer:modeling is achievable
by smgle layer equlvalent modehng usmg equlvalent materlal propertles He derived
finite element - methods “for : n{odehng plezoelectrlc structures, whlch account . for
mechanical and electrical characterlstlc of the structure and validated the linear theory of
piezoelectricity with ABAQUS models using piezoelectric elements. He also
demonstrated equivalent single layer techniques for modeling piezoelectric laminated
structures and determined equivalent loading techniques for modeling piezoelectric
structures and piezoelectric laminated structures subject to electrical loading conditions.
He simplified the analysis of piezoelectric laminated structures such that computaticnal
models can be developed to investigate the static and dynamic response using equivalent

representations of the structures.
s L'm'*-'t(m-L Smith jZ0u L demonstratog. i x'nul-Lich FANET 10U i .

i

Makhecha D; P ”et al [2002], ‘studied the effect of hlgher order theory, that
accounts -for the reah's‘ﬁc varlatlon 5f 1n-p1ane and transverse dlsplacements through the
thickness, on the modal loss factors and natural frequencies of thick composite
laminated/sandwich plates. They presented a displacement based CO continuous
1soparametr1c eight noded quadrllateral p]ate element, based on realistic higher order
theory. The accuracy and effectlveness of the present model over the first and other
higher order theories for vibration - and damping charactetistic were demonstrated
consndermg thick laminated/sandwich' plates They suggested that, the hlgher order terms
such as stretchmg term in the transverse“ Ldlsplacement field, slope dlscontmurty in
thickness direction for in-plane displacements, and varrous other high order terms are
important in -evaluatmg the damplng and forced" response ‘charécteristics of sandwich

lammates Thrs mamly depends on “the ply-angle lammatton scheme aspect ratio and

v 1 atd r\’ f '-“ \]‘» ' )

core thrckness

Yan Y. J. and Yam L.H. [2002] presented in their peper the optimal design
methodology of number and locations of actuators in active vibration control of a space
truss using multiple piezoelectric ceramic stack actuators. They applied eigenvalue

distribution of the energy correlative matrix ‘of the control input force, to determine the

{ l"'\
sy
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optimal number of actuators tequired, and genetic algorithms (GAs) were adopted to
search for the optirnal locations of actuators. Their results showed that the disturbance
acting on a structure is s 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.

Lrew K.M. et al [2003] suggested that in conventlonal analyses of cornposrte
laminates, the assumption of perfect bonding of adjoining layers is well accepted
' although this is.an. overmmphficatron of the reality. It is. possible that the bond strength

may be less than that of the laminate. Thus, the study of weak bonding is an interesting

focus area. In their study, an elastic bonding model based on three dimensional theory of
elasticity in a layer wise framework ‘is used to study cornposite lanii'n_a'tes; The differential
quadratue (DQ) discretization is used to analyze the layer wise model. The-present model
enables the simulation of actual bonding stress continuity as well as the kinematics
dontinuity conditions were satisfied through the inclusion of the elastic bonding layer.
Their model was employed to investigate the free yibration of thick rectangular cross-ply
laminates of different boundary conditions and lamination schemes.

-'LFL“ N l‘r' al {200.3) sugpesied hdl in uw\ummal qolvees o e

<

Peng F et ‘al. [2003] mvestrgated the actuator placement on a plate structure and
v1bratlon control«ofu.the structure They opt1mrzed the, l’o‘éatlon’ 6F actuators  based on
max1mlzl_ng the controllab1l1ty grammlan. It was 1mplemented usmg structuring analysis
in ANSYS and genetic "’alé_di"ithms." Further. they used a filtered-x LMS based
multichannel adaptive control to suppress the yibrations. They also performed the
numerical simulations in suppressing tri sinusoidal response at three points of the plate.
Their results demonstrated that the genetic algorithm is an effective method to reduce the

energy required for achieving significant vibration reduction.

Shlmpr R. P. and Amapure [2004] extended varlatlonally cons1stent layer-wise
trlgonometnc shear deformatlon theory to.. deal w1th free v1bratlon of two layered
lammated cross-ply plates. They Jerived goyeming dlfferentlal equatlons by making use

TR -rw

of-a: dtsplacement 'ﬁeld Wthh‘ allows a“smusordal ‘varlatton GE thie. m-plane drsplacements

R . P
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through the laminates thickness. And concluded that, in their displacement based theory,
: atlsﬁed in both’the
‘ot' requlred Compatlblllty at the layer

constitutive relatlons between shear-stress .and shear-stralns

-layerSJ and ;therefore %"shear correctlon factor,
mterface in respect of m—plane dlsplacement and"compatlblhty in respect of transverse‘
shear-stress is; satlsﬁed yet.present theory. contams fewer unknown variables than that of
the first order shear deformatlon theory. Effects of rotary inertia and other inertias are
also included. They also suggested that their theory will be convenient for finite element
modeling and finite element based on the present theory will be from shear locking. From
the illustrative example, it is seen that the present theory give the accurate results.

Efficiency of the 'theory was demonstrated through illustrative examples.-
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e The formulation is restricted to linear elastic material behavior (small~
displacement and strains).

.'. This formulation uses the Mindlin assumption (thin plate) in which the normality

Lcondltlon 1s removed resultmg in a constant state of transverse shear strain

\5.,\

through-thlcknes and:zero ‘,ansverseﬁ,normal stram

€ O .£ﬂ=8;vz(x’y) gxz=£xz(x’y)

/_ Piezoelectric 8§ ehso refA ctuators

-

e mnh ih ;d\nc‘m and 76ro transverse !mxmai S1pd

Flg 4 1 Coordlnate system of lammated finite element w1th mtegrated plezoelectnc
: o L materlal :
- . B (\ 1B sl e (v

4.2 Bouxidary conditions

4.2.1 Simply supported plate

Y
A

w=6§=0
u=v=0

4 w=0,50,., - L - T wW=0,=0
\"u—Vr—-\O dn.umted lunu_ ”uluﬁv=0Lh
FO e T ey m.l ' )

.U_"

u=v=0

Figure 4.2. Boundary conditions for simply supﬁorted plate

-
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.2.2 Cantilever; platé::

? u=v=0
N
N
N
] u=v=0 .
N  w=6,=6,=0 w=v=0
h
N
N
N
u=v=0 |

UL g e

,'Figure‘ 4‘.-3',5,:Bou'n:da-ry conditions for cantilever plate | T
.3 Basic Equations

~3.1 Displacement functions

Based on the ﬁrst-:order shear theory of small strains, the displacémen
omponents u,v and w at (x;y,Z) from median surface are expresséd» as functions o
ridplane displacements uo,vo,wo and independent rotations 9y and 6y of the normals in y:

nd xz planes, réspectively of a piezoelectric composite plate takes following form:

-t .

(x,y,z t) Vm(x,y,t) + zey,(x,y,t) - :
N v\un(iax) umd ions for cantiiever plate

V(X.3,2:t) = w.),(x,y,t) | | | 42y

\ simple 4 noded quadratic element is considered.
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Figgre: 4.4. Eour noded quadratic element

Two-dimensional interpolation (shape) functions are used to define the geometry
ield at any point in the element cross-section. These shape functions relate the
urvilinear coordinates in the nodal cartesian coordinate system to the element coordinate
ystem.

These shape functions and their derivatives are

Ni= Y1+ EE)A+17) R | . (43)
g—}/ﬁ(lﬂm) | Aﬂ—mawf,

Shape functions can be: used to express, the element deformatlons in terms of
1odal dlsplacements - Llgdr _* P Ut SRR
(= Z Ny, + NizOyi v= ZNW‘” + NizBOsxi w= ZN’WW 4.4

l'-—:-] : Li=1

It can be written as in matrix form

h‘o:1
[u Ni _0 0 zNi 0 Offv,

J

ve=|0 N O 0 zNi :0|{w,
lw 0 00N 0 0 0ff@

»
Lgxr‘ _
Lu} [N ]{q} o L | o R
Nhere {u} {u’"v w} a'd"‘{q} {u0;5"»g,i‘*-‘ Wy, By, Bx,}r | (4.6)

"»if(‘flll..)

26



M.O 0 zNv 0 O]

and - [N,]=Y| 0 0 0 zN O o 4.7)
—i.—: 0' o O eyt H‘N’ fO 0, Q V

4.3.2 Strain-D‘ispla'c'émént:relations

The displacement relations are given in an element as below

gz= \.' {J \. H [‘}
Jow oy Sl (G povyy 08, 196,
¥ d ox T ' oy ox ay yo

The above equations are arranged in a matrix form given below

{8}={%}+{2:”} - 3 o o (4.8)

where

{en}= [f ]{'q} @9
(e)-[8la) @10
=}=[8llag @1
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4.3.3 Electric Field

The present element has five degrees of freedom uo,, Voi ,wo,,

;‘..,__‘,N{,-l.t R B

,»8,, per node and

one electr[cal degree of freedom, ¢ per pxezoelectrlc layer Thus assuming electrxc field

is constant over the actuator and sensor thickness and varying lmearly through the

thlckness of t}lle) plezoelect%c lag'efl The electrw ﬁeld ¢ lS apphed in thickness dlrectlon
. U}/

, only The electnc field strength consxdermg the plezoelectrlc sensor and actuator layer is

given by

-

L.

t, = thickness of sensor:layer:

c ooXx o o

X ooo oo

i~ }=—[B¢]{é}
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ta = thickness of actuator layer
4.3.4 Constitutive Equations of Piezoelectric Materials

The linear equations coupling elastic field and electric field in piezoelectric
medium are expressed by the direct and converse piezoelectric equations, respectively.

These equations for plate.shape sensor and actuator are written as

{o} =IOKs}-[eI' (B} . @13)
{D}=[el{s} +[s KE} ~ (4.14)

where

{o} - stress tensor

{D} - electric displacement vector

{€} - strain tensor A
(E} -electric field . "~
o) AOHs e Ey .

[O] ._-‘trans'formedt elastic 6§nstants at constant electric ﬁé]d <
el - fransforméa piézoelectric stress coefficient
[e ‘] dielectric tgn_sor
where [01=[T"1[Q1IT]
| [€1=[7"1fe]

The elastic constant matrix and the transformation matrix is given as

29



-HAPTER 4 FINITE ELEMENT FORMULATION

In this chapter, a finite element model of piezolaminated layered plate is
eveloped based on first order shear deformation theory and linear piezoelectricity. A
rief of negative velocity feedback and vibration control is outlined. In deriving the finite
lement model first first order shear deformation the'ory is outlined followed by boundary
onditions, basic equations (displacement function, strain displacement relations, stress

rain relations, force and bending moment), energy formulatlons, governmg equations

re obtamed by using ] Hamllton s pnncnple

.1 First. order shear deformation theory

Classical plate theory is based on the assumptions that a straight line
erpendicular to the plane of plate is (1) inextensible, (2) remains straight and (3) rotates
uch that it remains perpendicular to the tangent to the deformed surface. i.e. the
ansverse normal and shear stresses are neglectéc'l. Thus it unpredicts the deflections and
ver predicts the frequencies as well as buckling loads of plates. That is why it is
ecessary to use some other theory. | ‘ .

The first order shear deformation theory extends the kinematics of the classwal

lite' theory by r%légc“mgn{zheb (ﬂb(#r'r]lgli’ty ’f’éé lvietlon and allowméi (fgt“ ai"b‘l‘tfary but constant

ahivggt Dyveusino Hamilton s princinle. R
)tatlon 'of. transverse ‘normals. lI't ‘means . the condltlon (3) : S removed The more

lgmﬁcant dlfferenee between the CPT and FSDT is the’ effect including’ the shear-

eflections on the predlcted deflections, frequencies and buckling loads. So the primary
bjective in developing analytical solution for the rectangular plates using FSDT is to
ring out the effects of shear deformations on deflection, stresses, frequencies and

uckling loads.

In the present formulation, the following assumptions (Reddy, 1999) are
onsidered: |
o The plezoelectnc layers are perfectly bonded together

V1 f ~ g e "“-"\T:"' i :"|\.'§‘,AE FEY
Stralght lme pe‘fpeﬁ‘ 'éﬁl’ “tb" lane“of pi dteit is réfmiain Stl.'a,‘,ir il n
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c s 0 0 cs
s ¢ 0 0 —cs
[T]=| o 0 ¢ -s O
0 0O s ¢ 0
0 0 -5

—2cs 2cs

L3.5 Force and Bendmg Moment k
L3;1*1",2 T EJ’) .

Bendmg)f?r (shqg.r lfor)ce de begdlpg moment are glven lry s A .~/f"i
< ' o 0o G e T S
F, = I{[Qk]{a +zsb} le, ] {E,}} dz (4.15)
k=1 by, ) :
[ 10 Xe, Yz (4.16)
k= by . . ‘
. n B ) .
M= j{[Qk]{g +26,} [,V {E}} zdz | | CAY)
k=1lp -
Nhere o
iy g f(J[LL:thech?ﬂlCL ar d‘__cndmo moi G gre: ov n by ' ‘_,/‘
[Qk] le sz 0 T [Qk] '
I : - NS G13
0 0 G,
Using equatiéns (4.9), (4.10) and (4.11) the above equations can be written as
Fy = (4], }+[B J&}- L4145 | (4.18)
F=[Cr){s.} - (4.19)
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(=B, Jte,3 +[ D, 1t} - 14,1 (53 - | 4.20)
'here

. O (hk _hk-l) Oioi (hk _hk—l) 0

) [AT] = Z (0P (hk‘_hk-—l) O (hk - hk_l) 0‘ .
: = 0 0 ’ Gle (hk - bk—!)

Qll{c (hkz —hlf—l) Oiox (hlf fh:-l) ' - 0
‘ (079" (hlf - h:—l) Qzék (hkz - h;:—l) -0
e e 0 G (K )

e [Ga (=) 0
C.l= 23k " — 1y :I
[ T] '; |: 0 GlSk(hk_hk'—l)
O (h: —hl::—l) Oai (h: —h:—l) 0
. z, ] '
[DT]=kz E Qo (’?f—hi_;) On (hi’—hf-l) 0
: =1 : ‘
0 . .0 Gl2k(h:_hi—l)
[A1=[e (y, ~ P, ) +Le] (U, — 1 )
EER - D AR N PRy L A
e en2 g2 Tp2 12

2 Energy Formulations. A
4.1 Kinetic energy
The element kinetic energy is given by

=@ ML @“21)

acre

M=V e e e e Zp]NJav o (422

B B

LA
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{@}={to, Vo Wy 6, 6.}

PL= z":pk
k=1

1.4.2 Electrical work done

The electrical energy is given by

7,5 JtEy (D)av

(4.23)

(4.24)

Using equations (4.9), (4.10), (4.11), (4.14), (4.12) equation(4.23) can be written

n reduced form

=Ly [k Ji -1V [K.]0)
vhere

[, ]= [[8] (e1{(B,]+z[B,}av

%K1= l2.] 1[5 ]ar

4.3 Work done by external forces

) Work done by point force
Vp = {uO}T {FP}

7, =gy [N.] {F,}

) Work done by traction force (load)

"= J{”o}T {F}d4
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(4.26)

(4.27)
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w,= [{g¥" [N} {F}da (4.29)
A
C) Work done by body force

W, = &y [N,) {F}av (4.30)

t.4.4 Work done by electric charge

7. =~ [IE] {o, }d4

E}=-[8,]{#)

.= [y [B] {o.} 431)
.4.5 Potential Energy

b=

> ey B+iay Miay Ry | | (4.32)

utting equations (6) (17) (18) (21) in equation (4.32), we get

’ =% f@{"18.T (4 1[8.)@3+[B.1[B.]ia}) +{aY" [B.] ([, 1[B. Jar+[D; 1[B,]4a}) -

+ gy [BY (G 1[8.1@) - @7 [B.T 1o (B (b ~ o)~ @y [B,] (6T (B (2 — 2 Y} a

=@ [KuJ@r+5 {0y [K.,] () | (4:3%)
1= f{ie.T 148, 12.T (2 )a1 AT [5)5.]-

BT (D[ BI+[BT G ][B.] a4 @34
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[k, ]= j{[ B, I (el [ B, |(h ~ b)) +[B,] [V [B dé(hf ~ ., )} aa . (4.35)

A

4.5 Equations of motion

Hamilton’s principle is employed here to derive finite element equations and
given as below

L

[{s(k-P+w,-w, +W,,)}dt=0 (4.36)

U}

Putting equations (23) (26) (29) (30)(31) (33) into (36) we get,

[M.]{a}+[ K e+ (K {0} = (R “37)
[ Ko J{a} +[ Ky J{#} =(F} (4.38)
where

Mechanical forces are given as -

wy=[NT {Fp}+J[Nd]T {F;}CM+VI[N«1]T {F,}av (4.39)

Electrical forces are given as
) T
{F}=|B,] {o,}da (4.40)
A

There are two layers one is sensor and other one is actuator layer. The above
equations (4.37) and (4.38) can be written as

[0, )} + Ko Ha} +[ Ko 183 +[ Ko N0} = () @.41)
(Kol [Ku =)
[Kye )i} +[ Ky {0} =1F,}

External applied charge on sensor layer is zero {F, }=0, then the voltage

developed on sensor layer is given as
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8} =-[K. {0} Kue | (4.42)

Put {4 } into above equation (4.41), we get

(M@} (K a - [Kp Ha [Koo ] (Ko, [} +[ Koy {00} = (53 (4.43)

In general, all the structures are lightly damped. Hence adding the artificial linear

7riscous damping the global equations of motion can be obtained by assembling the

:lemental equations and is given by,
[M, )@ +(C, K3 +UK J-[K NK, TUK, IHgy={F }-[K WK THF} (4.44)
Nhere[M,,1,[K,, ], ([K,;1=[K;]1),[Ky]land  {F;}are the corresponding global
[uantities.
¢a} is the actuator voltage vector and [C  lis the structural damping included via
tayleigh damping which is given by,

€, 1= alM]+ FIK] (4.45)

/here a and p are the Rayleigh’s constant and[M], [K] effective mass and stiffness

jatrix.

.6 Negative velocity feedback and vibration control

In order to brovide proper velocity information to the piezoelectric actuators, the
oltage induced in the sensor layer is differentiated and fed back. Accordingly, a
sedback control gain is used to enhance the sensor signal and also to change its sign

sfore the voltage is injected into the piezoelectric actuators [8]. .
onstant-gain negative velocity feedback
In this method of control, the sensor signal is differentiated so that strain rate

elated to velocity) information is obtained and the actuator voltage is given by

() =—G B0 ' (4.46)
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The velocity feedback can enhance the system damping and therefore effectively
sontrol the oscillation amplitude decays the feedback voltage also decreases. This will
educe the effectiveness at low vibration levels for a given voltage unit. In order to
yrovide proper velocity information to the piezoelectric actuators, the voltage induced in
he sensor layer is differentiated and fed back. Accordingly, a feedback control gain is
ised to enhance the sensor signal and also to change its sign before the voltage is injected
nto the piezoelectric actuators [18]. '
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“HAPTER 5 GENETIC ALGORITHMS

Once the governing equations are derived, the genetic algorithm are used to
ptimize the location of actuators. The genetic algorithm requires an objective function
or optimization. The minimizing of dissipation of energy explained in the previous
hapter is taken as the objective function for this optimizing technique. This chapter
xplains the development of genetic algorithms and the various variables used in detail in

1is chapter.

.1 Description

Genetic 'algorithms were developed by Holland in 1975. Although these
Igorithms emerged simultanéously with t‘v.v'p other streams known as evolution stratcéies
ES) and evolutionary programming (EP), GAs are today the most widely known type of
volutionary algorithms. Differing from conventional search technique, the common
satures-of ‘this*algorithm ‘is to'simulate the search process of natural evolution and take
dvantage of the Darwinian survival of the fittest principle. In short, evolutionary
|gorithms start' with an ‘atbitrarily ‘initialized population of coded individuals, each of
hich reiaresents a search point in the space of potential solution. The goodness of each
wdividual is evaluated by a fitness function which is defined from the objective function
f optimization problem. ' ‘

Then, the population -evolves toward increasingly better regions of search space
y' means of both random and probabilistic (or deterministic in some algorithms)
iological operations. | | ‘

The basic operators used in GAs consists of selection (selection of parent for
-eeding), crossover (the exchange of parental information to create children) and
utation' (the ‘¢hanging'of an individual). In addition; foilloéwing the Darwinian Theory, an
itism operator (protection of best individuals) is found in more elabdrated GAs.

" Note however here 'that 'the ergoditity of the biological operators used in GAs
akes them potentially effective at performing global search (in probability) . also, GAs

we the attribute of a probabilistic evolutionary search (although it is most commonly
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referred to as a randomized Search), and are -neither bound to assumptions regarding
continuity nor limited by required prerequisites.

The GA technique has been theoretically and empirically proven to provide robust
searches in complex spaces. Much of the early work of GAs used a universal internal
representation involving fixed-length binary chromosomes with binary genetic operators.

_ Consequently, most of the binary developed (which could fill several volumes) is
sased on binary coding. In developing the fundamental theorem of GAs, Holland (1975)
focused on modeling ideal simple GAs to better understand and predict GA behavior with
ibove —average fitness receive exponentially increasing trials in subsequent generations.
viany properties in terms of the binary genetic operator’s effectiveness were concluded
rom this theorem. However, it is pointed out that these properties give some limited
nsight into the GA behavior. Mitchell believes that a more useful approach to
mdersténdin‘g to understanding and predicting GA behavior would be dnalogous to that
f statistical mechanics in physics whose traditional goal is to describe the laws of
vhysical systems in terms of macroscopic quantities, such as pressure and temperature,
ather than in terms of the macroscopic particles (molecules) making up the system. Such
n-approach will aim at laws of GA behavior described by more macroscopic statistics
uch as “mean fitness in the population” or “mean degree of symmetry in the
hromosomes” rather than keeping track of the huge number of individual component's in
1e system (e.g. the exact genetic composition of each population). Regarding theoretical
uidelines about -v.vhich GA to apply, the real problems encountered by GAs usually
ompel tailoring the GA at hand as the use of different encoding and operator variants
suld provide different solutions.

One realizes ‘that there are therefore no rigorous guidelines for predicting which
ariants and more particularly, which encodiﬁg, works the best. By addressing the
nary/floating point debate, the work it is cdnﬁrmed that there is no best approach and
at the best representation depends on the problems at hand.

As one can understand, there are many controversies in the GA community over
e approaches used, revealing the GA theory is by no means a closed book (indeed, there

e more open questions that solved ones). One final point worth mentioning about the

ot (. ; N E
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GA theory is that many of today’s algorithms show enormous differences to the original
SGA. |

5.2 Fundamentals

The purpose here is not to give a thorough theoretical analysis of the GAs
rhechériism, as there are excellent introductdry tutorials in the literature. Instead, the
objective of this section is to provide some answers to explicit questions one may have
about GA. In the following, the structure of a simple GA will be presented along with a
general overview of the main techniques/variants that are employed in the GA process.
Then, the most important features which differentiate GAs from .conventional
)ptimizationfechniques are described. Eventually, the strengths and weaknesses of GAs

ire outlined and the type of problems for-which the use of these algorithms is pertinent is
ndicated.

3 What are GAs ? . _

' Like all evolutionary algorithms, a GA is a search procedure modeled on the
nechanics of natural selection rather than a simulated reasoning process. These
,igoi'ithhis werelloriginally used for the sfudy of artificial systems. Since their inception
iAs have been subject to growing interest as an optimization techniques in nearly all
indé of engineering applications. Today, there are so many different GAs that it turns
ut, there is no rigorous definition of GAs accepted by all in the evolutionary
omputation community that differentiate GAs from other evolutionary computation
iethods. Indeed, some currently used GAs can be very far from Holland’s original
Snception. However, it can be said that most methods called “GAs” have at least the
llowing elements in common: populations of individuals, selection according to.the
dividial®s' fitnéss, crossover to produce new: individuals, random mutatién of new
dividuals, and replacement of’ the 'bdi')ulatii)'r’is. ‘These elements are illustratéd next, in

e description of how a simple GA works. A typical GA flowchart appears in figure 5.1.

ow do GAs works?

GAs are based on the collective learning process within a population of

jividuals (trial solutions called chromosomes), each of which represents a search point
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in the space of potential solutions to given problem. The chromosomes code a set of
parameters-(called genes). :The population (of size ns) is generally randomly initialized
‘at generation ng=0) in the parametric seérch space. The individuals are evaluated- and
anked in terms of a fitness function. Then, the population evolves towards fitter regions
)f the search space by means of the sequential application of genetic operators.

The basic operators of a simple GA consist of selection, crossover and mutation.
‘ollowing the Darwinian theory of survival of fittest, an elitism operator is usually found
n the generational replacement. A generation is accomplished when the sequence defined
)y the application of all operators to the individual parents is performed, as illustrated in
igure 5.1. The GA produces as many generations as necessary until the convergence
riterion is reached. The goal, throughout this process of simulated evolution, is to obtain
he ‘best cliromosome in the final population to be a highly evolved solution to the

roblem.

“4—— Mutation

]

Crossover
Evaluation T )
l Reproduction
Fitness Value ) T

Figure 5.1. Typical Genetic Algorithms
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5.4 Basic steps in genetic algorithms
5.4.1 Encoding scheme

To enhance the performance of GA, a chromosome representation that stores
problem specific information is desired. Although GAs were developed to work on
chrornosomes encoded as binary strings, it is today common knowledge that for
numerlcal optlmlzatlon problems, one should use a GA w1th ﬂoatmg point representation.
One important point that may, however, not be obvious when one start to use GAs is that
the crossover variants used should be appropriate to the encoding used. There indeed
=xist both conventional (binary) and arithmetical crossover techniques to fit the two
lifferent representations. Note that when using the real representation, a chromosome is a
vector of np genes for the np parameters. It should be emphasized here that because much
»f the early work of GAs used a universal coding involving abstract binary chromosomes
that needed to be decoded), research on GAs has been slow to spread from compnter to

:ngineering, and very little theory exist in the literature on real-valued encoding.

i.4.24 Fitness function . ‘

" "The' fitness .I’J;Ia'jrs‘th‘e role of the environent in which the chromosomes are to be
valuated. This' is thu'- 2 crucial link betweéen the GA and the system. This function can
e simply taken as the objecti_ve function to optimize or as a transformation of it. It is
ssumed that the fithess function to be optimized is positive. In cases where the objective

inction happens to be negative, the fitness function will be transformation of the
bjective function.

4.3 Parent selection

Basically, the selection operator determines which of the individuals in the current
ypulation will be pass to their genetic material to the next generation. Using the GA
nguage, one says that it builds up the mating pool by selecting ns individuals from the
irrent populatlon There are many ways t achleves effective selection, including
oportionate, rankmg ‘and" 'tournament * schemes. The key assumption is to give
eference to fitter individuals. Using fitness proportionate selection, the number of times

individual is expected to reproduce is equal to its fitness divided by the average of .
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fitnesses in the popuiation. The mosf popular and easiest mechanism is the Roulette
wheel selection where each chromosome in the current population has a roulette wheel
slot sized in proportion to its fitness. However, depending on the environment
proportionate and ranking selection schemes may lead to premature convergence or on
the contrary, to a slow finishing. Those are well-known severe technical problems of
GAs. However, both problems can be avoided if scaled fitness values are used instead of
the original values. Another wéy to circumvent these technical problems is to use a more
adequate selection operator. In many applications, tournament selection has proved to
yield superior results to fitness rank selection. In the simplest form, the so called binary
selection, two chromosomes are selected randomly from the current population but only
the one with higher fitness value is inserted into the mating pool with a probability pt.
One ‘iﬁiérééti’ﬁ]g feature about this seléction"scheme is vfﬁaf'diié' can adjust the selection
pressure directly from the tournament probability pt (typically larger than 0.5).
Regardless of which selection technique is used, the selection operator produces an
ntermediate population, the mating pool, which consists only of individuals that are
nembers of the current population. The following two operators, crossover and mutation,

re then applied to this mating pool in order to generate children.

SN R RS IS B LS Y N E N | ORI

Figure 5.2. Ratlette Wheel




5.4.4 Crossover

The crossover operator is the key operator to generate new individuals in the
-population.. In-addition, it has been shown in the literature that so-called “deceptive”
problems can be made ° easy > by the use of an. approprlate definition of the crossover
function. This operator lS applled to each palr of the matmg pool -with a crossover
probability . pc usually take:h' from [0 6 1], to.: produce one or two children. With
probability 1-pc, no changes are made to the parents (they are simply cloned), but with

probability pc, genetic material is exchanged between the two parents. In the simplest

crossover, the single point crossover, a crossover point is randomly selected and the
portions of the two chromosomes beyond this point are exchanged. Multipoint crossover
is similar except that multiple cross points are chosen at random with no duplication.
Uniform crossover generalizes the scheme by making every gene a potential crossover
pbint. Single, multipoint and uniform crossovers are generally considered conventional

dinary techniques; and when real ‘encoding is used, arithmetic crossovers -are the most
uited.

X1
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- Figqre 5.3 Crossover

1.5 Mutation

This operator should allow a GA the finding of solutions which contains genes
t are nonexistent in the initial population. It can also prevent the GA from loosing

ne genetic. material without any chance of adopting it again. Often viewed as a
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background operator, mutation modifies genes values according to a mutatior
probability. Using binary encoding, this simply means changing a 1 to a 0 and vice verse
with a small pfobability. Using real encoding, when a global modification called jump
mutation is applied, each gene in any chromosome is replaced with a random value (from
the entire parametric. search space) with probability pmj. A “mutation-based” operator
can also be applied locally with the creep variant (not a pure mutation operator in the
sense of GAs) which consists in the addition or subtraction with probability pmc of a
small value to the gene (1% of actual gene value).

Whereas the crossover reduces the diversity in the populatlon, the mutation
operator increases it again. The higher the mutation probability, the smaller is the degree
of premature convergence. A high mutation probability will however transform a GA into
some kind of random search algorithm, which is of course not the intention of the
algorithm! Mutation probabilities are usually small (so as not to interfere with the
combination of the best features of parents made by the crossover operation), and range

from 0.001 to 0.10, the higher values being typically applied with real encoding.
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Figure 5.4. Mutation

4.6 Replacement strategies

In the simplest form of GAs, when the operation of selection, crossover and
utation- are completed on the ns individuals of the current population, this entire
spulation is replaced with the children created. This is the traditional generational
placement. Vanatlons ‘whergernot all ‘1nd1v1duals are replaced in: each generation exist.

et

1e simplest case of sch a strategy is- the elitist strategy where the individual with the

shest fitness (according to the Darwmlan theory of survival of fittest) .is directly
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transferred from the old to the new generation and only the other ss-1 children are

generated by the apphcatlon of genetlc operators . C -

* Generational replacement with: probablhty pr is often’ used in whlch nsXpr parents
are replaced with children while the nsx(1-pr) best parents are kept. An alternative to
replacing an entire population at once is to replace one organism in the population

whenever a new organism is created. This variant is known as a steady-state GA.

5.4.7 Convergence criterion
The most widely used stopping conditions are either that a given number of
generations have been done already, or that the population has become uniform.- When
the first condition is chosen, GAs are typieally iterated for anywhere from 10 to 500 or
more- iterations. User defined convergence criterion that are better suited to the problem
NIy

being solved should  be’ ‘preferted” (althdugh 'most of the studies do not address- this

gl g rage i pbaidiass g tependd ey vietid o e ol : . .
problem)‘ It'is however not’easy to 'défine 'SUGh’ &'criterion, '8 it will be shown in this

% ° i R e

work.

S.4.8 Performance criteria
What does it mean for a GA to perform well or properly? Some performance
criteria can provide answers to this question. The best fitness reached (best-so-far) is a
'ypical one. One criterion for computational cost is the number of the function
svaluations. Indeed, in almost all GA applications, the time to perform a function
swvaluation vastly exceeds the time required to execute other parts of the algorithms
which are thus considered to take negligible time) Note that because randomness plays a
arge in the- each fun (two number ‘With dlfferent random number Séeds wnll generally
rodude diffefent ‘output),'often” ‘GA res'earches report Statistics’ (about the best fitness for
astance) averaged over many different runs of the GA on the same problem.
Besides the genetic operators presented here, there exist a number of different

perators (inversion, recording), in addition to advanced features (diploid, dominant and

'cessive genes, sharing fitness function) which are used in different applications but not
3t widely. GAs is still far from maturity.

45



5.4.9 Method of solution for shape control

The shape of plate is described by the shape of midplane of the plate, which in
turn is described by the transverse deflection of each segment. The desired shape w4(x) of
the midplane is given a priori.

The input voltage to the actuators required to bend the plate to the desired shape
are to be obtained by minimizing the error between the desired shape and the achieved
shape. Here the achieved shape represents the shape formed from the effect of the
actuators. A simple way of defining an error function is by taking the square of the
difference between the desired shape and achieved transverse displacement and

integrated throﬁghout the length. A error will be a function of applied voltages.

J=ZN:(W‘,‘ -w, )’ 5.1

Where N= number of piezoelectric layers

w, = deflection of desired
w, = deflection of calculated shape

The forgoing error function is, however, independent of the extension of the
niddle plane.

In practical applications, there will be a lower and upper bound constraint on the
nput voltages to be supplied to the actuators. This may be due to saturation of the
ctuator for voltages of higher magnitudes or due to the limitations of the voltage supply.
‘herefore these bounds on the magnritude of the voltages should be considered for the

nalysis. The constraints are given by equation (5.2).
J-{7}=0
}- {7} <0

g

(5.2)

<

'here {7} ;{0 Voint> 05V

> Ymin, 1> Y> Vimin 25 +++++ ’vmin,N50}

{Vmax} = {O,VM,,O,vmmz, ..... ,vmmN,O}
Vo 18 the lower bound of the ith actuator

Ve 1S the upper bound of the ith actuator
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CHAPTER 6 RESULTS ANb DISCUSSION

A MATLAB code is written to perform numerical studies and has been used to
solution for various static and dynamic problems. The variation of maximum static
deflection with various parameters of the laminated plate has been studied. Free vibration
analysis of isotropic and orthotropic is carried out using the code to obtain the natural
frequencies and mode shapes. The program is executed for active vibration control of
piezolaminated composite plate for various boundary conditions. First the model is
validated with the results available in the literature. Then the code is used to solve
different problems for static and dynamic solutions. The influence of feedback control
gain, ply orientation and the sensor/actuators position on the response of the plate is
analyzed. At the end, desired shape of plate is obtained by applying a suitable voltage on

piezoelectric actuator. Optimum voltage on the patch is decided with the help of GA.

5.1 Validation of the model

The theoretical formulation of the plate model is first validated by comparing the

esults obtained by Liu, Peng and Lam [10].

.1.1 Static Validation

The piezoelectric square laminated composite plate integrated with piezoelectric
ensors and actuators is considered. The plate dimensions considered are 400mm x
00mm x lmm. The plate is constructed of four layers unidirectional graphite/epoxy
»mposites. Piezoceramic layers having thickness of 0.1 mm are bonded symmetrically
1 both surfaces of the plate. The material properties of the plate T300/976 and
ezoelectric material PZT (G1195N) are shown in Table 1. [-30/30/30/-30] angle of ply

ientation is considered. The plate is discritised into identical 8x8 plate elements. Simply

pported boundary condition is considered.
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Properties T300/976 " PZT(G1195N)
E11(Gpa) 150 63
E22(Gpa) 9 63

V12 0.3 0.29

G12(Gpa) 7.1 24.8
G23(Gpa) 2.5 -

G 3(Gpa) 7.2 -

p(Kg/m”) 1600 7600
d31(pm/V) - -166
ds2(pm/V) - -166

Table 6.1. Material properties of the plate and piezoelectric material

In this analysis all the Piezoceramic are act as a actuators. The Piezoceramic are
polarized by applying voltage across the thickness of the piezoelectric layers. Due to this
the plate gets deflected transversely. The comparison of the result given by [10] and

present finite element model are plotted graphically as shown in figure 6.1.

Effect of actuate voltage on transverse deflection

__ 0.008
0.005 -
0.004 1
0.003 -
0.002 -
0.001 -

0

---e--- Liu, Peng and Lam
—a— Present model

Transverse deflection {m

L

0 50 100 160 200 250
Applied actuate voltage (V)

Figure 6.1. Comparison of effect of actuate voltage on the transverse deflection
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6.1.2 Dynamic Validation
Table 6.2 shows the first six natural frequencies of the composite plate under [-
30/30/30/-30] symmetric ply orientation. The natural frequencies calculated by present

model are agreed very well to the result given in the literature.

Mode No. Natural Frequency (rad/sec)
By Liu, Peng and Lam By present model
1 174.007 175.15
2 383.470 388.23
3 464.894 470.35
4 658.804 676.22
5 754.18 A 768.28
6 936.055 950.29

Table 6.2. Comparison of the natural frequency of present model
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6.2 Static Analysis
6.2.1 Effect of symmetric ply orientation on the transverse deflection with applied
loads
The program was executed to obtain the results using different fiber orientation
angles for different boundary conditions.
Material and Geometric properties
E=1x10° N/m?
Ez=30x10° N/m’
v=0.3
G12=Ey/ (1+ v) = G13=Gg3
p=2752.3 Kg/m?
Plate dimensions 10m x 10m x 0.1m
Load =500 N
The material properties and geometric properties of the plate are stated above.
The Table 6.3 gives the deflections for different orientations angles in a composite plate

‘or a simply supported and a cantilevered plate.

Sl. No. Orientation angle Maximum deflection for Maximum deflection for
of fibers (degrees) | simply supported plate (mm) Cantilever plate (mm)
1 0 0.5606 5.5126
2 15 0.5245 5.2145
3 30 0.4646 4.6158
4 45 0.4394 4.5125
5 60 0.4646 4.4849
6 75 0.5606 4.1226
7 90 0.5606 3.5126
8 105 0.5245 4.1312
9 120 0.4646 4.5016
10 150 0.4646 4.7012
11 180 0.5606 5.2541

"able 6.3. Deflection for different orientation angle of the fibers for a simply supported

and cantilever plat€ = g™,
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It was observed that for simply supported plate the deflection was found to be
maximum for orientation angles 0, 45 and 90 degrees, which means that the plate offers
minimum stiffness at these orientation angles. Where as the deflection is minimum for
angles 22.5 and 67.5'degrees. It means the plate offers maximum stiffness when the
fibers are oriented at these angles. The following figure 6.2 and figure 6.3 shows the
change in deflection with respect to the change in orientation angle of the fibers

graphically for simply supported plate and cantilever plate respectively.

Effect of skew angle on maximum defiection of a simply supported
plate

o o
o O
?

o ¢
-—
)

o

T T T T T T T T T T T 1

0 15 30 45 60 75 90 105 120 135 150 165 180
angles (degrees)

maximum deflection (mm)
o O O
N W M
| 1 1,

Figure 6.2 Variation of maximum deflection with the orientation angle for simply

supported plate
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maximum deflection (mm)
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Effect of skew angle on maximum deflection of a
cantilever plate

o

T T T T U T T T

16 30 45 60 75 SO 105

angles (degrees)

T T T

120 135 150 165

1

180

Figure 6.3 Variation of maximum deflection with the orientation angle for

cantilever plate
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6.2.2 Transverse deflection of plate with uniformly distributed loading

Geometry of plate and piezomaterial are as below
Length =400 mm

Width = 400 mm

Thickness = 0.8 mm

Thickness of piezolayer = 0.1 mm

The plate (T300/976) and PZT (G1195N) properties are shown in following table

Properties T300/976 PZT(G1195N)
Eu(Gpa) = 150 63
Ez2(Gpa) 9 63

V12 0.3 0.29

G12(Gpa) 71 248
G23(Gpa) 2.5 -
G13(Gpa) 7.2 N
p(Kg/m?) 1600 7600
d31(pm/V) - : -166 -

ds2(pm/V) - -166

Table 6.4. Properties of plate and piezomaterial

The program was executed for a plate with piezolayer for given material
yroperties and geometric properties. The 4x4 finite element model has been made for
siven plate dimensions. Simply supported boundary condition is to be considered. The
oad applied on the plate is uniformly distributed load having magnitudes of 500, 1000
nd 2000 N/m? The following Table 6.5 shows the transverse deflection of plate for

arious longitudinal distances (centerline) for various uniformly distributed loads.
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Longitudinal Transverse Transverse Transverse
distance deﬂéction (mm) for | deflection (mm) for | deflection (mm) for
(mm) | udl=500 N/m? udi=1000 N/m? ud1=2000 N/m?

0 0 0 ' 0

50 3.2 4.6 7.2

100 4.1 5.8 9.5

150 4.9 7.1 : 11.7

200 5.5 8.3 13.2

250 4.9 7.1 11.7

300 4.1 5.8 9.5

350 3.2 4.6 7.2

400 0 0 0

Table 6.5. Transverse deflection of plate for various longitudinal distances (centerline)

for various uniformly distributed loads

Trasnverse deflection of plate under various
uniformly distributed loads

=

S

3

= —e— 500 N/m2

- —=— 1000 N/m2

(72

o —a— 2000 N/m2
2

o

-

0 i Al i) 1 1 I‘ 1
0 50 100 150 200 250 300 350 400

Longitudinal distance (mm)

~ Figure 6.4 Variation of transverse deflection of plate for various longitudinal distances

(centerline) for various uniformly distributed loads
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6.3 Dynamic analysis

A humerical example is presented to demonstrate the use of the code for
simulating the response of a laminated composite plate with integrated piezoelectric
sensors and actuators in active vibration control.

Geometry of plate and piezomaterial:
Length = 400 mm
Width = 400 mm
Thickness = 0.8 mm
Thickness of piezolayer = 0.1 mm

The plate is constructed of four layers of T300/976 unidirectional graphite/epoxy
composites and piezoelectric PZT G1195 Piezoceramic, are symmetrically bonded on the
upper and lower surfaces of the plate. It is assumed that the upper layer behaves like
sensor and lower layer behaves like actuator. This Piezoceramic layers are modeled as
two additional layers. The material properties of plate and Piezoceramic are shown in
following Table 6.6.

Properties T300/976 PZT(G1195N)
E11(Gpa) ' 150 63
E22(Gpa) 9 63

V12 0.3 0.29
G12(Gpa) A 248
G23(Gpa) 2.5 -
G13(Gpa) 7.2 -
p(Kg/m”) 1600 7600
d31(pm/V) - -166
d32(pm/V) - -166

Table 6.6. Properties of plate and piezomaterial
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6.3.1 Natural frequency of plate

The program was executed for natural frequency of laminated plate having
various ply orientation angles. First the program is executed for symmetric laminate ply
orientation and then for antisymmetric ply orientation of the plate. For calculation of the
natural frequency simply supported ‘boundary condition is taken. The conditions foi
simply supported boundary condition are stated in chapter 4. These natural frequencies

are shown in following Tables 6.7 and 6.8.

1. Symmetric Laminate ply orientation

Mode -15/15/15/-15 -30/30/30/-30 -45/45/45/-45
1 167.75 175.15 179.20
2 359.80 388.23 406.70
3 487.70 - 470.35 457.70
4 657.00 _ 676.22 687.5
5 701.60 7 768.28 8394
6 977.88 950.29 871.7

Table 6.7. Calculated natural frequencies of plate for symmetric ply orientation

2. Antisymmetric laminate ply orientation

Mode -15/15/-15/15 -30/30/-30/30 “45/45/-45/45
1 168.4 178.9 183.9
2 363.2 4011 4415
3 T488.7 4718 4415
4 673.7 715.8 735.9
5 695.5 760.9 855.3
6 995.9 953.9 855.3

Table 6.8. Calculated natural frequencies of plate for antisymmetric ply orientation
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The same plate is then fixed in cantilevered position and natural frequencies for
various symmetric ply orientations are calculated. The following Table 6.9 shows the

natural frequencies of composite plate for cantilever boundary condition.

Mode ~-15/15/15/-15 -30/30/30/-30 -45/45/45/-45
1 37.48 32.51 - 27.58
2 73.84 78.45 78.81
3 193.18 192.29 167.69
4 237.86 220.17 225.49
5 293.36 287.62 280.18
6 442.43 457.10 465.57

Table 6.9. Calculated natural frequencies of cantilever plate

6.3.2 Effect of piezolayer thickness on the natural frequency »

The above composite plate is considered to study how natural frequency varies
with increase in piezolayer thickness. The material and geometrical properties of plate are
aken as stated above. The thickness of the piezolayer is varies from 0.06 to 0.13 and
1atural frequency of the composite plate are calculated. The program was executed by
aking simply supported boundary condition of a plate. A symmetric [-30/30/30/-30] ply
rientation for layered plate is considered. A plot showing variation of piezolayer
hickness with natural frequency is shown in figure 6.5.

From figure 6.5 it is observed that increase in piezolayer thickness slightly
icreases the natural frequency of the composite plate, This is due.to increase in the

tiffness of plate as the Piezoceramic is getting bonded with the plate surface. The

icrease in mass of the Piezoceramic has negligible effect.
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Effect of Piezolayer thickness on natural frequency
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b 1000 - o —o—» - - 0
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i 300 - —m— Mode 5
5 100
2 0 1 1 1 [}

0.05 0.07 0.09 0.11 0.13 0.15

Piezolayer thickness tp (mm)

gure 6.5. Effect of piezolayer thickness on the natural frequency of plate

iation of natural frequency with orientation angle of plate

e above plate is éonsiderea to \.’study the how natural frequency varies
1 angle of the fiber in composite material changes. The material properti
properties are taken from above example. The plate is fixed as cant
ind the only one layer of plate is considered. In this case study the orien
e fiber are varied from 0 degree to 90 degrees. The program was executi
entation angles of plate and corresponding natural frequencies are noted. ”

natural frequencies are then plotted graphically as shown in figure 6.6.

3

>

observed that as we increase the orientation angle of a fiber in comg
plate, the natural frequency increases and then decreases. The n:

s minimum when the orientation angle is O degrees. It increases with inc

I~}
-

up to 45 degrees, and then decreases in the same manner till 90 deg

result it is concluded that the plate offers minimum stiffness when
angle of the fiber is 0 degrees or 90 degrees that is when they are along

axes, and maximum stiffness when the fibers are oriented at an angl
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Variation of natural frequency with orientation angle
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Figure 6.6. Variation of natural frequency with orientation angle for a plate

6.3.4 Variationi)f Fundg;niental natural frequencies with patch coverage area

In this problem, the piezoelectric patches are placed over the surface and the
variation of the natl;lral frequency is studied. Firstly the natural frequency of the bare
composite plate is calculated. Then the patch is covered all over fhe plate and the
coverage area is gradually reduced to observe the changes in the natural frequency of the

plate.
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Mode Natural
no. | frequency Natural frequency of plate with patch coverage
of bare 100% 56.25% 25% 6.25% 0%
plate
1 175.2 163.73 169.2 172.69 174.44 175.2
2 388.2 356.58 374.9 376.1 385.39 388.2
3 470.4 422.8 437.2 445.6 460.3 4704
4 676.2 610.3 - 6349 655.1 670.5 676.2
5 767.3 701.6 720.5 738.5 757.9 767.3
6 950.3 875 895.3 929.7 947.1 950.3

Table 6.10. Natural frequencies for a simply supported plate for different coverage area

of the piezoelectric patch

However the results obtained do not recommend the optimum coverage area of
he patch over the plate, but these results can be used as guidelines for selecting the patch
‘overage area dependmg upon the application and the natural frequencies of the system.

The Table 6.10 gives the natural frequenc1es for the bare plate and plate with
iezoelectric patch over it. The readings are taken for coverage area 6.25%, 25%,
6.25%, and 100% of the plate. As expected, it was observed that the natural frequency is
1aximum for the bare plate and as we go on covering the plate with the patch natural

equency goes on decreasing. The decrease in natural frequency is minimum for 5%
yverage area and it is maximum for coverage area 100% i.e. patch all over the plate.
his reduction in natural frequency is due to the increase in the mass. The stiffness has
ss effect compared to the effect of increase in mass. This variation in natural frequency

ith coverage area is plotted graphically as shown in figure 6.7.
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Variation of natural frequency with piezocoverage area
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Figure 6.7. The variation of natural frequency with piezoelectric patch coverage area for

a simply supported plate

3.5 Effect of feedback control gain on transient response

The same configuration of laminated composite plate material and geometrical
roperties given in above problem is considered again for active vibration control. The
.minated”composite plate is integrated with sensors and actuators on the surface. In
stive vibration control, the upper piezoceramiés are served as sensors and lower one
rved as actuators. The composite laminated plate is discritized into 64 elements and a
mply supported boundary condition is used.

To control the free vibration of plate, the collocated sensors and actuators should
- coupled into sensors/actuator pair through closed control loops. In this active control a
nple negative velocity feedback control algorithms is used. It is assumed that the plate
vibrating freely due to initial disturbance. The initial displacement for each degree of
edom is given for dynamic analysis. Newmark- 8 direct integration method is used to
culate the transient response of the plate. The parameters » and £ are taken as 0.5

10.25 respectively.
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Figure 6.8. Vibratory response of plate with and without damping
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Figure 6.9. The effect of feedback control gain (G=10) on the plates response
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Figure 6.10. The effect of feedback control gain (G=30) on the plates response
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50) on the plates response
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Figure 6.12. The effect of feedback control gain (G=100) on the plates response

Figures 6.8 to 6.12 shows the effect of feedback control gain on the transient

esponse of the plate. It can be seen that with higher control gain, the vibration of plate is
amped out more quickly.
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6.3.6 Effect of sensor/actuator pairs position on the plate response

The effect of the sensor/actuator pair’s position on the response of the simply

supported plate is investigated. Four pairs of piezoelectric sensors/actuators are bonded

figure 6.14 (a) (b) (c¢) (d) that when the sensor/actuator pairs are bonded on the center of

on different positions of the upper and lower surfaces of the plate as shown in figure 6.13.
Each sensor actuator patch has dimensions of 100 mm x 100 mm. it can be seen from

the plate, the control effect is best.

Position A

Position B

Position D

Position C

Figure 6.13. The positions of sensor/actuator pairs
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Figure 6.14. The effect of sensor/actuator pairs position on the plate response (G=20)
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6.3.7 Mode shapes
First four mode shapes of composite plate are shown below for simply supported

and cantilever plate.

Mode 1
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0.0086
-0.008
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0.016 |

-0.018
\‘F

0.02. |
0.4

4

Figure 6.15. 1° Mode shape of simply supported piezolaminated plate

Figure 6.16. 2™ Mode shape of simply supported piezolaminated plate
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Figure 6.18. 4™ Mode shape of simply supported piezolaminated plate
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Figure 6.19. 1* Mode shape of cantilevered piezolaminated plate
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6.4 Shape control of composite plate
6.4.1 Plate completely covered by piezolayer

The pieioléminated pléte is considered for how shape varies with application of
voltage at actuator layer. The plate is integrated with piezomaterial on both surfaces and
both layers upper and lower act as actuators. The properties of plate and piezoelectric
material are stated in previous problem. The boundary condition applied to the plate is
simply supported.

First, a uniformly distributed load of 50 N/m?® is applied on the composite plate.
The plate will get displaced from its original position due to application of load. Then by
keeping same load on the plate apply voltage on ‘actuator. Increase the voltage of the
actuator so that the plate can achieve the original shape. Readings are taken for various

ipplied actuator voltages and plotted graphicaliy as shown in figure 6.23.
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F igure 6.23. Shape control of plate completely covered by piezolayer
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From figure 6.23 it is seen that as increase in the actuator voltage the transverse
deflection of the plate decreases. It means that the disturbed shape of composite plate by
a uniformly distributed load gets its original position by applying a voltage on the

actuator. From figure 6.23 it is studied that for voltage (V) = 65V the plate gets its

original position.

6.4.2 Plate having piezopatches with uniform voltage

The same plate is then bonded with actuators at different places on thé upper and
lower surfaces instead of completely piezolayer on the surface. Figure 6.24 shows the
placement of the actuators onto the plate. The whole plate is modeled as 10x10 equal
parts. Figure 6.24 shows the placement of actuators on the composite plate. The load on

‘he plate is kept constant (udi=50 N/m?). The boundary condition applied to the plate is
simply supported.

[RRE B A

Figure 6.24. Position of actuators on the composite plate
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Then apply a uniform voltage to the actuators so that the strain develops in the
actuators and plate gets its original position. The voltage on the actuators goes or
increasing upto the extent the plate completely gets its original position. The figure 6.25
shows the shape control of composite plate for different voltages. From figure 6.25 it is
seen that for voltage = 200V the distorted shape of plate gets its original position. The
voltage required in this case is more than the voltage required for a plate which is
completely covered by piezolayer.
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Figure 6.25. Shape control of plate containing piezopatches

4.3 Optimum shape control of plate by Genetic Algorithms

The optimum voltage required to get the desired shape is obtained by GA and the
ariation of the centerline deflection with length of plate is shown in the figure 6.26. The
:netic algorithm parameters are set as: The number of individuals in the population is
30, Maximum number of generation is 100, Crossover probability is 0.8 and Mutation
obability is 0.02.
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The optimum voltage required for actuators by genetic algorithms are given ir
Table 6.11.

61.842 98.198- | 61.842
98.198 145.62 98.198
61.842 98.198 61.842

Table 6.11. Voltage given by GA for optimum shape of plate

From Table 6.11 it is seen that the voltage required to the actuators is less. In
previous case the total voltage required for nine actuators is 1800V but in this case the
total voltage required is 1571.56. The percentage of voltage saving is upto 12.69% and

the maximum voltage is applied on the actuator which is bonded on the center of plate.
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Figure 6.26. Shape control of plate by GA
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CHAPTER 7 CONCLUSIONS AND FUTURE SCOPE

7.1 Conclusions

In this work a finite element model of piezolaminated composite plate based or
first order shear deformation theory and linear piezoelectric theory is presented. Finite
element has five mechanical degrees of freedom per node and one electrical degree o!
freedom per piezoelectric layer. Finite element has n number of host structure layers anc
two piezoelectric layers. ' |

In deriving the finite element mode of piezolaminated composite plate firsi
displacerﬁent relation is given followed by strain displacement relation, strain energy
equation, electrical energy equation, work done by electrical forces and electrical
charges, kinetic energy equation and governing equation of motion has been derived
using Hamilton’s principle.

' Finite element mode! is validated for static and dynamic analysis for with the
results available in the literature. Genetic- algorithms is used to find out the optimurh
voltage in order to obtain desired shape of plate. Based on numerical study following
conclusions are drawn ' '

<+ For simply supported plate the transverse deflection was found to be
maximum for symmetric ply orientation angle 0° 45° and 90° whereas the
minimum deflection was found at symmetric ply orientation angle 22.5°
and 67.5°. In case of cantilever plate, the deflection decreases as the
symmetric ply orientation angle increases upto 90° and beyond that it

starts to increase.

%+ Natural frequency of piezolaminated plate increases as the ply orientation
angle increases both in symmetric laminate ply and antisymmetric
laminate ply orientation. However increasing rate is. more in case of
antisymmetric laminate ply orientation.

% Increase in piezolayer thickness, slightly increases the natural frequency of

composite plate because of slightly increases in stiffness/mass ratio.

76



*+ Natural freqﬁency of piezolaminated plate decreases as the percentage o
coverage area of the piezoelectric‘ patch increases because of slightly
increases in stiffness/mass ratio.

< It is observed that with higher control gain, thé vibration of plate is
damped out more quickly because of increase in effective damping.

< It is also observed that the constant gain negative velocity feedback
controller is asymptotically. stable because amplitude of vibration
decreases with time.

% The effect of the sensor/actuator pairs position on the response of the
simply supported plate is ihvestigated and it is observed that when the
sensor/actuator pair are bonded on the center of the plate, the control

1

effect is found best. - _
< Genetic algorithm is used to lobtain the optimum voltage in order to get
“desired shape. It is observed that, on aﬁplying the suitable voltage on a
suitable positioned actuator desired shape can be obtained at less energy

supplied.

7.2 Future scope

1. The developed finite element model of layered plate can be validated with
experimental results.
2. Developed  finite element model of layered plate can be extended to
account the viscoelastic effect between the two adjacent layers.
3. Developed finife element model of layered plate can be extended to
account the temperature effect in order to include pyroelectric effect and

thermal stress effect.

4. Classical controller can be replaced with non-classical controller to control

the non-linear vibration.
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Active Vibration Control Application

te—— Newmark Method
;

From MAIN progiamme

KMC

t=0, nsteps

O
< & - le | g o
— T | mm 5 5 RE
B 7 St B — o <« [ S n > w O > w I\ — w o
. I wC m__ﬂ q w o
Ao -
g3 |7 |9 S S

1
/'Y

Ltccecemaccccececccracaccccccacacencadecmcccccaccaceca

Stop

C

Flow chart of active vibration control

83



Appendix

(s )

Initial population related to actuator
voltage

.........................

Fitness evaluation

Crossover
1] 4 .

Goal achieved
(error
minimised)

Selection -+

Best individuals

( Stop )

Flow chart of Genetic algorithms

84



	Title
	Abstract
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Conclusions
	References
	Appendix

