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ABSTRACT

A LAYERWISE APPROACH TO MODELING PIEZOLAMINATED
PLATES

Ertirk, Cevher Levent
Ph.D. Department of Aerospace Engineering

Supervisor: Assoc. Prof. Dr. Ozan Tekinalp

January 2005, 152 pages.

In this thesis, optimal placement of adhesively bonded piezoelectric
patches on laminated plates and the determination of geometry of the bonding
area to maximize actuation effect are studied. A new finite element model, in
which each layer is considered to be a separate plate, is developed. The adhesive
layer is modeled as a distributed spring system. In this way, relative transverse
normal and shear motion of the layers are allowed. Effect of delamination on the
adhesive layer stresses is also studied and investigated through several case
studies. Optimization problems, having single and multiple objectives, are
investigated for both actuator placement and selective bonding examples. In
these case studies, 2D and 3D Pareto fronts are also obtained. ‘Hide and Seek
Simulated Annealing’ method is adapted for discrete problems and used as the
optimization technique for single-objective problems. Finally, Multiple Cooling
Multi Objective Simulated Annealing optimization algorithm is adapted and used

in multi-objective optimization case studies.

Keywords: Finite Element Method, Laminated Plates, Piezoelectric, Multi-

Objective Optimization, Selective Bonding
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PIEZOELEKTRIK KATMANLI PLAKALARIN TABAKASAL
YAKLASIMLA MODELLENMESI

Ertirk, Cevher Levent
Doktora, Havacilik ve Uzay Muhendisligi Bolimu

Tez Yoneticisi: Dog. Dr. Ozan Tekinalp
Ocak 2005, 152 sayfa.

Bu calismada, ¢ok katmanl plakalar Gzerine yapistiriimis piezoelektrik
yamalarin en iyi yerlesimi ve yapiskan alan geometrisinin, eyleyicinin etkisini
artiracak sekilde eniyilenmesi incelenmistir. Butin katmanlarin ayri bir plaka
olarak varsayildidi yeni bir sonlu elemanlar modeli gelistiriimigtir. Yapistirici
katman, daginik yay sistemi olarak modellenmistir. Bu sekilde katmanlarin
birbirlerine gore dikey ve kayma hareketleri mimkin kilinmaktadir. Cesitli érnek
calismalar ile, yama ve ana yapi arasindaki ayrilmanin yapistirici katmanda
ortaya c¢ikan gerilmelere etkisi de incelenmistir. Bir ve daha fazla amacli eniyileme
problemleri, yama pozisyonlari veya yapistirma geometrisi tasarim parametresi
alinarak c¢ozlulmustir. Bu orneklerde, iki ve ugboyutlu Pareto sinirlar elde
edilmistir. ‘Arastir ve Sakla — Tavlama Benzetimi’ eniyileme yontemi, kesikli
tasarim parametreleri kullanilabilecek sekilde uyarlanmistir. Son olarak, ¢oklu
sogutmali cok amagl tavlama benzetimi eniyileme algoritmasi birden fazla amach

eniyileme problemleri i¢in uyarlanmis ve érneklerde kullaniimistir.

Anahtar Kelimeler: Sonlu Elemanlar Yontemi, Cok Katmanl Plakalar,

Piezoelektrik, Cok Amaglh Eniyileme, Segici Yapistirma
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CHAPTER 1

INTRODUCTION

1.1. GENERAL

Designing of adaptive structures consisting of piezoelectric actuators and
sensors is a multidisciplinary problem, which requires an extensive background
on [1],[2];

e Structural modeling,
e Optimization,

e Control,

e Driver electronics.

This study is mainly concentrated on a new structural modeling technique
for multilayer plates with bonded piezoelectric layers. Unlike equivalent single
layer (ESL) models, developed structural model allows the individual deformation
of all layers, accounts for adhesive layer flexibility and may include multiple
delamination regions. Although some multilayer models may account for
delamination of the adhesive layer, the approach proposed in this thesis offers a
much simpler solution. Furthermore, it is also possible to examine interlaminar
stresses between the piezoelectric and nonpiezoelectric layers.

In this study, in addition to actuator placement problems, also studied by
numerous researchers in the past, a new type of optimization problem, whose
design variables are related to the geometry of the delamination region between
the actuator patches and substrate, is investigated. These problems are solved
for single and multiple objective optimization case studies. ‘Hide and Seek’
simulated annealing optimization method is used for single objective optimization
problems, whereas Multiple Cooling Multi Objective Simulated Annealing (MC-
MOSA), optimization algorithm is adapted for selected multi objective discrete

optimization problems.



Many practical applications, listed below, are good examples when

placement of actuators and/or sensors is the design variables;

e Vibration suppression

e Aeroelastic control

e Sound attenuation

e Health monitoring systems

e Shape control
Therefore corresponding objective functions with these applications may also be
used in optimization problems. In this study, static deformations and/or modal
displacements are selected as objective functions. Choosing modal
displacements of most contributed modes to the response as objective functions
is a very effective way in obtaining best actuator placement. However, best
actuator positions, which maximize the actuation effect for one mode, may not
help us to decrease control effort for other modes. Hence, Pareto-optimum
solutions for these multi-objective cases must be identified. Modal displacements
of different vibration modes are generally very conflicting design objectives.
Therefore, well defined Pareto frontal surfaces and high number of Pareto

solutions may be expected.

1.2. THESIS OBJECTIVES

The first objective of this thesis is to develop a new structural model for
multilayer plates with piezoelectric actuators and sensors. The model shall be
capable of the examining the effects of adhesive layers and possible delamination
regions.

Second objective is to address piezoelectric actuator placement problem
using both a single objective as well as multiple conflicting objectives. Either
location of patches or parameters related to the geometry of delamination
between the actuator layer or patch and the substrate is considered as design
variables. When same finite element mesh is used for different configurations,
design variables are no more continuous. Therefore, number of all possible
configurations is limited. In some cases full set of combinations may be evaluated
and best configurations can be identified. Alternatively, a smarter way of seeking

for global optimum may be accomplished by using stochastic methods. ‘Hide and



Seek’ simulated annealing method is employed with minor modifications for

discrete problems.

1.3. BACKGROUND

1.3.1. Modeling Multilayer Structures

Multilayer plates containing piezoelectric sensor, and actuator layers were
extensively addressed in the literature. Various models as well as discretization
methods were proposed.

Equivalent single layer (ESL) theories are usually employed in modeling
laminated plates. It is also used for plates with piezoelectric layers. Pletner and
Abramovich [3] investigated the static and dynamic response of anisotropic
piezolaminated shells with spatially discrete sensors and actuators using
Kirchhoff-Love plate assumptions. They developed a method that converts
induced-strain loading due to applied voltage to the piezoelectric material to the
equivalent mechanical loading. Reddy [4] studied both classical laminated plate
theory (CLPT) and first-order shear deformation theory (FSDT) models of
laminates with integrated sensors and actuators. Besides finite element solutions,
Navier solutions are presented as well [4]. Liu [5] also used CLPT and developed
a non-conforming rectangular plate-bending element. Higher order shear
deformation theories are also used. For example, Correia, et al. [6] developed
three different finite elements having 5 to 11 degrees of freedom for elastic
behavior and 1 degree of freedom for piezoelectric behavior at each node. The
deformations, frequencies and stresses predicted by the models are compared to
each other and to those available in the literature for thin plates. For thick plates,
piezoelectric layer stresses, predicted by the five degrees of freedom model was
substantially different than the eleven degrees of freedom model. In ESL plate
theories, the derivatives of the displacements are continuous in the direction of
plate thickness. This leads discontinuous inter-laminar stress field since each
layer has different material properties or orientation. Many other phenomena
such as calculation of shear correction factor for arbitrary stacking sequence and
shear locking for thin plates when using FSDT or having unrealistically high
bending stiffness for thick plates when using CLPT are well-known problems of
ESL models.



In his historical note, Carrera examines the origins of multilayer plate
theories [7]. He presents three distinct zigzag theories: Proposed by Leknitskii in
1935, by Ambartsumian in 1958, and finally by Reissner in 1984. It is indicated
that the original work of Lehnitskii, although quite promising, is ignored in the
literature. It is also shown that most of the current zigzag theories are the
particular cases of Ambartsumian’s approach. The Reissner’s approach, that uses
the Reissner's Mixed Variational Theorem, permits assumptions on both
displacements and transverse stresses. Carrera, using Reissner's approach
employed two independent piecewise continuous fields for displacements and for
transverse shear as well as normal stresses [8]-[11]. The theory is applicable to
both ESL models and layerwise models. Brank and Carrera [12] imposed
interlaminar shear stress continuity and developed four-node ESL finite element.
Icardi [13], on the other hand, formulated an eight-node ESL finite element by
assuming a third order zigzag type displacement field.

Both full layerwise theories and partially layerwise theories are extensively
used for modeling laminated piezoelastic structures. In full layerwise theories all
displacement components have interpolation functions for each layer separately
in the thickness direction. One-dimensional piecewise continuous Lagrange
interpolation functions are generally used to approximate the displacement and
electrostatic potential fields in the direction of thickness [14],[15]. Defining a
layerwise rotation field, which is independent from the displacement field, is also
used in some studies. Tzou and Ye [16] used layerwise constant shear angle
theory to develop piezoelastic triangular shell elements. In the study of Masud
and Panahandeh [17], the displacement field is continuous through the thickness,
although, rotation field is layerwise continuous and discontinuous across these
layers. Saravanos [18] uses continuous displacement field model through the
thickness while the electric potential is layerwise continuous. A layerwise
treatment of displacements and electric potentials was also implemented [19].

In addition to the ESL and layerwise finite element models, examples on
3D finite elements may also be found in the literature. Due to high side-to-
thickness ratio, standard 3D finite elements are not adequate for accurate
modeling of plates. Therefore special 3D elements must be developed which
does not have an aspect ratio restriction. There are also examples of using 2D
and 3D elements together when modeling plate type structures with piezoelectric

layers. For example, Tzou and Tseng [20] derived a piezoelectric hexahedron
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finite element and they used it with a 2D-plate structure. Ha and Chang [21] also
studied the response of piezo-laminated composites using finite elements. For
this purpose they developed an eight-node three-dimensional composite brick
element, based on the theory of elasticity for anisotropic and inhomogeneous
materials. Detailed information on different type of elements developed for
laminated structures and comparisons between these models may be found in
references [22],[23].

Moorthy and Reddy [24],[25] indicates the advantages of using layerwise
theories in modeling delamination. However, most layerwise theories assume
that interconnections between layers are perfect. Thus, in many models relative
deformation between adjacent layer surfaces are not permitted to occur. Yuceoglu
and Updike, however, considered adhesive layer flexibility [26]. Tekinalp, et al.
[27],[28] while investigating the vibration of multilayer beams, modeled the
adhesive layers as distributed normal and shear springs. Thus, the layers were
permitted to deform relative to each other. Euler-Bernoulli and shear deformation
theories are used, and effect of adhesive layer flexibility as well as shear
deformation on beam bending frequencies is investigated. These ideas are later
applied to multilayer plates and lap joints [29] in examining their mode shapes and
natural frequencies.

In this study the modeling approaches presented in references [27]-[29]
are extended to modeling multi-layer plates containing piezoelectric sensor and
actuator layers. The layers are modeled using Classical Plate Theory. Instead of
the integration matrix and transfer matrix methods used in the previous studies,
special finite elements are developed in this study. In addition the delamination
effects are also considered. Four-node, displacement based finite elements uses
Lagrange and Hermite type interpolation functions for in plane and bending
deformations of each layer. The layers can be isotropic or orthotropic, or may be
made of piezoelectric materials to be used as sensors or actuators. To decrease
the number of nodal degrees of freedom, some of the layers may be grouped
together using a proper ESL approach. The element developed in this study is
also suitable for modeling interlaminar stresses and modeling delamination. For
example, defining a very soft adhesive, or completely removing adhesive stiffness
from the element stiffness matrix a simple model of delamination may be
obtained. In this thesis, the developed model is abbreviated as MLP-FAB (Multi-
Layered Plate with Flexible Adhesive Bonding).
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1.3.2. Actuator Placement

References [1] and [2] are survey papers covering almost all studies on
optimal placement of actuators and sensors up to year 2002. These two papers
completes each other, since Padula and Kincaid [1] reviewed the studies
conducted before 1999 and Frecker only considered the papers published after
1999. Although studies, not including formal optimization techniques, were also
considered in [1], Frecker [2] surveyed papers including optimal solutions. She
also classified the papers according to optimization strategies, in five different

groups such as:

(1) Placing the actuators on existing structures: Generally only locations of
actuators are considered as design variables. In some studies, sizing of
actuators is also included.

(2) Optimizing actuator location and controller parameters together: Controller
parameters, such as feedback gain or actuation voltages are optimized
either simultaneously or in sequence with actuator locations.

(3) Simultaneous optimization of the structure and actuator: The parameters
of the base structures, which are generally beams and plates, as well as
actuator parameters are taken as design variables.

(4) Drive electronics parameters: Optimal design of electronics, such as
power amplifier, is considered.

(5) Structural optimization for a particular actuator: As opposed to first group
of studies, structure is optimally designed for one or more predetermined

actuators.

Among these, first three groups are mostly related to our study. In addition to the
papers referenced in these survey papers, more recent studies, related to optimal
placement of actuators are also surveyed. These studies, related to first two
groups, which are mentioned above, are listed in Table 1.1. For some of these
studies, controller variables are also selected as design variables besides the
placement of the actuators.

Among the optimization methods, genetic algorithms are mostly used

[30],[33],[36]-[40]. However, simulated annealing algorithm is another well-known



method for combinatorial optimization problems. Superiority of SA method over
gradient descent method is emphasized in Reference [32].

Selection of the next candidate solution from the current one is another
question in optimization problems. In the SA algorithm proposed by Metropolis et
al. [41], the next candidate solution is created by randomly displacing an atom by
a small amount. Similarly, for using SA in a combinatorial optimization problem, a
slight and random change from previous values of design variables gives a
suitable candidate solution. On the other hand, it may be desirable to jump a far
point in the design space. When searching for the next trial point, methods such
as random walk can easily be adjusted for small or relatively bigger steps.

Most of the methods for finding solutions to optimization problems with
discrete parameters are based on iterative improvements. Starting with an initial
trail solution, iterative improvement techniques repeatedly consider changes in
the present solution and accept only those solutions that improve the performance
criterion. The disadvantage of these techniques is that they may become trapped
in a local optimum. Without having a mechanism to allow climbing out of local
optima, these techniques may fail to discover global or any other local optima.
The simulated annealing algorithm provides such a mechanism, which was
introduced by Kirkpatrick et al. [42] for combinatorial optimization. In order to run
away from local minima, non-improving solutions should also be accepted with a
certain probability. Acceptance probability of the non-improving solutions is
decreased slowly. Therefore, the SA method differs from conventional iterative
improvement methods mainly in the introduction of a slowly decreasing
probabilistic acceptance of non-improving solutions.

Simulated annealing method was used by Chen et al. [43], to optimize the
placement of both active and passive members in truss structures. They aimed
maximization of energy dissipated over a finite time interval which is an integer
multiple of maximum period of the dynamical system. Their performance criterion
is an effective measure of degree of damping augmentation. They defined the

optimization problem:

Maximize finite time energy dissipation, function of member locations,
feedback gains and passive damping.

Subiject to the constraints of upper bounds on the feedback gains.



Liu, et al. [44] also used SA for the multi objective optimization problem, where
structural member sizes and locations of actuators and sensors are design
variables. Objective function was control cost, total mass, robustness,
measurement of controllability and observability or weighted sum of all.
Developed method was used to optimize a space truss. Another implementation
of SA algorithm is studied by Maxwell, et al. [32] given in Table 1.1. For that

specific application SA gives more appropriate solutions, since it is not entrapped

by local minima.

Table 1.1. Most recent studies on optimal placement of actuators.

o Design Variables T
Ref. Obje'.:t've and Constraint Optimization Act. Application
Function(s) - Method Type
Function(s)
[30] Li, N Cylindrical
Cheng, Mlnlmlze_the Actuator locations, shell with an
7 acoustic ) GA PZT ;
Gosselin, otential ener no constraint internal floor
2004 P 9y partition
[31] Maximize Searching full Box: svstem
Damaren damping Actuator locations, combination of PZT of"oi)r/1ed
2003 ’ injected into no constraint selected subset Jlates
each mode of design space P
132] Minimize tip Actuator locations,
displacement control . Single link
Maxwell, SA, GD (gradient :
error, hub angle parameters for PZT flexible
Asokantha d total ind dentl descent) ioulat
n 2003 error and tota independently manipulator
’ mass actuated PZTs
GA for
placement,
Minimize eigenvalue
L Number and distribution of
[33] Yan, attenuation time -
Yam. 2002 and control location of energy PZT Space truss
’ ower actuators correlative matrix
P for optimal
number of
actuators
I Location and Finding objective . Isotropic
T£i4]2|861 “g:?r}!izmmeondt:l orientation of PZT | function surface Sl.!,nngle rectangular
’ P patch (not formal) plate
Active bar
placement and
ga:gr??\;é Maximize feedback gains, Active
B M:a X energy Constraints: on Full combination bars Truss
S“ 2003' dissipation dynamic stress
" and displacement
response
[36] [3.9] Actuator and
Locatelli, MaX|m|ze_ active | sensor positions, GA (MOGA) or a PZT
Langer, damping, control . and Beam, plate
Mi o gradient-based .
uller, minimize the parameters, method active or truss
Baier, mass stiffness and bars
2000 mass distribution




Although there are few studies [45],[46], which includes the effects of the
bonding layer on the actuation of piezoelectric layers, to the best of this author’s
knowledge, there has not been any work that incorporates the optimization of
debonding region between the actuator layer and substrate. In this study, by
assigning size and location of debonding area as design variables, an optimum
rectangular unbonded region is found to obtain maximum actuation considering

different objective functions.

1.4. ORIGINAL CONTRIBUTIONS

To the author’s knowledge, the following contributions are original to this thesis:

o Modeling approach: Although the use of distributed spring on modeling
multilayer plates has been previously presented [27], inclusion of
piezoelectric layers is carried out in this thesis. To analyze the model a
new finite element is developed.

e Calculation of stresses in the adhesive layer and correction for normal
stiffness

e Multi objective actuator placement based on adaptation of MC-MOSA
optimization method for discrete problems

e Tailoring the bonding area to maximize actuation effect of the piezoelectric

actuator.

1.5. SCOPE

In Chapter 2, modeling of multilayer plates is investigated. Actuator and
sensor equations of multilayer plate with surface bonded piezoelectric patches are
derived. A new finite element is developed for this piezoelectric plate model.
Several case studies are presented: static analysis of a square and a rectangular
plates with surface bonded piezoelectric patches, a narrow plate in cylindrical
bending to compare with results found in the literature, a square plate to compare
its deformation and frequencies with the ESL model, and a delaminated plate to
examine the effects of delamination on deformation and adhesive layer stresses.

In Chapter 3, the optimum placement of piezoelectric actuators and
selective bonding of the actuator layer is studied. State space form of the

equations of motion is presented. In addition to modal displacements, eigenvalues
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of the controllability grammian are used in the objective functions. Different
performance indices are introduced and compared. Single and multiple objective
optimization case studies are conducted. Effects of different optimization
parameters and search techniques on the success of the optimization methods
are investigated. 2D and 3D Pareto fronts are obtained in multi objective
optimization problems. Control spillover problems are also considered and studied
in multi objective optimization problems.

In Chapter 4, these studies are summarized and conclusions are given.
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CHAPTER 2

A LAYERWISE APPROACH TO PIEZO-ELECTRIC PLATES

2.1. INTRODUCTION

Multilayer plates containing piezoelectric layers are modeled considering the
deformation of the adhesive layers. Special finite elements, that use linear
Lagrange and conforming Hermite type interpolation functions, are developed.
The results of the formulation are compared with the other results presented in
the literature. Since flexible bonding formulation is also suitable for modeling
delamination, case studies containing partially delaminated PZT patches are
presented. It is shown for a cantilever plate that, while partial delamination
between the piezoelectric and non-piezoelectric layers does not affect the
maximum deformation significantly, it affects the local stresses near delaminated
regions.

In the following sections, finite element formulation of the multilayer plate
system containing piezoelectric, and non-piezoelectric layers is given and results
of the MLP-FAB model are compared to the results available in the literature as
well as to the MSC.NASTRAN results. A correction to transverse normal stiffness
that improves the prediction of transverse normal stresses in adhesive layer is
proposed and its effectiveness is demonstrated. Adhesive layer stresses created
by an electrically loaded piezoelectric patch are given and discussed. Effect of
delamination on adhesive stresses is also investigated. Finally, general

conclusions of this study are given.

2.2. FORMULATION OF THE PROBLEM

2.2.1. Assumptions and Displacement Field

In this study following assumptions are made:

11



1.

Adhesive layers thicknesses are small compared to the thicknesses of
adherends. For this reason, the adhesive layers are assumed to deform
linearly. Only transverse normal stress (o) and strains (&!'), and in-plane

a
xz?

a
xz?

shear stress (7 r;’z) and strains ( ;/;’Z ) are taken into account. The in-plane

stretching of the adhesive layer is neglected, since adhesive layer is very thin
compared to other layers and its stiffness in that direction is quite small.
Adherends are modeled using classical plate theory assumptions.

Mass of the adhesive layer is ignored.

Deformations are small.

Possible contact between the layers, when delamination exists, is ignored.

nth Layer _—
Xn
th
{(i+1) " Layer _—
z; = - Xirq
hy i Adhesive layer
3 hj Ith Layer _—
S %
Z
i an Layer _—
Z,Z4 Xg
1‘3! Adhesive Layer

15t Layer —_—

Figure 2.1. Definition of coordinate axes and layer thicknesses for n-layered plate. Similar
figure may be drawn for y-z plane.
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L — | _ — .
LR adhesive

(i+)™ layer

Figure 2.2. Geometry of the adhesive layer deformation.

Energy expressions for a multi-layer system bonded together, as shown in
Figure 2.1 and Figure 2.2 are obtained below. The layers may be made of a
piezoelectric, or a non-piezoelectric material. The total kinetic energy 7, and strain
energy U, of the system is the sum of the corresponding energies of individual
layers. Kinetic energy of the system does not contain terms from the adhesive
layer, since its mass is neglected. Thus,

T:iTip+iTj" (2.1)
i=1 Jj=1

U= y U}’+Zn:Uj’.’+Zp:U,f (2.2)
i=1 Jj=l1 k=1

where subscripts refer to the respective layer and superscripts p, n, and a,
indicate piezoelectric, non-piezoelectric and adhesive layers.
Using Classical Plate Theory assumptions and employing coordinate

system given in Figure 2.1, displacements of the non-adhesive layers may be
written as;
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awi(xﬂyi’t)z

ui(xi:yiazat):%(xi:yjat)_ i (23)
ox;,
Vi(xﬂyiﬁzﬁt):Vi(‘xi’yi’t)_wzi (2.4)
oy,
wi(xi’yiﬂt)zwi(xi’yi’t) (2.9)
In the above expressions, ‘~ refers to mid-plane properties. Thus,

u.,v,,w,indicate the deformations of the mid-planes. It is assumed that the mid-

planes of the individual layers are parallel to each other. For this reason,
individual layer coordinates (x;);,z;) are replaced by a common coordinate system

(x,,2). Then the displacements may be written as;

ui(xay5zat)=l7i(xay5t)_M(Z_Z‘) (26)
Ox

(.20 =7 e t) - PP () @7)
;

wi(xayat) = Wi(xayat) (28)

2.2.2. Strain Energy of the Adhesive Layer

Adhesive layer strains may be obtained considering two separate
deformation mechanisms as shown in Figure 2.2 An analytical derivation of the
strains is presented below.

The linear deformations of the adhesive layers are written in terms of the

deformations of the adjacent structural layers. Thus,

top

zZ—Z
uia — u;‘op + (u;)fltmm _ ;‘0])) i (29)
a
hi
z— Ztop
pe = v o (eom —yer ) 222 (2.10)
a
h;
top
zZ—Z.
Wi = W+ (wheom — e )22 (2.11)
he

1
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where superscripts ‘top’ and ‘bottom’ refer to the top or bottom surface of the

related layer. For example,

_ oW hy

o =i - (2.12)
X
;)flttom — 17141 + 62)141 % (213)
X
and,
2w =7 4+
(2.14)

On the other hand, since transverse displacement is independent from the vertical

coordinate;

W = e = 5 (2.15)

1 1

Using these displacements, shear strains in the i/” adhesive layer may be written.

For example,
a ou ow!
=—t+—"L
208z o

(2.16)

=

U, — U h. ow, h, ow,, oW, (8‘7"141 8V~Vij Z= Zimp
o [ Py R A A S Hds S Qe B P S
h' 2h! Ox  2h Ox Oox Oox Oox h

In the above expression the terms given inside the square bracket are
comparatively small since adherends are much thicker than the adhesive layers.

For this reason it is neglected in this study. Then,

. _L(. _ now h, oW,
x—u,,—u ++t—L4+H = 217
Vet h( AT T T o j 17

similarly,

15



7azA ~ 1 \7[+1—\7i+£aWi +hi+1 aM}Hl (218)
O T pe 208 2 o

and finally the normal strain in the i adhesive layer may be written as,

N w. 1~ .
E .= I = 1+ L 219
z (i) 82 hia ( )

The strain energy for a single adhesive layer may be written as:

U == [lo2 et +ci s + oty )av (2.20)
’

1
2

2.2.3. Formulation of the Piezoelectric Layer

Linear constitutive relation in principal material coordinates of a piezoelectric

layer poled in the thickness direction for isothermal case are [23],[47];

{o)=[0 [ {e} - [e] {E'] (2.21)
{at=[p [{E" }+[e]{e} (2.22)

where, {o}, {¢}, and {d} are the stress, strain and electric displacement

vectors, [Q”] is plane stress reduced stiffness matrix measured at constant
electric filed, [¢] is the piezoelectric coefficient matrix, [P7] is the permitivity matrix
measured at constant strain, {E’} is the vector of electric fields. This is the e-

form of the piezoelectric equations [47]. When piezoelectric plate is poled in the
thickness direction, it becomes a transversely isotropic material. Together with

the plane stress assumptions, matrices in Equation (2.21) and (2.22) become,

0 00 R, B, 0
=l 0 0 o [rl=|n R o0 (2.23)
e; ey 0 0 0 P
O, O, 0
E v, E
[QE]: le Qll 0 Q11 =1 12 :11#
I=vi vy ~Vi2 Vo
0 0 O
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Ez Q11 _Q12
=2 ==l =02 _ (7 2.24
sz 1— Vi Vi Q(,(, 12 ( )

where E;, E;, G;; are the modulus of elasticity and rigidity, while v,,,v,,are the

Poisson’s ratios, and,

{O-}:{O-l 0, Ge}T {‘9}:{‘91 & gs}T

Ef={o o B/J"  {dl={a, 4 4} (2.25)

If we write strain energy and electrical work using (2.21) and (2.22)

U :% [({e) Tolfe}~1e ) [ {£7 })ar (2.26)

14

W@::%J({Ef}T[Pﬂ{Ef}+{Ef}T[d{e})dV (2.27)

14

The electric field can be thought of as the gradient of the electrical potential field
[48],

B/ f=—{v}e{r} (2.28)

If we consider V" as only potential difference applied, then second term in (2.26)

may be written as,

U? = % [(5+&,) dxdy (2.29)
Q
Similarly,
W :lj{& (V3p )2 —ey VY (51 + 52):| dx dy (2.30)
23w

In the classical plate theory, linear strains can be written in terms neutral plane

strains (&,,&, ) (in this case mid-plane as well), and curvatures (x,, ).

6 =6 72K, (2.31)
&, =&, —zK, '
Then,
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% (Vf)zj‘ dxdy —e;, VY J‘(gl + Ez)dxa’y (2.32)
Q Q

o

It is interesting to observe that the piezoelectric contribution to the energy,

and,

Equation (2.32), does not contain any out of plane deformations (i.e. w), which is
a fundamental difference of the flexible bonding formulation proposed in this

manuscript from the equivalent single layer formulation.

2.3. FINITE ELEMENT DISCRETIZATION

For in-plane deformations (u,v) linear Lagrange interpolation functions, and
for the transverse deformation (w), conforming Hermite type interpolation
functions are employed in the finite element formulation [23]. The elements are
rectangular, and have four nodes in each layer. Thus for an n-layered plate, the
element has 4n nodes as shown in Figure 2.3. In Figure 2.4, the rectangular
elements and nodes of a two-layer plate system is depicted. The interpolating
functions require the following degrees of freedom to be specified at each node:
{u, v, w, w,, w,, wy}. The strain energies of the non-piezoelectric layers,
piezoelectric layers, and the adhesive layers shall all be included in the
formulation of an n-layered system.

One may use a variational approach or Lagrange’s equations to obtain the
element matrices. The derivation of mass and stiffness matrices is quite
straightforward and may be found in textbooks on finite elements [23]. Here the
contribution of the adhesive layer to the global stiffness matrix as well as actuator

and sensor matrices will be presented.

18



/ 1
N
N
N
N
nodes N
N
, p nth layer
Jl
p
S A N
RN
N
N
N N
adhesive layer ® N0 2 jayer
e N4 15tlayer

Figure 2.3. Multilayered adhesively bonded plate element with four node at each layer

Figure 2.4. Two layer, adhesively bonded plate system finite element model using four
node elements.

2.3.1. Effect of the Adhesive Layer to the Global Stiffness

The adhesive layer is treated as an isotropic material. Then, using
equations from (2.17) to (2.20), together with the constitutive relations, the strain
energy of the adhesive layer may be expressed in terms of the displacements of
the upper and lower layers. In addition these displacements are interpolated from

nodal degrees of freedom.

fu v wi z[e]{a} (2.34)
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Where, matrix [®]contains the interpolation functions. Then, the stiffness matrix

contribution of the adhesive layer for an n layered system may be found from:

ou“

K,=———— i=1,2,.24n j=12,.24n (2.35)
7 0A,0A,

For example, a finite element of a three-layer system has 12 nodes, with 6
degrees of freedom at each node. Without the adhesive layer there is no coupling
between the layers. Addition of adhesive layer elements to the stiffness matrix

causes the coupling between layers as shown in Figure 2.5.

bebween second

Figure 2.5. Top figure shows non-zero terms of element stiffness matrix without the
adhesive layer while the bottom one shows the pattern after it is populated with terms due
to adhesive layers.
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2.3.2. The Piezoelectric Layer

The piezoelectric layer contributes to the global stiffness matrix. However,
these layers may also be used as an actuator or a sensor. The displacement field
is discretized using Lagrange interpolation functions, since piezoelectric layer

contribution to an actuator or a sensor contains only in-plane displacements.
u
=[]} (2:36)

where {AO } is subset of {A } These strains may be expressed in terms of nodal

displacements;

{el=[r][¥ {a =B {a,} (2.37)
Then, related actuator matrix may again be obtained from Lagrange’s Equation,

d| oL OL

—| == |-—=F, i=1,... 2.38

dt(aqj og, j=L...n (2.38)

and,

L=T-U+W, (2.39)
where, F; are the generalized forces. Then the actuator matrix at element level is,

(D¢ }=—e31J.[B]T[1 1]" dxdy (2.40)

To obtain a sensor vector, one shall consider E; as an independent variable and
consider its variation. Another approach would be to treat E; as a generalized
coordinate in Equation (2.38). For a single sensor layer the sensor element

matrix is,
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ey [[1 11[B] dxdy

{s°}= (2.41)

By
hpidx dy

If the finite element is rectangular, then actuator and sensor matrices for a single

layer are;
{De }:%e31 b —a b —a b a -b a]” (2.42)
hp
{Se} e [b a -b a -b —a b —a] (2.43)

" 2Pab

In the above equation, a, and b are the side lengths of the rectangular finite

elements. Then, the equations of motion and as well as sensor equations can be

written as;
[ YA [k ]{a)=[D)re}+{F) (2.44)
ref=[sl{a} (2.45)

Where [ D ] and [ S ] are the global actuator and sensor matrices respectively.

2.4. RESULTS AND DISCUSSION

In this section, several cases are presented: static analysis of a square
and a rectangular plates with surface bonded piezoelectric patches, a narrow
plate in cylindrical bending to compare with results of Reference [49], a square
plate to compare its deformation and frequencies with the ESL model, and
delaminated plate to examine the effects of delamination on deformation and

adhesive layer stresses.

2.4.1. Static Analysis of Rectangular Plates with Surface Bonded

Piezoelectric Patches

In this section, static analysis of rectangular plates with surface bonded

piezoelectric patches will be presented. Either isotropic or [0/90/0] cross-ply
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symmetric laminate is considered. Material properties are listed in Table 2.1 and
Table 2.2. A piezoelectric patch is bonded to the base plate as shown in Figure
2.6. The piezoelectric layer is either loaded statically or electrically, and

corresponding deformations and stresses are calculated and given.

Table 2.1. Properties of the isotropic, orthotropic, piezoelectric materials and the adhesive
used in the study.

Property Isotropic Plate [0/90/0] laminate
E]/Eg 1 25
E)/G, 2.6 2
Vi 03 025
E/E, (Hard Adhesive) 17.5 1
EyE, (Soft Adhesive) 175 0.1
vV, 0.429 0.429
h/h, 30 60
h/ hpsr 1 1
E>/Epzp 1.111 0.0635
Vpzr 0.28 0.28

Table 2.2. Values of the parameters.

Parameter Value

q, 1 N/mm

E (isotropic) 70000 Mpa

E; 100000 Mpa
h, 0.1 mm

a 300 mm

ey 0.01134 (N/Vmm)
V 200V
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h,= hf20

Figure 2.6. Geometry of the plate and monitoring points A, B and C.

Figure 2.7 Two load cases: Load Case 1 (LC1), and Load Case 2 (LC2).

Patch Loaded with Distributed in Plane Forces

To understand the convergence properties of the finite element
formulation, a piezoelectric patch, bonded on a cantilever plate, is loaded with
distributed forces. Two loading cases are considered (Figure 2.7). In Loading
Case One (LC1) the patch is loaded only on one side. In the second loading case,
the patch is loaded symmetrically on opposite sides. The patch-plate system is
discretized using rectangular finite elements. For presentation purposes, the out

of plane deformations are made non-dimensional using,

3
W=W[E§—hJ 104 (2.46)

a g,

24



The non-dimensional out of plane deformation obtained at the free corner
(corner ‘A’ shown in Figure 2.6) of the plate when it is loaded according to LC1 is
calculated for 3X3 to 15X15 mesh. The solutions for a system bonded using soft
adhesive and hard adhesive are given in Figure 2.8. The deformation at the free
corner (corner ‘A’) of the plate is also calculated for LC2 as well. These latter
results are given in Figure 2.9. If convergence of the two load cases are
compared it may be seen that LC1 converges with fewer elements than LC2. For
example, the difference between the transverse displacements at point A for a
12x12 mesh and a 15x15 mesh (hard adhesive) is less than 0.03 percent for LC1.
On the other hand, for LC2, this difference is 0.7 percent. Similar behavior may be

observed for the system bonded using a soft adhesive.

17
—=— hard adhesive
1164 —+— soft adhesive
W -119
120 F 3
_121 1 1 1
A% 3 66 9% 12x12  16x15

Mesh Density

Figure 2.8. The non-dimensional transverse displacement of the corner of the free edge of
the isotropic plate when plate is subjected to LC1.

It is also interesting to compare the deformation results obtained for hard
adhesive, and soft adhesive cases. For example, in LC1, the difference in
deformation values at point A, calculated using 15x15 mesh is about 1.08 percent.
However for LC2, this difference rises to 14.2 percent. These results may be
explained considering the transmission of the forces from the patch to the base
plate through the adhesive layer. In Figure 2.10 the mechanism of one-
dimensional loading is drawn. The top loading is similar to LC1 where the bottom
loading is similar to LC2. In the top loading the force, F, must be balanced with

the distributed shear forces and distributed moments acting on the bottom surface
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of the patch. The main source of deformation for the LC1 is the bending moment.
On the other hand the only source of deformation for LC2, is the distributed shear
stress, which is closely related to the adhesive layer properties. For example, if
the adhesive is rigid, there will be no distributed shear force acting on the base
plate. Due to this reason the adhesive layer properties are more important in the
LC2.

—&— hard adhesive
—+— soft adhesive
_1|:| 1 1 1

3x3 BxB A9 12x12  15x15
Mesh Density

Figure 2.9. The non-dimensional transverse deformation of the corner of the free edge of
the isotropic plate when plate is subjected to LC2.

F
atch
P - NN TN N Y
adhesive /@@l S5 s = >
plate Z 2 plate
F F
adhesive / =~ 0= = = = - —>
plate Z z plate

Figure 2.10. Transmission of the load from patch to the base plate.

The last observation from Figure 2.8 and Figure 2.9 would be the way finite
element solution converges. When we increase the number of finite elements
used the calculated deformation increases, in LC1 case. Which is just the

opposite for LC2. This situation may be confusing since stiffness should decrease
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with increasing number of elements. However, this decrease in deformation for

LC2 is due to better representation of force transmission with increasing finite

elements. From the above discussion, two conclusions may be made:

e For LC2 type of loading, adhesive properties has important bearing on
response of the structure. Thus, the structure with hard adhesive deforms
more.

o Denser mesh is necessary for LC2 type of loading to better simulate the shear

force transmission from the patch to the base plate.

Electrically Loaded Piezoelectric Patch

In this section static response of a plate with a piezoelectric patch loaded
electrically is examined. For this purpose, the displacements and stresses are
made non-dimensional using (numerical values of the parameters are given in
Table 2.1 and Table 2.2),

3
mo W (Ezf’ )103 (2.47)
eV a
2
LT (2.48)
aey V

In Figure 2.11, the calculated non-dimensional deformed shape of an
isotropic square plate, as a result of an electric filed applied to the bonded
piezoelectric patch is plotted. The location of the patch may easily be guessed
from this deformed shape.

Results of adhesively bonded finite element model are compared with the
MSC/NASTRAN model results to verify the formulation as well as the computer
code developed. The MSC/NASTRAN model is constructed using solid (brick)
elements, and the adhesive layer is neglected. Therefore, very hard adhesive
layer is used in MLP-FAB model to minimize the effect of the adhesive layer on
the deformation results. Again a cantilever square plate with a central
piezoelectric patch (Figure 2.6) is used. The nodal deformations along the line
running from the center of the wall support to the center of the free edge are
plotted in Figure 2.12. The base plate is an isotropic plate, and both the plate and

the patch have the same thickness. It may be seen from Figure 2.12 that the
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results are in very good agreement. However, during the study it is found that the
agreement deteriorates when base plate and patch thicknesses differ

considerably.

Figure 2.11 Deformed shape for 18x18 mesh FE model of plate when voltage is applied
on PZT patch.

z|

0.4} —&— MSC NASTRAN ]
—+— MLP-FAB

0E 1 1 1 !
0 Jal1s Baf15 9af18 12al15 a

Figure 2.12. Comparison the results of MSC/NASTRAN model constructed using brick
elements, and the results of the flexible bonding model. The nodal deformations of the
centerline, running from the wall support to the free edge are plotted.

When a potential difference is applied to a piezoelectric patch poled in the
thickness direction, a tensile (or compressive) distributed force is applied to the
patch (Figure 2.13). Although, in this case, the created load due to the in plane

deformation of the patch is in both directions, the shape of the loading is similar to
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the loading of LC2. Therefore above conclusions given for LC2 are valid when

the loading is made through an electrical field.

Figure 2.13. Application of the electric field to the piezoelectric patch and resulting forces

04
DB
w7
0.8k —— hard adhesive | 7
—4— soft adhesive
_Dg 1 1 1
axa BExf 9x4 12 %12 1915

Mesh Density

Figure 2.14. Non-dimensional transverse displacement of the isotropic square plate at
corner point of the free edge when voltage is applied on PZT patch.

In Figure 2.14 and Figure 2.15 non-dimensional transverse displacements
at corner point of the free edge (point ‘A’ in Figure 2.6) when an electrical field is
applied to a piezoelectric patch are given. The base plates are isotropic and
cross-ply symmetric laminate, respectively. In both cases plates bonded to the
piezoelectric patch with a hard adhesive deforms 10 to 12 percent more than the

plates bonded with a soft adhesive. A 15x15 mesh in both cases gives pretty
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good results. More finite elements shall undoubtedly increase the solution

accuracy.

0161

Z|

02t

—&— hard adhesive | |
—#— zoft adhesive

3x3 Bxf x4 12x12 18x 15

Mesh Density

Figure 2.15. Non-dimensional transverse displacement of the [0/90/0] square plate at
corner point of the free edge when voltage is applied on PZT patch
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Figure 2.16. Geometry and location of the piezoelectric patches and base plate used in
the stress calculation studies

In this part of the study, the stresses created, by a piezoelectric patch, on
the base plate is investigated. The base plate is an orthotropic plate where the
fiber direction coincides with the ‘ x’ axis (Figure 2.16). The material properties are
given in Table 2.1 and Table 2.2. Plates are supported using two different

boundaries. The first one is clamped at ‘x =0’ edge free on other three edges
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(CFFF). The second one is simply supported at ‘x=0" and ‘x=2a’, and free
along the two remaining edges (SSFF). Three different piezoelectric patches are
bonded on the plate (Figure 2.16), and the same electrical field is applied to all
three patches. Stresses at the mid plane of the plate at the points directly below
the center of the patches bonded above them are calculated. Initially, the patches
are placed at d =a/10 from the top support (i.e. x=0, Figure 2.16). All three
patches are moved together towards the opposite edge (x =2a ). The calculated

stresses are plotted in figures Figure 2.17 to Figure 2.22.

—&— Mid. PZT
B40 - | —+— Side PZIT

al

KX 600

560 [

a1l af? a Jal?

Figure 2.17. Normal stress, o ., on the mid plane of the plate at a point below the center
of the piezoelectric patch where, d , is the distance of the patch from the wall (CFFF)

For CFFF boundary conditions, normal stresses (o, and o, ) increase

as the patch is moved from clamped end to the free end (Figure 2.17-Figure
2.19). The stresses below the side piezoelectric patch are larger than those

generated below the middle piezoelectric patch. The shear stress, 7, is

comparatively small, and displays a more symmetric behavior as the patch moves

to the free edge.
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Figure 2.18. normal stresses, o, on the mid plane of the plate at a point below the

w?
center of the piezoelectric patch where, d , is the distance of the patch from the wall
(CFFF)

-l

Ry

a1l a2 a JalZ

Figure 2.19. Shear stress, 7, at the mid plane of the plate below the center of the

piezoelectric patch where, d , is the distance of the patch from the wall (CFFF)

The stresses calculated for the plate with SSFF boundary condition are
plotted in Figure 2.20-Figure 2.22. Both the normal stresses and shear stresses
display symmetry as the patch moves from one support to the other support.
Again the mid plane stresses below the center of the side piezoelectric patch is
larger than the center piezoelectric patch. It may be observed from the figure that
normal stresses obtained from a plate with SSFF boundary condition are smaller

than the ones obtained from the plate with CFFF boundary condition. The shear
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stress again gives a symmetric pattern as patches are moved from one support to
the other as expected. However, these stresses obtained are higher than those
obtained in the CFFF case.

540+

820+

al

XX

—e&— Mid. PIT

soar —4— Side P7T

a/10 a2 a Jard

Figure 2.20. Normal stress, o, , on the mid plane of the plate at a point below the center

of the piezoelectric patch where, d , is the distance of the patch from the ‘x =0’ edge
(SSFF)
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Figure 2.21. Normal stress, o, , on the mid plane of the plate at a point below the center

of the piezoelectric patch where, d , is the distance of the patch from the ‘x =0’ edge
(SSFF)
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Figure 2.22 Shear stress, 7,,, at the mid plane of the plate below the center of the

piezoelectric patch where, d , is the distance of the patch from the from the ‘x =0’ edge
(SSFF)

Summary
In this section, two different case studies are presented. In the first case

study, single piezoelectric patch is placed in the middle of the cantilevered square
plate. The static response of the base plate under different loading cases is
investigated. It is observed that response of the structure is very sensitive to
adhesive layer properties. It is also seen that denser mesh is required when
loading is similar to the loading generated by an electrically loaded piezoelectric
patch. Also given are the stresses at the mid plane of the supporting plate
caused by an electrically loaded piezoelectric patch. It is found that side patches
cause more stress at the base plate than the middle patch, and cantilever plate
experiences more stress at the mid plane below the center of the piezoelectric

patch than the simply supported plate.

2.4.2. Cantilever Plate in Cylindrical Bending

Robbins et al., [49] investigated the effect of various modeling approaches
to the deformation of beams. They have used finite element models based on
classical beam theory (CBT), first order shear deformable beam theory (SDBT),
and multi layered beam theories (MLBT1 and MLBT2). The deformations obtained
on the tip of the beam using these theories are reproduced (from [49]) in Table
2.4. For comparison purposes a narrow (10 mm wide) three-layered cantilever

plate, with same material properties and layer thicknesses (Table 2.3), as shown
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in Figure 2.23, is considered. In order to compare results with the results from
[49], a distributed edge load, which causes the cylindrical bending of the plate,
and creates an equivalent actuation strain of 0.001 in PZT layer, is applied (Figure
2.24,LC1).

r

Adhesive Layer

N = T
\\\ PZT Layer ™ :
§ h
L _.f_
\\Q Aluminum Layer A hi2
¥ ¥
152.4 mm

Figure 2.23. Geometry of the cantilever beam, [49].

Table 2.3. Material properties and dimensions from Reference [49].

Property Aluminum Adhesive PZT

E (Mpa) 68950 6895 68950
G (Mpa) 27580 2462 27580
Thickness (mm) 15.24 0.254 1.524
Density (Mg/mm®) 2.768 10° - 7.640 10°

The deformation results for the multi-layered plate with flexible adhesive
bonding (MLP-FAB) are presented in Table 2.4. Also presented are the
deformations obtained using MSC.NASTRAN model of the narrow plate
composed of brick elements. The model was created using four hexahedral
elements in the thickness direction as shown in Figure 2.25. It may be observed
that in the case of x-direction inplane deformation results of MLP-FAB are close to
the axial deformation results CBT and SDBT results given in Robbins [49].
However, MLBT1, MLBT2 as well as MSC.NASTRAN models deformed up to 7
percent less than MLP-FAB model. It should be noted that since both the
developed model and MSC.NASTRAN model have no nodes at Point A (Figure
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2.23), displacements are interpolated from the neighboring nodes. When
transverse displacements are considered, it may be observed from the table that
the MLP-FAB deforms less than the other models (0.75% to 1.38%). However,

this slight difference may be due to the numerical inaccuracies as well.

Table 2.4. Comparison of deformations at point A of Figure 2.23. Although, number of the
elements are different for different models, convergence of the tip displacement is
satisfied for MSC.NASTRAN and MLP-FAB models.

u (mm) w (mm)
CBT 0.01426 0.3470
Robbins and Reddy [49] SDBT 0.01426 0.3470
(25x30x1 mesh) MLBT1 0.01366 0.3470
MLBT2 0.01339 0.3465
MSC.NASTRAN (15x4x1 Solid Elements) 0.01350 0.3448
MLP-FAB (LC1, 100x1x1 mesh) 0.01432 0.3422
CBT -0.42 1.40
Difference (%) SDBT -0.42 1.40
between MLP-FAB MLBT1 461 1.40
and MLBT2 -6.49 1.26
Solid Model 573 0.76

5’[ iz
x f

1D equivalent

_q“

LC1

V

equivalent __|

LC2

Figure 2.24. Equivalent tip load to create actuation strain of 0.001 (LC1), and potential
difference (LC2).
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Figure 2.25. 4 elements are used in the thickness direction to form the solid model.

2.4.3. Comparison of MLP-FAB with ESL

152.4x152.4 square plate having same layer and material properties with
the previous example is analyzed (Table 2.2 and Table 2.3). Deformation results
are compared with the results obtained using ESL model together with NASTRAN
QUAD4 elements. For this purpose equivalent loads, as shown in Figure 2.26 are
used in the ESL solutions. Displacements of two points (A and B) on the
midplane as shown in Figure 2.27 are considered. The results are listed in Table
2.5. At Point A, the difference between inplane deformations is about 1% and 5%
for x and y directions respectively. However at Point B, there is a very small
difference between ‘x’ direction inplane displacements. The inplane displacements
obtained in the ‘)’ direction are zero due to the symmetry as expected. For
transverse deformations, on the other hand, the difference was about 1% at the
corner (Point A) and negligible for Point B as well. The cases with soft adhesive
deformed about 1 % less than the hard adhesive. Due to the adhesive layer
flexibility, forces or moments transmitted to the main structure were lower,
causing lower deformation. Transverse deformations along lines at the
intersection of the midplane with ‘y=0', ‘y=L/2’, and ’x=L’ planes are given in
Figure 2.28. In all cases the MLP-FAB model with a hard adhesive deformed less
than ESL model.

37



Table 2.5. Comparison of deformations at points A and B (shown in Figure 2.27). All
models are discretized by 10x10 mesh. The soft adhesive used is 10 times softer than
the hard adhesive.

Location | Deformation (MISE(S:.I;\ITS)'?;IAN MI(:aI:: ? le&i':sBiv(j)Oﬂ
QUAD4 Elements) Adhesive)
u (mm) 0.01121 0.01064 0.01053
A v (mm) -0.0055 -0.0054 -0.0054
w (mm) -0.3307 -0.3270 -0.3223
u (mm) 0.01092 0.01094 0.01090
B v (mm) 0.0000 0.0000 0.0000
w (mm) -0.2756 -0.2758 -0.2719
Difference (%) between MSC.NASTRAN model and
MLP-FAB
Hard Adhesive Soft Adhesive
u -5.08 -6.07
A v -1.82 -1.82
w -1.12 -2.54
u 0.18 -0.18
B v - -
w 0.07 -1.34

The convergence of the natural frequencies of MLP-FAB finite element
model with increasing mesh number is also investigated. The changes in the first
four frequencies with mesh number are given in Figure 2.29. From the figure, it
may be stated that a 16x16 mesh gives rather accurate results while the
difference between 14x14 mesh and 16x16 mesh is less than 0.07 % in all cases.
Natural frequencies of a two-layer system modeled using MLP-FAB approach
using soft and hard adhesives are compared to those of ESL model solved using
MSC.NASTRAN QUAD4 elements. The first four frequencies and corresponding
mode shapes are given in Table 2.6. Among these first four frequencies,
maximum difference between the results is found for second natural frequency.
The frequency of the second mode of MLP-FAB model is about 4.6% more than
the frequency of the similar mode of ESL model, which says torsional stiffness of
MLP-FAB model, is higher.
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Mid-Plane of PZT Layer

d* is distance between mid-plane of PZT layer and neutral axis of plate

Figure 2.26. Internal forces due to applied voltage on PZT layer are converted to external
distributed forces and moments for ESL model.

Figure 2.27. Deformed shape when sufficient voltage to cause an actuation strain of 0.001
is applied.
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Figure 2.28. Comparison of vertical deformations of ESL and MLP-FAB with hard
adhesive on lines y=L/2, y=0 and x=L.
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Figure 2.29. Convergence plots of first four natural frequencies with changing mesh

number.

The soft adhesive used in the calculations had a ten times lower modulus

of elasticity than the hard adhesive. It may be observed from the table that there

is a very small difference between the hard adhesive and soft adhesive results.

The mode shapes of the frequencies presented are all symmetric modes.

However, it is the antisymmetric modes where substantial stretching of the

adhesive layer occurs, causing difference between the frequencies of the

multilayer plates constructed using soft and hard adhesives [28].
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Table 2.6. Comparison of first four modal frequencies between proposed method and ESL
Selected soft adhesive is 10 times softer than the hard adhesive. All models are

model.

discretized by 14x14 mesh.

Mode Shape MSC.NASTRAN MLP-FAB MLP-FAB
P ESL (Hz) Hard Adhesive (Hz) | Soft Adhesive (Hz)
551.6 552.4 551.1
1317 1377 1361
3212 3220 3220
3248 3385 3344

2.4.4. Stresses in Adhesive Layers and Correction for Transverse Normal
Stiffness

Since, the accurate prediction of adhesive layer stresses is important for
the assessment of failures, these stresses are evaluated and compared in this
section. For this purpose, again the cantilever plate in cylindrical bending is
employed (Figure 2.23-Figure 2.24). In Figure 2.30, shear stresses in adhesive
layer are presented for both loadings (LC1 and LC2, shown in Figure 2.24). The
shear stress plot of LC1 is very close to the plot given in Reference [49] for the
MLBT1 formulation. However, there is a substantial difference in adhesive layer
shear stress, when a potential difference sufficient to cause equal amount of
strain is applied (LC2). The LC1 causes a cylindrical bending of the plate like in
beam bending, while LC2 causes bending in both directions (1 and 2). Although
selected geometry has very high aspect ratio, strain in width-direction due to

applied voltage (LC2) still affects the shear stress.

42



Ty 25

(Mpa) ’7 7
- LC1 |

20 = LE2 | i

15+ ]

10} [

0. - e il — £ —?"’“ﬂ'ﬂ?’: L L ]
0.80 0.84 0.88 0.92 0.96 1.00
x/L

Figure 2.30. Adhesive layer shear stress 1., near the free end of the cantilevered plate for
LC1 and LC2 loadings.

The MLBT2 formulation results given in Reference [49], permits transverse
normal strains predict lower stresses in the transverse normal direction. The
formulation above neglects the transverse normal strains in the adherends. For
this reason, the adhesive layer appears to be much stiffer in the thickness
direction, causing higher normal stresses to appear. The error involved would be
small as long as adhesive layer is much softer than the adherends in the
thickness direction. However, when adherends are quite thick and adhesive layer
elastic constants are high, the adherend stiffness may become comparable to the
adhesive stiffness in the thickness direction. In this case, transverse normal
strains shall be taken into account that requires the use of high order plate
theories for the layers [49],[50]. Another approach would be to adjust the stiffness
of the adhesive layer in the thickness direction.

For an adhesive layer of uniform thikness, the adhesive layer strain energy
due to transverse normal deformation may be written as:

U'==[(o¢-&)-ar =% [ fer Gy =0, ) dA (2.49)
e A

where, k' =E'/h', which may be wieved as a set of distributed normal springs

attaching the upper and lower layers. Together with the adherends, the stiffness
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of the multilayer system, may also be wiewed as a set of springs attached in

series (Figure 2.31)

= S w— D
Ziv
h'” 2Ei+1
A w17 hy,,
i [+
a
E:
hal kai = ai
hi
i B
2E
h, i
Yoo ke
h

Figure 2.31. Thickness direction stiffness modeled using a series of springs between mid-
planes of upper and lower layers.

Again assuming each layer has a uniform thikness, an equivalent
distributed spring coefficient, and the strain energy due to thikness-wise

deformation may be written as:

-1
feo = | Sy R LR (2.50)
2Ei Eia 2Ei+1
and,
U' = % [ e w,,, =) dA (2.51)
A,z

Then the transverse normal stresses become,
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Gf(i) =k (W, —W,) (2.52)

The above derivation assumes a constant normal stress between the mid-
planes of the adherends. To evaluate the effects of the above formulation, the
three layer narrow plate in cylindrical bending problem is modeled again in
MSC.NASTRAN using solid elements. However, this time a denser mesh is
employed. Thus, 100 elements in longitudinal direction, 12 elements in thickness
direction and 4 elements in width direction are used. Since they are relatively thin,
both adhesive and PZT layers are modeled using only one element in thickness
direction. The structure is again loaded with LC1. Although the displacements
obtained in MSC.NASTRAN with fine mesh are almost same as those obtained
with a coarse mesh presented above, stresses are different, especially near the
free edge where stress gradient is very high. The normal stress results in the
adhesive layer are plotted in Figure 2.32. The stresses given in the figure are
those obtained at the mid-plane of the adhesive layer. On the same figure, the
transverse normal stresses predicted with MLP-FAB models with and without
stiffness corrections are also given. It may be observed from the figure that, while
transverse normal stress values obtained without correction are quite high (MLP-
FAB), those obtained with stiffness correction (MPL-FAB corrected) are lower and
they are quite close to the MSC.NASTRAN solution. In Table 2.7 numerical
values of the stresses occurring at the unsupported corner (x=L) are given.
Results in Figure 2.32 and Table 2.7 show that, suggested correction is very
effective in predicting transverse normal stresses. Without the stiffness correction,
normal stress in the thickness direction was about 86% higher than
MSC.NASTRAN solution, while it is reduced to less than 5% with the stiffness
correction. Transverse normal strains, although small, also affects the transverse
shear stress. It may be seen from Figure 2.33 that transverse shear stresses are
also reduced by the transverse stiffness correction. The numerical values of the
maximum shear stress occurring at the free edge are listed in Table 2.7 as well. It
may be observed form the table that the maximum transverse shear stress
predicted by MLP-FAB with and without the stiffness correction are about 20%
and 30% higher than those predicted by MSC.NASTRAN solid model.
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Table 2.7. Stresses of the adhesive layer predicted by different models.

Model Mesh o, (Mpa) |17, (Mpa)
MLP-FAB 100x1 -17.49 22.53
MLP-FAB Corrected 100x1 -9.861 20.97
MSC.NASTRAN (adhesive center) 100x12x4 -9.415 17.40

10

Transverse Normal Stress (Mpa)

—6— MLP-FAB
—&— MLP-FAB corrected

15} —— MSC.NASTRAN

20085 0.9 0.95 1

L

Figure 2.32. Free edge (y =0) transverse normal stresses in the adhesive layer, LC1
loading.

25

—+— MLP-FAB
200 —&— MLP-FAB corrected

Shear Stress (zx) (Mpa)

0.85 09 095 1
/L

Figure 2.33. Free edge (y =0) transverse shear stresses of the adhesive layer, LC1
loading.
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2.4.5. Effects of Delamination on Adhesive Layer Stresses

In this section, effects of delamination on adhesive layer stresses are
investigated. The selected geometry and layer properties are given in Figure 2.34,
Table 2.8, and Table 2.9. Figure 2.35 shows the delaminated region. The
orthotropic rectangular base plate is cantilevered from the short edge, while fiber
directions are parallel to ‘x’ and ‘)’ axis. A 200 V potential difference is applied to
PZT.

h PZT h

b6 _ By :

b Bz PET

(/8

Figure 2.34. Geometry of the cantilever plate used in the delamination study.
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Figure 2.35. Location of the delamination region.

Table 2.8. Dimensions of the cantilever plate.

Dimensions (mm)

a 320
b 160
apzr 300
bpzr 120
h 5
hezr 1
Padpesive 01

Table 2.9. Properties of the cantilever plate with an orthotropic base.

Property Plate Adhesive PZT
E; (Mpa) 134400 400 63000
E; (Mpa) 10340 - -
G, (Mpa) 5000 140 24610

Using the MLP-FAB finite element model, the maximum transverse
displacement found was -0.1033 mm for the fully attached case and -0.1030 mm
for the delaminated case at corners of the free edge. Although, deformation
results are very similar for fully attached and delaminated cases, local stresses in
adhesive layer near delaminated region are quite different. Since, along the line
of delamination, relative displacement of upper and lower nodes increase,

adhesive strains and stresses raise as well. These results are shown in Figure
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2.36 to Figure 2.39. Referring to Figure 2.34, non-dimensional coordinates and

stresses, are defined as;

— X
= (2.53)
Apzr
y=-2_ (2.54)
bPZT
_ Ta
T=——PI (2.55)
e,V
- 30 T T T T T
T
20~
10}
] A == n
-10}
.20 n
-30 —— wib delamination
—— wi delamination
4Dill 0‘.1 0‘.2 0!3 0?4 0‘.5 0?6 DI.? 0‘.9 0:9 1

Figure 2.36. Comparison of 7__in adhesive layer along ) = 0.5 plane of fully attached

case with delaminated case, 64x16 mesh.

49



5 T T

—— w/o delamination
4r —e— w/ delamination B

Gl

7

1
2
3

w|- |
o|- F

*|

Figure 2.37. Zoomed in view of 7__ given in Figure 2.36.

Figure 2.36 presents the shear stress variation of the adhesive layer along
the ‘y = 0.5’ plane. From the figure a sharp increase in the stresses along the
edges of the piezoelectric plate is observable at ‘x = 0’ and ‘x = 1’. Although it is
not as large, there is also a sharp increase in the stresses at the delamination
boundary. Note that the distributed spring model used for the adhesive layer
predicts nonzero shear stresses at the boundaries. As clearly shown in
Reference [26], these stresses go to zero with a very high stress gradient. Using
the analytical solutions of plates, in cylindrical bending and stretching, given in

Reference [26], it is verified that, stress level predicted at the boundary is close to

actual maximum stress especially for hard adhesives. The shear stress 7, of the

adhesive layer is zero along the line on ‘' y = 0.5’ plane due to symmetry.
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Figure 2.38. Comparison of fzy in adhesive layer along ‘' y = 1’ plane of fully attached case
with delaminated case, 64x16 mesh.
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Figure 2.39. Comparison of 7, in adhesive layer along ‘y = 1’ plane of fully attached case
with delaminated case, 64x16 mesh.

The shear stresses of the adhesive layer along the ‘y = 1’ plane are given
in Figure 2.38 and Figure 2.39. From the figures it may be observed that the level

of 7_, is higher than7__at the delamination boundary. Comparing Figure 2.36 and

Figure 2.39 it may be observed that the level of shear stresses, 7_. , along the

zx

centerline (y = 0.5) is less than it is along the edge (y = 1) since it also deforms

less as well.
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In Figure 2.40, variation of adhesive shear stress 7_, along lines parallel to
the short edge (y-axis) at different X locations (‘x=0’, ‘x=1/3", ‘x=2/3",
‘X =1, planes). It may be observed from the figure that the stress levels along
‘X =0’ plane are higher than the others since near the cantilevered root of the
base plate does not move at all while the piezoelectric plate deforms substantially.
Similarly when 7_ is examined (Figure 2.41), the stress along (‘x =0"and ‘x =1,
planes are much higher since the maximum relative displacement occurs along

these planes while 7_ is zero along ‘x = 0.5’ plane.
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Figure 2.40. Variation of adhesive layer shear stress, fzy, along ‘x=0, ‘x=1/3, ‘x=

2/3’, and ‘X =1’ planes, (fully attached case, 32x32 mesh).

Figure 2.42 to Figure 2.45 compares the shear stresses for delaminated

undelaminated configurations along the delamination boundary (‘x=1/3",

‘x=2/3", planes). Maximum shear stress z_, is twice as higher with delamination
than it is without delamination, while occurring at the free edges (‘y =0’ and

‘y=1"). When the r_ is examined, it may be seen form the figures that the stress

with delamination are at least three times higher again occurring along the free
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edges. These results show the importance of delamination from adhesive layer

shear stresses point of view.
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Figure 2.41. Variation of adhesive layer shear stress, 7__, along ‘x=0", ‘x=1/3", ‘x=

zx ?

2/3’,and ‘x = 1’ planes (fully attached case, 32x32 mesh).
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Figure 2.42. Adhesive layer stress 7, along ‘x = 1/3' plane for fully attached, and

delaminated cases (32x32 mesh).
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Figure 2.43. Adhesive layer stress 7_along ‘x = 1/3’ plane for fully attached, and
delaminated cases (32x32 mesh).
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Figure 2.44. Adhesive layer stress 7_ along ‘x = 2/3' plane for fully attached, and
delaminated cases (32x32 mesh).
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Figure 2.45. Adhesive layer stress 7, along ‘x = 2/3’ plane for fully attached, and
delaminated cases (32x32 mesh).

2.5. SUMMARY OF THE CHAPTER

In this chapter multi-layer plates that contains piezoelectric layers are
modeled using a layerwise approach that considers the adhesive layer flexibility.
The adhesive layer is assumed to be very thin, massless, and its deformation is
linear. The strain energies of the adhesive layers as well as strain energies of the
piezoelectric layers are written. Proper finite elements are developed. The
coupling terms between the layers due to adhesive layer is depicted in the global
stiffness matrix.

The results of the formulation are compared to some results from the
literature and good agreement is obtained. The model results are also compared
to the predictions obtained using ESL model. It is found that maximum difference
in vertical deformations between these two model solutions is about 1.1 percent.
It is also shown that the more flexible the adhesive layer, the less it deforms when
an electric field is applied. The convergence of the MLP-FAB model is also
investigated through the natural frequency solutions.

The model presented in this chapter assumes that the adherends are rigid
in the thickness plate direction. This causes inaccurate prediction of adhesive

layer stresses when the thickness direction stiffness of the adherends are
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comparable to those of the adhesive layer. It is shown that better adhesive layer
stress predictions are possible if adhesive layer transverse normal stiffness is
adjusted to include the adherend stiffness. The adherend shear deformation may
also be important when the adherends are quite thick. Thus, higher order
adherend models shall be employed in the future to evaluate the possible
improvements to the model presented in this manuscript.

In the last case study, effect of delamination between PZT patch and base
plate is investigated. Results show that although deformed shapes are quite
similar, local stresses in adhesive layer differ especially near the delaminated
region.

Finally it may be stated that the approach developed is capable of
accurately modeling multi-layer system with discontinuous patches as well as

delaminations.
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CHAPTER 3

OPTIMIZATION OF SURFACE-BONDED PIEZOELECTRIC
ACTUATORS ON PLATES; PLACEMENT AND SELECTIVE BONDING

3.1. INTRODUCTION

In this chapter, two issues are addressed: The optimum placement of surface
bonded piezoelectric actuators and selective bonding of the actuator layer to the
substrate is aimed. Design variables of the former type of the problems are
locations of the patches. On the other hand, in the case of selective bonding; they
are location, size and shape of the bonded region between the patch and
substrate. Single objective as well as multi-objective problems is considered,
considering either full combination of design variables or using ‘Simulated
Annealing’ optimization algorithm. The selected objective functions are static
deformations, modal displacements and special performance indices based on
eigenvalues of the controllability grammian. Pareto fronts are obtained for multi-
objective cases. Although design variables are continuous, to avoid mesh
generation at each iteration, the problem is addressed as a discrete optimization
problem. Furthermore, it may be inappropriate to compare results of models
having different mesh configurations.

In Section 3.2 definitions of the objective functions are given. In Section 3.3,
placement of a single PZT actuator to maximize excitation response of a beam is
studied and the results are compared with analytical results found in the literature.
In section 3.4, Pareto optimal solutions for multi-objective cases are studied
considering full combination of design variables. ‘Hide And Seek’ Simulated
Annealing algorithm is applied for combinatorial PZT placement problems in
Section 3.5. In Section 3.6, multi-objective problems, maximizing the control
effectiveness while minimizing the spillover, are studied. A multi-objective

simulated annealing method, MC-MOSA, is also used in this section. Finally,
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optimization of size and location of a rectangular unbonded region between the

actuator layer and substrate is studied in Section 3.7.

3.2. STUDIES ON MEASURE OF CONTROLLABILITY

In this study maximization of the control effectiveness for piezoelectric patch
placement and selective bonding problems is aimed. Modal displacements and
eigenvalues of the controllability grammian are used in the definition of the
objective functions. It is also seen that when using controllability grammian, modal
reduction is necessary due to large size of the FE models used in the selected
case studies.

Equations of motion of multiple-DOFs model are

[M]{x@) j+[Cl @) }+[K][{x@) } = [D]{V (1) } (3.1)

Where [M], [C], and [K], and are the mass, damping, and stiffness matrices
respectively. [D] is the control matrix which has the dimensions of n.,/ by ‘np;r.
‘nay’ is the total number of degree of freedoms and ‘np;; denotes the number of
the piezoelectric patches. In order to write these equations in modal coordinates,

it is possible to describe motion as,
{x(@) } =[®] {q() } (3.2)

Where {q(1)} is the vector of generalized coordinates and [®] is the modal matrix
where columns are eigenvectors. Mass, stiffness and applied forcing are
converted into the modal coordinates as shown below. These are called

generalized mass, generalized stiffness and generalized force.

m, =10, { [M]{®,} (3.3)
kg[ :{q)i}T[K]{q)i} (3.4)
F, ={®,} [D]{ V(] (3.5)

Using these equations we can re-write equations of motion in modal coordinates.

Furthermore, if we assume damping matrix is composed of a linear combination
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of mass and stiffness matrices, equations of motion in modal coordinates will

become ‘ngy¢ uncoupled equations.
m, §;(0)+2¢,0,,m, 4;()+kyq,(0)={®, ) [DI{V(©)} i=12...n,, (3.6)
where

2§w,,m, =c, (3.7)

1

‘w,; and ‘& are undamped modal frequency and modal damping ratio of the i

" mode. Modal

mode respectively. c¢,; denotes generalized damping for the i
damping ratios are generally obtained experimentally.
Instead of considering all modal degrees of freedom, ‘n,,/, one may take

into account first ‘n’ equations, which have smallest natural frequencies;
.. . T .
m, G,(O)+2¢,0,m, q;(O)+k,q,0)={®,} [D{V©®)} i=12..n (3.8)

or in matrix form;

)+l @)+ R a) = B v ) (3.9)

This modal reduction approach is the simplest one. There are however, other
modal reduction techniques, one of which is called the balanced realization [51] In
general, most energy is stored in the very few of the lowest modes. Thus the
response of the structure may be approximated using these modes. However the
value ‘n’ must also be selected adequately when persistent disturbance exists to
reflect the response of the structure for any range of possible forcing frequency.
Transforming the second order equations of motion in modal coordinates

may be written in state space form [51]:

{z)=[4al{z}+[B]1V} (3.10)

where;
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N 1 R R

The state vector may also be defined as [52];
{Z }: { 9 9 9, 0,4, .. {, @,4,, } (3.12)

then state and input matrices are,

- 250, -,
o 0 0
[A]: (3.13)
0 -2f,0, -o,
L a) n O -
511 Nl Npzr
0 0
[B]: : : (3.14)
iy 1 Moo Mpzr
0 0|

This latter definition of the modal state vector is advantageous in
extracting the eigenvalues of the controllability grammian, in addition the order of
the magnitudes of the eigenvalues corresponding to position and velocity states

will be close to each other.

3.2.1. Modal Displacements

Modal displacements caused by piezoelectric forces are also a good
measure of controllability. In order to solve modal equations of motion, we may
separate modal displacements into two parts, such as caused by initial conditions

and forcing.
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q:(t)=q,()+q,,@t) (3.15)

The modal displacements caused by initial conditions [53];

q, (t)= e o {[ 4;(0) +¢q,(0)c; o,

C()dl_

Jsin(a)dit)Jr ql.(O)cos(a)dlt) (3.16)

and the forced modal displacement (Duhamel’s Integral);

1

mgi a)dx

q,(t) = .[Ot F, (r)e =™ () sin[a)di (t- r)]dr (3.17)

where the initial modal displacement and velocity are

0.0 =—— {0} [M]{x0)} (3.18)

&i

30 = {0, [M]0)} 3.19)

8i
and damped natural frequency is,
w, =0, \1-¢ (3.20)

It may be noted that, when modal damping ratio is less than 10 percent, the
difference between the damped natural frequency and natural frequency is also
less than 0.5 percent. For an undamped system Equation (3.22) and Equation
(3.23) become;

q, () = (MJ sin(a)n[t)Jr q,(0)cos (a)n[t) (3.21)
@,

n
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1

mé’z a)"i

g, (t) = [! F, @sinfo, (- 7)] dz (3.22)

3.2.2. Responses to Different Forcing Functions

In this section forced modal displacements are calculated for different

excitation functions.

Diract Delta Function

If load is impulsive, a pulse acting for a very short duration (when ¢=a), the forcing

function may be expressed as;

{Fira )} =[D V15t - ) (3.23)
then using Equation (3.5)

Fayare, =1 @} [D]V}6 (- a) (3.24)
defining a coefficient vector ‘C’ as;

c={of [D]{r} (3.25)

then using (3.22), (3.24) and (3.25), forced modal displacements may be

expressed as;
C, t .
Gurar; () =—— ' 8(0~a) sinfo, (1~ 0)] do (3.26)
o mgi w”i 0

by taking this integral,

qdiractf; (t) =0 lf‘ a ==t
(3.27)

G, . '
airact 7 (1) :m la) sm[a)ni (t—a)] ifa <t
g N
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Step Function
If a constant load is applied after time ‘r=a’, forcing function is;

{Fp @)} =[]V} -a)

h(it—a)=0ift<a, h(t—a)=1 otherwise
then using Equation (3.5) and (3.25),

F:vtepgi (t):Ci h(t_a)

Using (3.22) and (3.29) forced modal displacements may be written as;

g, () =mg% [ #(@=aysinfo, (- 0)] do
or
q, () =0 ifa >t
q; ()= G 5 (l—cos[a)n_ (t—a)]) ifa <t
’ mgi w”i t

Sinusoidal Loading

Sinusoidal loading having circular frequency of @ may be expressed as;

{Fa} =[D]{V}sin(w,n)
using Equation (3.5) and (3.25),

F;ing’ (1) = C;sin(a,1)

and, forced modal displacements are;
C, ‘ )
qsinfl. (t) —mjo s1n(a)fa) sm[a)n’_ (t - O')] do
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(3.28)

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)



or

Ao C, a)fsin(a)nt)—a)nsin(a)ft)
qsmﬁ()—m o 0 -0 (3.35)

& N A

3.2.3. Measure of Controllability

The actuator placement shall be carried out to realize a controllable
structure. However, the information, obtained from controllability matrix is binary,
and says if states are controllable or not. Therefore, this information does not
have any quantitative value about the controllability. For example, an actuator
acting on the strain nodal point of the vibrating beam cannot have any control for
that mode. However, if the actuation point is shifted by a very small amount, it is
possible to control that mode, although through a large amount of control effort.
Consequently, there is a need to determine how controllable the structure is.
There are many different approaches presented in the literature to measure the
degree of controllability [51]. One of the most common quantitative approaches
about the controllability is to investigate eigenvalues of the controllability

grammian matrix. The controllability grammian [51];
7. ]= [ [B][B] e wdz (3.36)
0

is generally obtained by solving the Lyapunov equation for asymptotically stable

systems:
[l |+ w4 +[B][B] =0 (3.37)

The system should be stable. Then the system is controllable if the controllability
grammian is nonsingular. A performance index, which utilizes the eigenvalues of

the controllability grammian, was suggested by Hac and Liu [52].

2n 2n
PI = LZ /1].} 214 (3.38)
j=1 j=1
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Where /4, denotes the eigenvalues of the controllability grammian. The
performance index has two parts. The first term represents the importance of
summation of all eigenvalues, while the second term guarantees none of the
eigenvalues to be small when maximizing this index. In their study [52], control

spillover problem is also considered and they suggested the index below;

2N 2N 2n 2n
PI = [Zﬂ/} 2N H,l/_ _7/[ ZﬂkJ 2(n—N)’ Hﬂ“k n>N (3.39)
=l =N k=2N+1 k=2N+1

With this index, it is possible to maximize eigenvalues of the controllability
grammian for first N number of modes while keeping them small for rest of the
modes. y is the weighting constant which adjusts the importance of the spillover.
Although this performance index is suitable to reflect the individual importance of
the controlled modes, it may be inappropriate for the residual modes in some
cases. For instance, when one of the residual modes is completely uncontrollable
and a significant spillover is existed for the rest of the residual modes, this term is
equal to zero and does not contribute the amount of the spillover in the

performance index. To remedy this problem, the following Pl may be used;

2N 2N 20
PI:(Z’%} 2N H’ij - z Vieowh  n>N (3.40)
J=1 \ = k=2N+1

Where ys are the weights for each eigenvalue, related to the residual modes.
Finding these weights for a specific problem is the main disadvantage of the latter
definition of the performance index.

Alternatively, the first and the second terms in Equation (3.39) and (3.40)
may be considered as separate objective functions and Pareto frontal solutions
may be searched for. In that case, the objective is to maximize the eigenvalues of
the controlled modes and to minimize the eigenvalues of the residual modes.
Although, weight constant in (3.39) is unnecessary, individual weights for each
eigenvalue may still be required to scale the eigenvalues.

A more exhaustive study may be conducted by choosing each eigenvalue

of the controllability grammian as a separate objective function. However, it may
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not be very practical since the total numbers of controllable and residual modes to
be considered are usually very large.

As stated in Reference [52], the values of eigenvalues and diagonal elements
of the controllability grammian are very close when the state vector defined in
Equation (3.12) is employed for lightly damped structures having well spaced
modal frequencies. Therefore, (3.38), (3.39) and (3.40) may be re-written using

the diagonal elements instead of the eigenvalues.

3.3. MODAL DISPLACEMENT TO PLACE A SINGLE PIEZOELECTRIC
ACTUATOR ON A BEAM

Before carrying out a formal optimization procedure, results obtained from
MLP-FAB formulation is compared with analytical results found in the literature,
namely, with study of Barboni, et al. [54]. In their study, they chose an isotropic
cantilever beam as base structure and placed a single pair of piezoelectric
actuator patches on top and bottom surfaces. Bonding was assumed to be
perfect. Length and position of the actuator were chosen as design variables.
They neglected the effect of stiffness and mass of the piezoelectric patch to the
system. Since their model was very simple, they were able to include their design
variables in the objective function (deflection of the beam) explicitly. Then
optimality condition, using this analytical solution, was easily established.

In order to have a meaningful comparison with these analytical results, our
geometry and material properties were selected carefully. In Table 3.1, these
parameters and why they were chosen, are given. In Table 3.2, the difference in
modal frequencies for first four modes between two cases, where in the first case,
the beam is without a piezoelectric patch and in the second case it is fully covered
with a piezoelectric layer, is also shown. Among these modes, second and fourth
modes are not controllable with our selected configurations, since these are
bending modes in the plane of the plate. Mode shapes of the controllable modes
are given in Figure 3.1 It may be noted that, using top actuator instead of a pair of

actuators is another difference between our model and the analytical model [54].
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Table 3.1. Geometry and material Properties.

Property Value Comment
Plate dimensions a x b 200 mm x 10 mm E'é%?n aspect ratio imitating a
E 200000 Mpa Steel is chosen as substructure
G 76920 Mpa material to reduce the effect of
) > stiffress and mass of the
Plate Density 7.8E-9 Mg/mm piezoelectric patch. In the study
Thickness 5 mm of Barboni, et al. [54], these
contributions are totally ignored.
E 63000 Mpa A thin piezoelectric patch is
PZT patch G 24230 Mpa used, to reduce the stiffness and
P Density 7.64E-9 Mg/mm’ mass effects of the patch on the
Thick 1' response of the structure.
ickness mm
E 4000 Mpa Relatively hard adhesive is
Adhesive G 1400 Mpa chosen to approximate rigid
Thickness 0.1 mm bonding

Table 3.2. Comparison of modal frequencies for first four modes between two extreme
cases, a beam without a piezoelectric patch and a beam, fully covered with a piezoelectric

layer.
Modal Frequency (Hz) | Modal Frequency (Hz)

Mode without any fully covered w/ the

piezoelectric patch piezoelectric layer
1% Bending 102.7 105.4
1% Bending (in the plane of plate) 248.6 234.4
2" Bending 643.7 660.2
2 Bending (in the plane of plate) 1545 1457

) Mg/mm3 is used as density unit in order to be compatible with Mpa-mm unit

System.
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Figure 3.1. First and third mode shapes of the beam without PZT patch (20x1 mesh).
Similar mode shapes are obtained for a beam, fully or partially covered with a surface
bonded patch, whose properties are given in Table 3.1.

Table 3.3. Four different configurations and their effectiveness in terms of modal
amplitude created by applying step unit voltage.

. . Amplitude per Unit Modal
Configuration Mode Voltage (10°) mm/V Fre?::)ncy
1-20 343.0 -
100 % covered w/ PZT 1 309.8 105.4
3 25.83 660.2
1-20 2621 -
B0 % coered 1 262.1 113.9
3 0.6004 657.3
1-20 77.28 -
%
S0 secorered 1 45.04 94.90
3 23.21 641.4
1-20 211.4 -
80 % covered w/ PZT 1 163.3 97.95
3 42.28 640.9

During this study, modal displacement at the tip per unit voltage applied on
actuator is chosen as measure of controllability and aimed to be maximized. In
Table 3.3, four different configurations of single piezoelectric patch are considered
and corresponding results are given. Values, printed bold, are the maximums of
the mode among selected configurations. Therefore, first and fourth

configurations are found as best solutions to control first and third modes
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respectively. It may be noted that, for controlling the first mode, fully covered
configuration, and for the third mode, 78.5% of the total beam length covered with
piezoelectric patch starting from the free side were found to be the optimum
solutions by Barboni et al. as well [54].

A denser mesh (50x1) is also used to refine the best placement results of
the third mode Table 3.4. After fitting a second order curve, the optimum value of
the PZT covering percentage is found as 80.68, which is 2.8% more than the

results of analytical model [54].

Table 3.4. Three different configurations are considered to find optimal solution to control
the third mode. Form these results, 80.68% is found as optimal value of percentage of
PZT covered area from the free side.

PZT covered surface 10° Max Amplitude per Unit 3" modal Frequency
percentage Voltage (10°°) mm/V (Hz)
78% 41.99 640.7
80% 42.20 640.3
82% 42.16 639.9

Taking patch length as constant, finding the best position of the
piezoelectric patch to control 5" mode (Figure 3.2) is another case, studied in
Reference [54]. In their example the patch length was 20% of the beam length
(Figure 3.3). They found optimum distance between the wall and center of the
patch to be 71.1% of the beam length. To examine if our optimum location is
close to this value, different piezoelectric patch positions were tested (Table 3.5).
By fitting a second order curve to these displacement values, optimum value of
the distance from center of the piezoelectric patch to the wall is found as 70.07%
of the beam length, which is sufficiently close to the value presented by Barboni et
al. [54]. Contribution of this mode to the transverse displacement at tip is taken as
measure of controllability. Responses due to first twenty modes, and 5" mode
only are shown in Figure 3.4 and Figure 3.5 respectively. It is seen that, 5" mode

has an important contribution to the response of the structure.
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5" mode, (third controlable)
1831 Hz

200 mm x 10 mm plate
PZT patch between

120 -160 mm

Figure 3.2. Fifth mode shapes of the beam without PZT patch (20x1 mesh). 5" mode
shape of the beam, covered with a surface bonded patch, whose properties are given in
Table 3.1 is similar.

20% covered w/ PZT

}— distance % —{

Figure 3.3. The distance between the wall and center of the piezoelectric patch.
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Amplitude per Unit Voltage (10 mm/V)

0k

5k el

a0k -

35k -

-40

| | i 1 i | | | |
0071 0.02 003 004 005 0.06 0.07 0.08 0.09 01
time (s)

o

Figure 3.4. Vertical displacement at the tip when 1 Volt stepwise input is applied on
piezoelectric patch. Only the contributions of the first 20 modes are considered.
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Amplitude per Unit Voltage (10 mm/V)

Il 1 L 3 1 Il 1 1 Il
i 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
time (s)

Figure 3.5. Response at the tip to a 1 Volt input is applied to the piezoelectric patch,
covering the area between 60% and 80% of the beam. Only the contribution of the 5"
mode is shown.

Table 3.5 Three different configurations are considered to find optimum solution to control
the fifth mode. From these results, 70.07% is found as optimal value of percent distance
between center of the PZT and the wall.

Ratio of distance between 6 . . th
PZT center and the wall to 10 \l\;lgl):agr:m_%;l;&%um 5 moda(IHFzr)equency
the beam length
68% 5.9707 1829
70% 6.0468 1831
72% 5.9803 1833

3.4. MULTIPLE MODAL DISPLACEMENT OBJECTIVE TO PLACE
PIEZOLECTRIC ACTUATOR(S) ON A PLATE: PIEZOELECTRIC
PATCH(S) ON RECTANGULAR CANTILEVER BASE PLATE

Optimal placement of one and two PZT patches on an isotropic
rectangular cantilevered base plate is studied. Maximization of first three modal
displacements is sought for. The same finite element mesh is used throughout the
optimization. Therefore, the optimization problem is a discrete one. Since PZT
patches also contribute mass and stiffness matrices of the system, for each
combination corresponding matrices, and eigenvectors are re-calculated to find
modal displacements.

Geometry of the base plate and patches, and definition of design variables
are shown in Figure 3.6 and Figure 3.7. Material Properties and thickness of

layers are given in Table 3.6. It shall be noted that, power consumptions of a
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single-PZT patch and two-PZT patch cases are assumed to be the same to have
better comparison between the optimal results. In Figure 3.8, first three mode
shapes of the base plate without any PZT patch are given.

In this section, solutions to the full combination of patch locations
(discarding symmetric cases) are obtained and discussed below. Hence no

optimization code is employed.

200 mm PZT

200V

JE—

QDE, PZT2

100V

600 mm ‘ 200 mm ‘
}7200 mmA‘ 600 mm

T PZT1

200 mm

100 Vv
600 e —
mm X 600 mm 1%

NNNN

NONNNN N NNNNNDN

NANNNDN

Figure 3.6. Geometry of the base plate and PZT patch(s).

N

|
NNNNN NN NN

S W, T W O, W . W Y W V. VN

Figure 3.7. Definition of design variables. Since positions of the patches must correspond
with previously defined FE mesh, these design variables are discrete.
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Table 3.6. Material Properties and thickness of layers.

Layer Property Value
Modulus of Elasticity 200,000 Mpa
Base Plate Poisslon's Ratio 0.3 - Z
Density 7.8 10 kg/mm
Thickness 5mm
Modulus of Elasticity 63,000 Mpa
P7T Poisson’s Ratio 0.3 ] ;
Density 7.64 10 kg/mm
Thickness 1 mm
Modulus of Elasticity 4000 Mpa
Adhesive Shear Modulus 1400 Mpa
Thickness 0.1 mm

Figure 3.8. First, second and third mode shapes of 600mm x 600mm, 5 mm thick-steel-
plate. Frequencies are 11.76 Hz, 28.82 Hz and 72.10 Hz. 15x15 mesh.

3.4.1. Placement of Single Piezoelectric Patch

In this section, the placement of a single piezoelectric patch is examined.
For this purpose, three objectives are considered. They are the modal
displacements corresponding to the first three modes. The problem is solved for
different mesh sizes. In Table 3.7, total number of combinations and total number
of Pareto points are given for different mesh configurations. As expected, as the
number of finite elements increase, not only the total number of possible patch
locations increases, the number of Pareto frontal points increases as well.
However the rate increase in the number of total Pareto points is much slower as

it may be obtained from Figure 3.9.
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Table 3.7 Number of total combinations and total Pareto points for different mesh
configurations.

FE Mesh Num_ber_of Number of Tota!I Percentag_e of
Combinations Pareto Frontal Points Pareto Points

3x3 9 6 66.67

6x6 25 10 40.00

9x9 49 15 30.61

12x12 81 24 29.63

15x15 121 36 2975

18x18 169 37 21.89

21x21 225 53 23.56

# 250

—&— # of combinations
—e— # of pareto points

200F

15801

100f

S0f

3x3 6x6 M9 12x12 15x15 18x18 21x21
FE mesh

Figure 3.9. Total number of combinations and total Pareto points for different mesh
configurations

The results showing the modal displacements of the first three modes are
presented in Figure 3.10. Those solutions that are on the front are identified by a
circle (Figure 3.10). Figure 3.11 give two objective views. Note that these
objective values, denoted as /7', '/2’, and ‘/3’, are normalized with respect to their

maximum such that;

value of i" objective |

fi :I i=123 (3.41)

max (valuei” objective)|
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The plots show that some objectives contradict each other. If we look at
the first plot in Figure 3.11, it may be seen that, Pareto points related to first and
second objectives are those eight points on the left. If we concentrate on the point
where /2 is equal to 1, we see that f1 is about 0.9 and still high. Therefore we may
conclude best solution for /2 is one of the best solutions for 7 and contradiction is
not high. On the other hand best solution for f7 is worst solution for /2 and
contradiction is high. Similar conclusions may be stated between fI and f3 or

between 2 and /3, after carefully examining the plots given in Figure 3.11.

Figure 3.10 Plot of Pareto optimal points for the solution of 21x21 mesh. For better
visualization Pareto optimal points are shown with small planes whose normals are
pointed to the origin. Other solution points are marked with ‘+'.

In Figure 3.12, the maximum objective values for different mesh
configurations are plotted. The corresponding numerical results are tabulated in
Table 3.8. The table shows that, as the element number is increases, the value of
the objective function converges the particular values. Including the 3x3 mesh,
which has very erroneous results in terms modal displacements. However, note
that the best location of single piezoelectric patch, considering each objective
separately, is same for all mesh configurations and shown in Figure 3.13.

Optimum locations for each objective are;
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Best location to maximize first objective; r=0, s=200
Best location to maximize second objective; r=0, s=0 or s=400

Best location to maximize third objective; r=200, s=0 or s= 400

Where ‘r" and ‘s’ are design variables, shown in Figure 3.7. These three
design points are only a small subset of Pareto optimal points. In objective space,
three Pareto points, where f1=1’, ‘/2=1" and ‘f3=1" in Figure 3.10, corresponds
these design points respectively.
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Pareto Solutions =
Other Solutions  +

Figure 3.11. Side views of Figure 3.10.
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1.04 T T T T

—8— Mode 1
—e— Mode 2
—6— Mode 3

1.02f
4

Modal Displacement (Normalized wrt 6x6 mesh's solution)

6x6 9x9 12x12 15x15 18x18 21x21

number of FEs

Figure 3.12. Values of objective functions versus number of FEs . Solution for 3x3 mesh is
highly erroneous and not included in this plot.

Table 3.8. Best values of objective functions for different mesh configurations.

Number of First Obj%ctive Second ObJ'ective Third Objegctive
FEs x 10 x 10 x 10°
3x3 952.3 24.38 2.653
6x6 943.3 34.20 2.657
9x9 933.5 35.14 2.644
12x12 929.2 35.15 2.637
15x15 926.8 35.06 2.632
18x18 925.1 34.99 2.628
21x21 923.9 34.93 2.625
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o 0 a0 ®0 0 @0, em

Figure 3.13. Best placements, considering first, second and third objectives separately.
Although, results shown here are for 12x12 mesh, exactly same locations are found for all
other mesh configurations from 3x3 to 21x21 mesh. Note that for second and third
objectives, symmetric configurations of shown locations give also same maximum results.

3.4.2. Placement of Two Piezoelectric Patches

Same square plate, this time with two piezoelectric actuators is also
considered. Total number of actuator placement combinations and those that are
on the Pareto front for different mesh configurations are given in Table 3.9. In
these calculations minimum distance between the piezoelectric patches is defined
as a single finite element. For this reason, it may not be completely appropriate to
compare models having different mesh sizes. However, except from the case for
the first objective, exactly same piezoelectric patch positions are found as
optimum for all mesh configurations (Figure 3.16). For the first objective, since the
element size are too large, it is not possible to locate patches as shown in Figure

3.16. On the other hand, exactly same locations are found for the second and the
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third objectives for all mesh configurations. The maximum objective function
values for each mesh are listed in Table 3.10. The objective function values
obtained from a 12x12 mesh are plotted in Figure 3.14. The Pareto points are
also identified in this figure. The two dimensional plots are given in Figure 3.15.
On this figure the Pareto points of the three objective functions are identified by a
circle. As before the two-dimensional Pareto plots are the subset of the Pareto

points obtained from three objectives.

Table 3.9. Number of total combinations and total Pareto points for different mesh
configurations. Since same voltage differences are applied and patches are identical,
these numbers are half of the number of combinations for unsymmetrical two-patch case.

FE Mesh Num_ber_of Number of Tota.l Percentag_e of Total
Combinations Pareto Frontal Points| Pareto Points to All

3x3 16 8 50.00

6x6 132 22 16.67

9x9 516 43 8.333

12x12 1420 75 5.282

Table 3.10. Best values of objective functions for different mesh configurations.

FE Mesh First Sll:)jgctive Secongﬁ)gjective Thirdx?gj:gctive
3x3 767.2 18.25 2.594
6x6 775.5 25.81 2.592
9x9 782.9 26.73 2.581
12x12 781.1 26.79 2.576
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Figure 3.14. Plot of Pareto optimal points for solution of 12x12 mesh. For better
visualization Pareto optimal points are shown with small planes whose normals are
pointed to the origin. Other solution points are marked with ‘+'.

If we examine the plot given in Figure 3.15 (c), the Pareto point, where /3
is equal to 1, gives f2 as almost 0. This situation may easily be explained since
best configuration for the third objective and worst configuration for the second
objective (Figure 3.16.b and Figure 3.17). This result is reasonable. On the
contrary, when f1 is equal to 1 /3 is about 0.6 as seen in Figure 3.15.b. Since
objectives are modal displacements, and best placement for the first bending

mode provides an important amount of control for the second bending mode.
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Figure 3.15. Side views of Figure 3.14.
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100

Figure 3.16. Best placements, considering first, second and third objectives separately
(12x12 mesh).

Figure 3.17. Worst placement, considering second objective only (12x12 mesh).

82



3.5. APPLICATION OF THE SIMULATED ANNEALING ALGORITHM TO
COMBINATORIAL ACTUATOR PLACEMENT PROBLEMS

3.5.1. Search Direction and Step Size

‘Hide and Seek’ is a continuous simulated annealing algorithm [55]. Here,
it is employed for a combinatorial optimization problem. Thus, two issues, the
search direction and the step size, shall be addressed. Detailed information about
the original algorithm is given in Appendix.A.

Three different search methods are considered. In addition to normal and
adaptive step size random walk methods, a special method, suitable for our type

of problems, which have hyperrectangular design space, is developed.

Random Walk Method (Method 1)

Random walk algorithm for continuous problems is given in [55]. However,

since we move PZT patches without changing existing finite element mesh, the
problem considered is not continuous. Therefore, with some minor modifications

to the original algorithm, the following search method is proposed;

Step 0: Choose a starting point x; in the interior of design space and set k=0.
Step 1: Choose a search direction, g, on unit hypersphere and set ‘y=0".

Step 2: Choose a step size 4, such that ‘x;+ A4, . is in the interior of design
space. Use uniform distribution for selection of A,. Then round the value of each
element of vector ‘x;+ 4; 6, to the nearest integer.

Step 3: If current test point is previously tried, set ‘y = y +1’ and go to Step 2 to
choose another 4,. When ‘¥ = y,.., go to Step 1 to choose another search
direction.

Step 4: If probabilistic acceptance criterion is satisfied, accept the test location as
the starting point; otherwise do not change the starting point.

Step 5: set ‘k=k+1’ and go to step 1.

Since PZT placement problem, using existing FE mesh, is discrete, the
probability of selecting previously tried point as new test point is high. In order to
prevent unnecessary objective function evaluations, whenever formerly tested

point is selected as new test point, it is rejected and method tries to find a new
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candidate in the same search direction. However, after certain attempts (j..), if
no new test point can be found on that direction, a new search direction is
chosen. It is also possible to change search direction, whenever previously tested

solution is selected, by setting ... as equal to 1.

Random Walk Method with Adaptive Step Size and Controlled Cooling Technique
(Method 1)

Instead of using adaptive cooling technique of ‘Hide and Seek’, more

controlled cooling method, which does not allow sudden decrease of temperature,
may also be used. This is especially useful if we want to relate step size of the
search to the current temperature. For example, the following expression does not

allow more than 10 percent decrease in temperature for single iteration:
T, =max(THS, 0.9T, ) (3.42)

where T; is current temperature, THS is ‘Hide and Seek’ temperature which is
calculated as given in previous section and T}, is temperature of the previous
iteration. Then instead of using uniform distribution, the step size may be selected

from a temperature dependent probability density function;
A =P 0 (3.43)

where p is a random number between 0 and 1 chosen from a uniform distribution,
Onax IS Maximum search step size restricted by boundary of the design space, and
me is a temperature dependent parameter which determines the shape of

probability density function. In this study 7; is assumed as;

)
7, —et T (3.44)

In Figure 3.18, probability density functions for two extreme values of ‘7, are

given.
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Figure 3.18. Probability density functions for determining the step size, for ‘T = T,,,, and

‘T=0.

One-Dimensional Random Walk Method with Selected Design Variables (Method
11

In addition to random walk with or without uniform distribution, a special
method is also considered. Instead of changing all design variables as in previous
methods, one of the piezoelectric patches is selected randomly. Then it is allowed

to move as described below;

Step 1: Choose a search direction, 6, as —1 or 0 or +1 for each design variable
related to selected patch and set ‘y= 0.

Step 2: Choose a step size 4, such that ‘4, = p” 6, and ‘x;+ 4 6’ must be in the
interior of design space, where p is a random number with uniform distribution
between 0 and 1, n is a parameter which determines the shape of the probability
density function, and &,.. is maximum search step size either restricted by pre-
defined number or boundary of the design space. Each element of vector ‘x;+ A,

6. must be rounded to the nearest integer since our problems are discrete.

Other steps are same with the steps of Method I. Different aspects of
these search algorithms are explained using the simple one-dimensional example

given in Figure 3.19.
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Figure 3.19. 1D example for search algorithm.

From Table 3.11 to Table 3.13 probability of hitting location A, B or C as next test
location is given for different search parameters of Method Ill. It is seen that if
step size is restricted (Table 3.12) or probability of hitting closer neighborhood is
increased (Table 3.13), probability of selecting A, B or C as the next test point is
almost independent from the location of A, B and C. In other words, probability of
success to find optimum, if optimum is A or B or C, is nearly equal for these
methods. On the other hand, probability of finding optimum, with parameters used
in Table 3.11, may be very low or high dependent on the location of optimum. It
may be also noted that, since example is one dimensional, Method | would also
give same results with Method lll. Therefore, assuming that we do not know the
location of the optimum, restricting the step size or increasing the probability of
choosing closer solutions to the current initial location may be more suitable for
our problems. However, if we restrict maximum step size, there is more chance of
being trapped at the local optima, since we may miss the possibility of searching
all design space. These ideas are more clearly presented with the example

problems given in Section 3.5.3.
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Table 3.11. Probability of selecting A, B or C as next test location for Method | or Method
Il with ‘p =I" and &, is equal to distance from current location to the boundary of the
feasible space in selected direction.

Startl(lg?a(s:ﬁasr;:;?;atlon A (%) B (%) C (%)
B el [ TTT1 - 12.50 12.50
[AI=] [ T 111 50.00 7.14 7.14
25.00 - 8.33
16.67 16.67 10.00
[l el T TT] 12.50 12.50 -
10.00 10.00 10.00
8.33 8.33 8.33
[a] Te] TcT T K] 7.14 7.14 7.14
A B c 12.50 12.50 12.50
Average 17.77 10.85 9.49
Difference between averages of A and C 8.28

Table 3.12. Probability of hitting A, B or C as next test location for Method Il with ‘n7 =1
and ‘O, =3.

Starting search location o o o
(black square) A (%) B (%) C (%)

“ |B| |°| | | | | - 33.33 0
(Apel (<] [ [ ]| 50.00 16.67 16.67
(A ER [l [ ][] 25.00 - 16.67
(A] [ec] [ [ ] 16.67 16.67 16.67

2] (=] BN [ [ [ | 0 16.67 -
(Al [=] [ | || 0 16.67 16.67
o] o] Jcf WM [ | 0 0 16.67
o] o] Jcf | WM | 0 0 16.67

A B C 0 O O
Average 11.46 12.50 12.50
Difference between averages of Aand C 1.04
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Table 3.13. Probability of hitting A, B or C as next test location for Method Il with ‘77 =2’

and J,., is equal to distance from current location to the boundary of the feasible space in
selected direction.

Stanl(r;?aziasl'::;?;atlon A (%) B (%) C (%)
B [c - 11.33 8.41
50.00 19.14 5.88
14.36 - 8.71
9.21 29.36 22.67
6.69 10.13 -
5.28 6.92 22.67
4.32 5.15 8.71
3.69 4.34 5.88
A B c 6.33 7.51 8.41
Average 12.48 11.73 11.42
Difference between averages of Aand C 1.06

3.5.2. Stopping Criteria

Four different stopping criteria are simultaneously implemented in the
algorithm for all methods;

(1) Number of maximum allowed iterations is exceeded.

(2) Number of maximum allowed iterations since previous record update is
exceeded.

(3) Number of maximum allowed iterations for ‘5<0.01’ is exceeded continuously.

(4) None of the last 1000 tried locations is new.

3.5.3. Case Studies

Case Study |: Placement of Single PZT Patch

The successes of the suggested methods above are examined through
the placement of a single PZT patch actuator on a square plate to maximize first
modal displacement. Optimization parameters used in this problem are given in

Table 3.14. Only first stopping criterion is taken into consideration.
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Table 3.14. Optimization Parameters

Parameter Value
maximum allowed number of iterations 27
probability for best estimator and temperature calculation 0.01
Degree of freedom of chi-square distribution (d) 2
number of times to insist on search direction (}.x) 1or10

The optimization problem is summarized below;
¢ Maximize : the first modal displacement of plate described in Figure 3.20.
e Model: 10x10 uniform finite element mesh is used to discretize the domain
and a 2x2 mesh is used for the piezoelectric patch.
o Design Variables: element-wise x and y locations of patch, x,. and yj,.
(Figure 3.21).
e Subject to: design variables are bounded by design space; 0<x,. <8, 0<

YViee S8, Where x,,. and y,. are integer quantities.

‘ O CFFF (cantilever)
F 120
—l— i
PZT| & 8
T O CCCC

Y : )
600 d|m§n9:|onsl
are in 'mm

X

Figure 3.20. Geometry of the plate used in the example problem.
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Figure 3.21. Design variables.

Table 3.15. Material properties of the layers.

Layer Property Value
Modulus of Elasticity 200,000 Mpa
Poisson’s Ratio 0.3

Base Plate , 5 3
Density 7.8 10” ton/mm
Thickness 5 mm
Modulus of Elasticity 63,000 Mpa
Poisson’s Ratio 0.3

PZT Density 7.64 10”° ton/mm®
Thickness 1 mm
Trangv.erse piezoelectric 0.01134 N/Vmm
coefficient (e3;)
Modulus of Elasticity 4000 Mpa

Adhesive Shear Modulus 1400 Mpa
Thickness 0.1 mm

CFFF (cantilever) Case

In this section, a plate with a single edge clamped with remaining edges

free is considered. First modal displacement is the objective function. If we search
all the possible patch locations, the resulting normalized objective function is
plotted in Figure 3.22. Figure 3.23 shows the best and the worst actuator

locations to maximize modal displacement of the first mode.
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Figure 3.22. Plot of objective function versus design variables. Values of the objective
function are normalized with respect to maximum. The first mode shape is also shown.
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Figure 3.23. Best and worst (two symmetric) patch locations.

In order to compare search methods described in the previous section, 30
computer runs with random initial patch position are conducted for each method.
The number ‘30’ is generally assumed to be minimum sample size in order to
build up a meaningful statistical hypothesis [56]. Maximum allowable iteration
number was set to 27, which is one-third of the number of all possible patch
locations, in this case, only one-third of these runs would be successful if the
search method is entirely random. However, as seen in Table 3.17, different
methods have very different level of successes to find best location of the
piezoelectric patch to maximize modal displacement of the first mode. It is seen
that in a one-dimensional search, Method Ill, is much more effective than
Methods | and IlI. It is also observed that insisting on the search direction, by

setting ... to 10, generally improves the effectiveness of the optimization method.
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Table 3.16. Comparison of different search methods for CFFF case. Both best and worst
locations may be found during a single run.

Total Number of Runs 30
number of number of number of
runs which runs which average
found best found worst iterations to
location location find maximum*
Expected for Entirely Random 10.00 16.75 14.00
Search
Method | Ymax =1 17 6 16.35
Ymax = 10 14 8 15.86
Method II Yax= | 8 6 9.25
Ymax = 10 17 5 14.88
Method [ll, m=1 and | y,.=1 23 16 13.43
dmax> Size of the design _
space in any direction | Ymax~ 10 27 14 12.52
Method [ll, m=1 and | y,.=1 26 10 14.04
6max=3 Ymax = 10 25 6 13.84
Method Ill, =2 and | v, =1 22 9 14.45
Smax> size of the design _
space in any direction Ymax = 10 26 8 10.92

*Average is taken over the runs where the best location was found

CCCC (4-side-clamped) Case
Similar study is conducted for all sides clamped case. In this case,

‘“7ma=10" is used. Plot of normalized objective function versus design variables is
shown in Figure 3.24. Best and worst patch locations are illustrated in Figure
3.25. Comparison of the methods is given in Table 3.17. As similar to the 1D
study in Section 3.5.1, Method Ill, without a restriction on maximum step size and
with uniform distribution for selection of the step size, is not successful since
maximum location is at the center of the design space. When examining the
effectiveness of the methods from the table, not only the average number of
iterations, but also the number of runs which found the worst location should be
taken into account. Since it is aimed to find maximum, an effective method should
find the minimum less than expected for entirely random search. Method |,
Method Il and Method Il with restricted step size have almost same moderate
level of success to find optimum. However, Method Il with enhanced probability
on selection of closer solutions is much more effective for this case. Note that in
this problem, since there is not any local optimum, the possibility of being trapped

at a local optima is eliminated for this problem.
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Figure 3.24. Plot of objective function versus design variables and mode shape. Values of
the objective function are normalized with respect to maximum.
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Figure 3.25. Best and worst (four different symmetric) configurations.

Table 3.17. Comparison of different search methods for CCCC case, ;... = 10. Both best
and worst locations may be found during a single run.

Total Number of Runs 30
# of runs # of runs # of average
which found which found | iterations to find
best location | worst location maximum®*
gxpected for Entirely Random 10.00 24 30 14.00
earch
Method | 14 28 17.86
Method I 15 28 12.20
Method Ill, 7 =1 and &pay > Size
of the design space in any 4 21 20.50
direction
Method Ill, 7 =1 and §yax =3 15 22 14.07
Method lll, 7 =2 and &pax > size
of the design space in any 21 16 14.95
direction

*Average is taken over the runs where the best location was found
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Case Study 2: Placement of Double Piezoelectric Patches on a Cantilevered

Plate

Positive and negative potential differences are applied two different
patches as shown in Figure 3.26 on cantilevered square base plate. Chosen FE
mesh consists of 9x9 elements. Material properties and geometry are same with
the previous single-patch case. However, size of the patches is bigger (200mm x
200mm). Plate is clamped from ‘x=0" edge. Maximization of second modal
displacement is chosen as objective. Second mode shape is given in Figure 3.27.
Optimization parameters are listed in Table 3.18. Comparison of the methods is
given in Table 3.19. For Method lll, step size is not restricted and probability of
choosing closer solutions is increased (7 = 2). It may be also noted that only one

PZT patch moves for each iteration step when Method 11l is used.

current

Xjoc =4 and 0
Yjgc =3and b

Figure 3.26. Double-patch case and design variables

Second Mode
28.82 Hz

Figure 3.27. Second mode Shape of cantilevered square plate without PZT patches; first
torsional mode.
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Examining all 1032 combinations, worst and best patch locations found
are drawn in Figure 3.28. It may be noted that, best location is on the corner of
the design space, which is a 4-dimensional hyper-rectangle. When 30 different
runs are conducted with entirely random 129 tries out of 1032 possible
configurations to find any one of two symmetric best locations, 7.04 of these runs
are expected to be successful. The initial location is selected to be the worst
configuration. The maximum number of iterations is taken to be 129. Other
optimization parameters used are listed in Table 3.18. Results, given in Table
3.19, show that, Method lll is very successful especially comparing the results
found for single patch case. However, normal random walk, Method I, and
random walk with adaptive step size, Method Il, are found to be the least

successful approaches finding optimum.

Table 3.18. Optimization Parameters.

Parameter Value

Maximum allowed number of iterations 129 (1/8 of all combinations)
Probability for best estimator and temperature 0.01
calculation '
Degree of freedom of chi-square distribution () 2o0r4

So - -

Maximum allowed step size (J,..x), Method Ill only Size of thedcii;s(:lfci]gnspace n any
Probability distribution parameter for step size (7), 2
Method Il only
number of times to insist on search direction (}.x) 10
Starting Locations Worst possible configuration

It is also seen that, with Method llI, taking degree of freedom of chi-square
distribution (d) as 4, all 30 runs are successful. However, in that case, probability
of acceptance of any configuration other than current best configuration is almost
zero. This situation may cause finding a local optimum instead of global optimum

for other problems, which may have many local optima.
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Figure 3.28. Best and worst configurations to maximize second modal displacement.

Table 3.19. Summary of the results for double-patch case. Effect of changing degree of
freedom of chi-square distribution (d) is also studied.

Total Number of Runs 30
# of runs which find # of average iterations
best location to find maximum*

Expected for Entirely Random 7 04 )

Search (129 tries) )

Method I, d=2 11 66.36
Method |, d=4 9 33.78
Method II, d=2 11 50.73
Method II, d=4 9 40.00
Method Ill, d=2 28 47.61
Method Ill, d=4 30 51.73

*Average is taken over the runs where the best location was found

Case Study 3: Placement of Single Patch When Local Optimum Exists

In this section, Maximization of the seventh modal displacement of the
plate having same geometry and material properties, used in Case Study |, is
discussed. This mode is intentionally chosen to understand the effect of local
optimum on the efficiency of the optimization method. Side length of the square
PZT patch is 120 mm. Boundary conditions employed are illustrated and the
seventh mode shape is plotted in Figure 3.29. A much denser mesh (15x15) is

used to capture the mode shape more accurately. Calculating objective function
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for all possible configurations, a surface, representing normalized objective
function versus design variables is plotted in Figure 3.30. Besides the maximum
iteration number criterion, other stopping criteria are also considered.

Optimization parameters are given in Table 3.20.

Free

Clamped Pinned

Free

Figure 3.29. Boundary conditions and 7" mode shape of the example plate without any
patch.

In Table 3.21, summary of the results obtained using Method Il and
Method Ill with three different sets of search method parameters is given. 30
separate runs were conducted in each case. In the first row of the table, number
of successful runs out of these 30 runs was given. Average number of total
iterations for all runs was given in the second row. In the third row, expected
number of successful runs for average number of iterations was given if entirely
random search would have used. In the fourth and fifth rows, average numbers of
iterations of successful runs are given for total iterations and iterations when
optimum was found. Finally, number of runs, which found local optimum but did

not find global optimum, is also given.
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x-element #

Figure 3.30. Normalized objective function versus design variables. Value of the objective
at the local optimum is 96.62 percent of the value of the objective at global optimum,
which is near the right side of the figure.

Table 3.20. Optimization Parameters.

Parameter Value
Number of maximum allowed iterations (S1) 100
z\lsuzr?ber of maximum allowed iterations since previous record update 40
Number of maximum allowed iterations for < 0.01 continuously (S3) 10
Probability for best estimator and temperature calculation 0.01
Degree of freedom of chi-square distribution (d) 2
Number of times to insist on search direction (7,..) 10
Starting Location random

It may be observed from Table 3.21 that, when we use Method Il or
Method Il with restriction on step size, and enhanced probability of selecting new
test point from the closer neighborhood better results are obtained. It may also be
seen that, average number of iterations required to find global optimum for
restricted step size cases are relatively good. On the other hand, number of runs,
to find the local optimum, is higher for Method II. In other words, 11 out of 30 runs
were trapped at the local optimum for Method Il. When number of local optima is
higher, this problem may be much worse. Another interesting result may be seen
in Table 3.22. When step size is restricted, Method Il may not find any other
feasible solution around the current accepted solution. 13 out of 30 runs were

stopped because of this criterion, when maximum step size was 3. When step
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size is restricted with a small value, search is possible only in the relatively small
neighborhood of the currently accepted solution. If none of the possible locations
in this neighborhood is accepted as new solution, algorithm stops due to this
criterion. If maximum step size is not restricted, the method can find a distant
solution when all closer solutions are already tried. Therefore none of the runs
was stopped because of this criterion as seen in Table 3.22, except from runs
whose search step size are restricted. It is also seen that, third stopping criterion,
in Table 3.22, generally broke the iterations before the optimum was found. To
increase the related optimization parameter, S3 in Table 3.20, may increase the

effectiveness of the methods.

Table 3.21. Summary of the results, 30 runs are conducted for each column.

Method llI
Method
" Omax n Omax n Omax n
Max. Max.
Available | 7| 3 | 1| Available | 2
Number of successful runs 13 11 12 13
Average  number  of | g, 7q 45.63 45.03 51.67
iterations
Expected number  of
successful runs for
average number of 10.78 8.10 7.99 9.17
iterations when entirely
random search is used
Average number of
iterations for successful 63.23 65.36 50.50 57.15
runs
Average number of
iterations to find the 30.77 39.09 28.08 22.38
optimum
Number_of runs to find the 11 4 10 8
local optimum only
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Table 3.22. Number of how many times each stopping criterion met for 30 different runs of
each three different set of search method parameters. Numbers in the parentheses are for
only successful runs.

Method Il
Stopping Criterion Me’lclhod Smax n| Omax | 7 Smax n
Max. Max.
Available | T | 3 1| Available | 2

Number of times each stopping criterion met

Number of maximum allowed

iterations (1) 2(2) 0(0) 0 (0)

Number of maximum allowed
iterations since previous 16 (7) 6 (3) 8 (1) 17 (8)
record update

Number of maximum allowed
iterations for £<0.01 13 (5) 22 (6) 9 (2) 13 (5)
continuously

New possible location can not
be find

0 (0) 0 (0) 13 (9) 0 (0)

Discussion on Results

The above case studies on piezoelectric actuator placement, show that,
Method |, normal random walk method is generally the worst method when we
compare number of the successful runs. For most of the previously considered
problems, it provides a minor improvement compared to an entirely random
search approach.

In order to have an increase in the efficiency of the method, an adaptive
search step size may be used. By establishing a relationship between the
temperature, the control parameter of optimization method, and search step size,
a better approach to our problems is obtained. A coarse global search at the
beginning, when temperature is high, and a fine-tuning search around the global
optimum, when temperature is low, increases the efficiency of the optimization
method. Press et al.[57] also suggests such an adaptive approach for continuous
problems.

Both Method Il and Method Il are quite successful for the selected case
studies with a single piezoelectric patch. It is not a straightforward process to
select most suitable method for a specific problem. However, examining the
results of the first example, single-patch case, and the second example, double-
patch case, it may be stated that Method Ill is more successful in the second case

study. Instead of moving all patches together, moving only one PZT in each
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iteration step causes a decrease in randomness of the method and therefore
increases the efficiency. Thus Method Il is more suitable for multi-patch
placement problems. Alternatively, Method Il may be modified to prevent

changing all design variables at the same time.

3.6. CASE STUDIES ON MAXIMIZATION OF CONTROL EFFECTIVENESS
AND MINIMIZATION OF SPILLOVER

3.6.1. Introduction

In this section, beam and plate examples, having different boundary
conditions and objective functions, are considered. For all case studies, the modal
state vector is selected as given in Equation (3.13).

To conduct multi-objective optimizations, MC-MOSA optimization method
[58] developed for continuous multi objective optimization problems, is selected.
This method is based on ‘Hide and Seek’ simulated annealing method. However,
unlike single objective case, a population of fitness functions is employed instead
of a single cost function. A solution, which improves any of these fitness functions,
is accepted. If no improvement is observed, the solution may also be accepted
with the probability used in ‘Hide and Seek’ simulated annealing method. The
method is demonstrated to be very effective way in obtaining solutions very close
to the actual Pareto fronts [58]. When weighted sum of the objective functions is
used to construct a single objective function, any optimization method tries to find
a specific solution on the Pareto front. However, if MC-MOSA is used, multi-
objective nature of the problem is not lost, and obtained solutions spread the
whole Pareto front.

In Appendix B, details of the MC-MOSA Method are given. Since studied
problems are discrete, original method is slightly modified. Furthermore, upper
and lower bound estimations for objective functions are no more necessary, since
non-dimensional objective values are used. The maximum or minimum value of
the objective functions, up to previous iteration, is used to non-dimensionalize all

past values of the objective functions.

3.6.2. Simply Supported Narrow Plate with Single Piezoelectric Patch

In this case study, maximization of performance index given in Equation

(3.38) [52] is aimed. To simulate a simply supported beam type one-dimensional
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structure, a two-side simply supported two-side free narrow plate is chosen.
Substrate is a steel plate, whose dimensions are shown in Figure 3.31. Then, ‘x¢’,
the distance between the left side and the middle of the patch, is the only design
variable. Material properties and thickness are given in Table 3.23. First five
modes are taken into account for the reduced model and in the performance
index (n=5). Modal damping ratios are assumed as ‘0.02’ in all these modes.
120x1 plate elements of equal dimensions are used to discretize the domain.
Without changing this mesh configuration, cost of all possible patch locations are

obtained to find the location that maximizes the performance index.

dimensions are in mm
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Figure 3.31. Geometry of the narrow plate.

Table 3.23. Properties of the narrow plate

Property Substrate | Adhesive PZT

E (Mpa) 200000 4000 63000

v 0.300 0.429 0.300

h (mm) 3.00 0.100 1.00

p (ton/mm?) 7.80 107 - 7.6410°

First five mode shapes and corresponding modal frequencies are
presented in Table 3.24. As seen in the table, effect of the patch on the modal

frequencies is quite small. Thus patch does not change the ordering of the modal
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frequencies, consequently the modes. Since damping ration of the modes are
small and modal frequencies are well spaced, the value of a diagonal element of
the controllability grammian is very close to the corresponding controllability
grammian eigenvalue associated with the related mode. Therefore, as explained
in the above sections [52], instead of the eigenvalues, the diagonal elements may

also be used in constructing the performance index, given in Equation (3.38).

Table 3.24. First five mode shapes and undamped natural frequencies of the narrow plate.

Frequency (Hz), | Frequency (Hz), PZT
Mode Shape No piezoelectric |is on top of the
patch middle region
4.7843 4.7838
19.145 19.146
43.106 43.108
76.704 76.713
119.99 120.01

Normalized performance indices for all possible patch locations are plotted
in Figure 3.32. As seen in the graph, two symmetric best placements exist at “x/L
=0.125" and x/L=0.875’. It is seen that, PI tends to decrease, when middle of the
patch approaches the strain node of any mode among the first five modes.
However, it is not exactly zero, since patch has a finite length and its location

must be restricted with pre-defined mesh configuration. It is also seen that worst
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location is the middle of the beam, which is also a strain node of the second and

fourth modes.
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Figure 3.32. Normalized performance index versus patch location. x/L =0.125 and
x/L=0.875 are best locations.

3.6.3. Simply Supported Narrow Plate with Double Piezoelectric Patch

In the second example, the goal is to maximize the control on the first ‘n./’
modes using two patches, as shown in Figure 3.33. It is also desired to reduce
the spillover effects on residual modes. Different performance indices are
compared. Number of controlled modes and residual modes are also changed to
identify their effects on optimum results. Therefore four different optimization
problems are defined. The sum of all eigenvalues weight the highest eigenvalue
value, the sixth root of the product of six eigenvalues favors the smallest
eigenvalue. In this way a more balanced optimization is expected to be possible.
The second objective is related to the two spillover modes. If the same kind of an
objective were constructed then the reduction of the spillover of a single mode
would be sufficient. In this case, it is also possible to try to minimize the sum of
the eigenvalues of the controllability grammian related to control spillover modes.
The optimization problems, considered, are listed in Table 3.25. It should be
noted that diagonal elements of the controllability grammian are used instead of
eigenvalues. To show their closeness, both eigenvalues and diagonal elements of

an example case are given in Table 3.26.
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| | dimensions are in mm
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d=40

I L=1200 I
Figure 3.33. Geometry of the narrow plate. x;" and ‘x,’, distances from the left side to the

center of the patches, are design variables.

Table 3.25. Objective functions for selected problems. For all problems; maximize {f;} and
minimize {f3}.

Controlled | Residual
Problem modes modes Ji Iz
6 6 10 10
P1 1 ’2’3 4’5 z chk 2 H WCkA ( WCk/( ] HWCkA
k=1 k=1 k=7 -7
6 6 10
P2 1,2,3 4,5 SWe | ]We, | 2 W,
k=1 k=1 k=7
4 4 10 10
P3 1 ’2 3’4’5 ZWCkk A HWCkA (ZWQ/ ] HWCkA
k=1 k=1 k=5 =5
4 4 10
P4 1,2 3,45 DS We |4 W, e
k=1 k=1 k=5

Material properties are same with the previous example. 60x1 plate
elements are used to discretize the domain. Without changing this mesh
configuration, total number of the possible configurations is 3192. As a placement

constraint, at least one finite element (20 mm) is situated between the patches.
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Table 3.26. Diagonal elements and eigenvalues of the controllability grammian of the
worst configuration for the second objective of Problem P1.

Mode | State | Diagonal Element (10®) Eigenvalue (10®)
1 1 2.3792 2.3769
2 2.3792 2.3792
2 3 34.261 34.192
4 34.261 34.257
3 5 144.83 144 .23
6 144 .83 144.75
4 7 335.21 335.22
8 335.21 335.28
5 9 525.98 526.06
10 525.98 526.59

Table 3.27. Values of the objective functions for best and worst configurations. Symmetric
configurations of the best and worst solutions are not shown.

Problem | x, X2 f; (10%) f,(10°)
P1 220 280 22.89 40.93
Best configuration | P2 220 280 22.89 406000
for the first
objective P3 300 360 5.652 144.9
P4 300 360 5.652 1192000
P1 300 900 14.58 0.0009349
Best configuration | P2 20 1180 0.01069 128700
for the second
objective P3 300 900 4.694 0.04738
P4 20 1180 0.0006646 140300
P1 20 1280 0.01069 3.744
Worst P2 20 1180 0.01069 128700
configuration for
the first objective P3 20 1180 0.0006646 2.381
P4 20 1180 0.0006646 140300
P1 140 1060 8.264 723.2
Worst P2 120 | 1080 |5.192 1731000
configuration for
the second P3 140 1060 0.6616 592.5
objective P4 140 | 1060 | 0.6616 2012000

For all problems, best and worst configurations related to selected

objectives are given in Table 3.27. Values of the objective functions for these
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configurations are also given in Table 3.27. Table 3.28 graphically shows the
locations of the patches for best and worst configurations. As seen in the tables,
best configuration for the second objective, which minimizes the spillover, for P1
and P3, is also very good solution for the first objective. However for P2 and P4,
this situation completely changes. The positions found for minimum spillover is
also worst solution for the first objective. This example shows the importance of
the definition of the performance index, especially for the objective related to the
spillover. When the definitions change, the solutions found for the minimum
spillover objective alter significantly as seen in Table 3.27 and Table 3.28.

In Figure 3.34 to Figure 3.37, all the solutions are plotted for the above bi-
objective problems. Although number of possible configurations is same for all
problems, different number of Pareto solutions is obtained as shown in Table
3.29. However fewer Pareto points can be counted from the plots since some
points are very close to each other. Values of the objective functions are

normalized with respect to their absolute maxima.
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Table 3.28. Best and worst configurations for selected objectives. There are also
symmetric configurations of these solutions. Shaded areas are actuator locations.

Problem Configuration

Best P1, P2 ||||||||||I]||\||||||||||||\||||H|||||||||||H||||||||||

es i} i 200 400 B00 goo 1000 1200
configuration for

the first objective | p3 p4 ||||||||||||||I]|||||||||||\||||H|||||||||||H||||||||||

200 400 B00 goo 1000 1200

P1 |||||||||||||II||||||\|||||HIIIIIHIIIHIIH||||||\|||||

200 400 600 800 1000 1200

Best P2 I||||||||||IIH||||||\|||||HIIIIIHIIIIHIIIH||||||\||I

configuration for 200 400 GO0 800 1000 1200
the second

objective P3 |||||||||||||II||||||\|||||HIIIIIHIIIHIIH||||||\|||||

200 400 B00 800 1000 1200

P4 I||||||||||||H||||||HIIIIHIIIIIH||||H|||H||||||H|I

200 400 600 300 1000 1200

Worst P1, P2 I||||||||||IIH||||||\|||||HIIIIIHIIIIHIIIH||||||\||I

. . 200 400 600 800 1000 1200
configuration for

the first objective | p3 pyg I||||||||||IIH||||||\|||||HIIIIIHIIIIHIIIH||||||\||I

200 400 G600 300 1000 1200

P1 |||||\I||H||||\|||||H||||H||||||||||||||||||||||IHIII

200 400 600 goo 1000 1200

Worst P2 |||||I|||||IIH||||||H||||H|||||\IIII|\|I|I|\|I|II|I|I|

configuration for 200 400 500 £00 1000 1200
the second

objective P3 ||||||I||||IIH||||||\|||||HIIIIIHIIIIHIIIH|||I\|||||

200 400 B00 800 1000 1200

P4 |||||\I||H||||HIIIIH||||H||||||||||||||||||||||IHIII

200 400 B00 a00 1000 1200
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Figure 3.34. Control effectiveness versus spillover, Problem P1. Maximization of the first
objective and minimization of the second objective are aimed.

Table 3.29. Number of Pareto points.

Problem | Number of Pareto points
P1 6
P2 16
P3 16
P4 42
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Figure 3.35. Control effectiveness versus spillover, Problem P2. Maximization of the first
objective and minimization of the second objective are aimed.

& Pareto Points

o
+
+
.H_
_H—
-
ol
+
+
+
+
o
+

0.

4
f2 F T g w Y T
max (f,) ++ 4
0.

-

++I_jl;+

G

i o
i
o
b

+
P il 2 S
02% 4, #+ 4F%, S b B K.
Wisg WS *a%ﬁfﬂ%; e
. o e 5 i U i

max [f1}

Figure 3.36. Control effectiveness versus spillover, Problem P3. Maximization of the first
objective and minimization of the second objective are aimed.
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Figure 3.37. Control effectiveness versus spillover, Problem P4. Maximization of the first
objective and minimization of the second objective are aimed.

3.6.4. Cantilevered Plate with a Double Piezoelectric Patch

A cantilever plate, having two piezoelectric patches bonded on the
surface, is investigated. 12x6 plate elements are used to model the structure.
Geometry and discrete design variables are shown in Figure 3.38. Without
changing pre-defined finite element mesh, 2094 different configurations are
possible, including symmetric configurations. Although material properties are
same with the previous beam examples, modal damping ratios are selected
higher and given in Table 3.30. Contrary to the narrow plate example considered
above, the modal frequencies are affected when piezoelectric patches are added
to the model (Table 3.31). However, since frequencies are well spread, the order
of the modes does not change for different configurations. This makes it easy to

select the modes for later selection of the controllability grammian eigenvalues.
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These five modes are also used in the reduced model. It is desired to effectively

control of the first four modes while minimizing the spillover on the fifth mode.

Therefore objective functions are;

k=1

maximize {(28: chkj 2 f[chk

k=1

10 10
minimize {Z We, j H /4
k=9 k=9

L[S
E
hom—

d=200

-
3 |
(—)l
d=200

|
600 —:-|

y
—
Z
— w

le—s| le—s
d=200 d=200
| L=1200 '

| dimensions are in mm

Figure 3.38. Geometry of the cantilever plate. ‘x¢’, ‘X2, ‘y1’ and ‘y,’, measured from the
centers of the patches, are discrete design variables, which confine pre-defined finite

element mesh.

Table 3.30. Modal damping ratios.

Mode | Modal damping ratio
1 0.10
2 0.06
3 0.04
4 0.02
5 0.02
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Table 3.31 First five mode shapes and undamped natural frequencies of cantilevered
plate. Coordinates axes shown for first mode is also used to plot other modes.

Frequency (Hz), | Frequency (Hz), 2
Mode Shape No piezoelectric | PZTs whose location
patch maximizes control
1.748 1.883
7.523 7.923
mode 2: first torsion
10.89 11.42
mode 3: second bending
24.49 25.64
30.57 31.55
mode 5: third bending

Best and worst locations for selected objectives are shown in Figure 3.39.
As seen in the figure, worst configuration for the first objective does not have any
control on the torsional modes. On the other hand, configuration, which
maximizes the first objective, is particularly effective in controlling the first bending
and torsional modes. Since only one mode, third bending, is selected as the
residual mode, the configurations, which maximize and minimize the second
objective, are clearer. When middle of the piezoelectric patches are on the strain

node line, there is very small amount of spillover on that mode. Theoretically this
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value would be zero. However, in addition to numerical inaccuracies, finite length
of the patch creates some spillover. For best placement case of the second
objective, i.e. effectively controlling the third bending patches are on the wave
crests as expected. As seen in Table 3.32, and Pareto Plot (Figure 3.40), best
configurations for both objectives are not good solutions for other objective.
Especially for the configuration, which maximizes the control, the spillover is very
high. On the other hand, value of the first objective for minimum spillover
configuration is about 9 times less than the maximum. Therefore, a practical
solution of the problem is probably another Pareto point, excluding the

configurations given in Figure 3.39.

configuration which minimizes control { f} )

configuration which maximizes control ( f; )

600

400

200

200 1000

400 600 goo 1200

BO0

400

200

0 200 400 GO0 800 1000 1200

configuration which maximizes spillover (f: )

configuration which minimizes spillover (.5 )

B00

400

200

400

200

[
.. Patch Position

B00 300 1000 1200

600

400

200

0 200 400

|

X

GO0 600 1000 1200

Figure 3.39. Best and worst configurations for selected objectives.
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Table 3.32. Values of the discrete design variables and objective functions for best and
worst configurations. Symmetric configurations of the best and worst solutions are not

considered.
X1 X2 Y1 Y2 fi(1 0-6) £ 0-6)
Best configuration for | 444 | 100 | 100 | 500 |9.421 64.16
the first objective
Best configuration for | o4 | 600 | 100 |500 | 1.067 0.00009460
the second objective
Worst configuration for | 5 | 41400 | 300 | 300 |0.0000 |21.16
the first objective
Worst configuration for | ,, | g09 | 300 | 200 |0.08819 | 128.1
the second objective
# Pareto Points
+
f, =
max (f, ) *
+
+

max (f,)

Figure 3.40. Pareto and other solutions in the objective space. There are totally 10 Pareto
solutions, although, less points can be counted from the plot since some solutions are
very close to each other. Values of the objective functions are normalized with respect to
their absolute maxima. Maximization of the first objective and minimization of the second

objective are aimed.
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3.6.5. Two-Side-Clamped, Two-Side-Free Plate

In this example, a rectangular plate with two piezoelectric patches, shown
in Figure 3.41, is studied. Properties of the substrate, adhesive layer and
piezoelectric patch are given in Table 3.23. Modal damping ratios are also
selected same with the previous example (Table 3.30). This geometry and the
boundary conditions are especially chosen to eliminate the symmetric solutions.
Different sizes of the patches also enhance this unsymmetrical situation. In other
words, each possible placement of the patches is unique since there is no
symmetry line in terms of the locations. Since, Pareto solutions found on the
actual front are used to measure how successful the method is, it is not desired to
have symmetrical solutions. Although existing numerical errors are very small,
they affect the number of Pareto solutions. For instance, let Point A be a Pareto
solution, which is shown in Figure 3.42, and let B a geometrically symmetric
solution of A. Ideally, these solutions coincide, however, due to numerical errors,
Solution B may be in any of the four quadrants with the equal probability. For two
of these four possibilities, one of the solutions dominates the other solution and
there exists only one Pareto solution. On the other hand, for the other
possibilities, there exist two Pareto solutions. Therefore, there is an obvious
uncertainty for the number of the Pareto solutions due to geometrical symmetry.

An 10x8 regular FE mesh is used for all configurations: Then, our design

variables, shown in Figure 3.43, are discrete while they can be also expressed as;

x, =100(p-1) pe{12,.8}
x, =100(r-1) re{12,.9}
y,=100(s-1) se{l,2,..6}
y, =100(t-1) te{1.2,..,7}

Furthermore, at least a single finite element exists between the patches, which
may also be assumed as a constraint. Therefore, total number of all possible

patch locations is only 1764.
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Figure 3.41. Geometry of the substrate and the patches.

quadrant 2 quadrant 1
A
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Figure 3.42. Symmetric solutions in objective space may affect the total number of Pareto
solutions due to numerical inaccuracies.

117



Y4

X2

Figure 3.43. Design variables.

In Table 3.33, mode shapes and the frequencies of the base plate without
any patch and two other configurations, shown in Figure 3.44, are compared.
These two configurations are especially selected, since for Configuration-A, effect
of the patches on the stiffness is very important whereas for configuration B,
masses of the patches play an important role on the dynamic response of the
structure. As seen in the table, frequency wise ordering modes do not change. In
addition, corresponding shifts on the frequencies are quite small. Although
frequencies of the sixth and seventh modes are close to each other, a change in
the order of the modes does not affect the values of objective functions since both
of them are selected as residual modes. The objective function related to spillover
is defined as the sum of the diagonal elements of the controllability grammian.
Since the weights defined in Equation (3.40), are selected to be unity, any change
in the order of the residual modes does not affect the value of the related

objective function.
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Table 3.33. Mode shapes and the frequencies of the base plate and two other
configurations shown in Figure 3.44.

Frequency (Hz)
Mode Mode Shape without any Config.-A Config.-B
patch
1 6.475 6.608 5.977
2 19.82 20.06 19.42
3 27.55 28.19 27.26
4 44.29 45.39 45.29
5 48.40 49.46 48.87
6 71.91 73.17 73.51
7 74.13 76.71 76.72

119



Configuration-A

Configuration-B

Figure 3.44. The configurations used in Table 3.33.

-

In Table 3.34, two different sets of objective functions used are given. The

difference between the two problems P1 and P2 is the number of the residual

modes. Therefore, the first goal is to investigate the effect of the spillover on the

Pareto solutions for different number of the residual modes. Another goal of this

study is to employ the multi-objective optimization algorithm MC-MOSA, while

comparing different search techniques. These are pure randomwalk and one-

dimensional randomwalk. For one-dimensional randomwalk technique, only one

patch at a time may change its position. It is seen that, this search technique is

more successful as before. Optimization parameters and initial values of the

problems are given in Table 3.35. Also given are the parameters used in two

different search techniques, which are abbreviated as ST1 and ST2.

Table 3.34 Objective functions (for both problems maximize {f;} and minimize {f3}).

Controlled | Residual

Problem modes modes fi Ui
6 6 10

P1 1’213 4!5 (Z chkj ¢ ]i[I/VC,L,C chkk
k=1 k=1 k=1
6 6 14

P2 1,2,3 4,5,6,7 (Z chk] [T [we, D W
k=1 k=l k=7
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Table 3.35 Optimization parameters and other definitions used in the problems.

Number of all combinations 1764

Number of allowed iterations 441
100,400,800,0

Initial location (x4, y1, X2, ¥2) Worst configuration for the first
objective

Minimum number of the elements
between the patches
p (probability used when estimating the

1

best) 0.99
d (chi-square dof) 2
Search Technique 1 (ST1) Pure randomwalk

1-Dimensional randomwalk, no
restriction on the step size, uniform
distribution is used for step length,
Hide and Seek type cooling

Search Technique 2 (ST2)

In Figure 3.45, solutions found for all combinations and solutions of the
MC-MOSA (ST1) are given for Problem P1. Actually, three different runs are
conducted using MC-MOSA algorithm. The solutions, presented in Figure 3.45,
are the results of the second run. In Figure 3.46, the frontal solutions are given
only. Summary of the results of these three runs is given in Table 3.36. Although
among the three runs, the first run is the least successful, as seen in the plot,
obtained front is very close to real front. Since number of the iterations is one-
fourth of the all possible configurations, expected number of solutions to be found
on the actual front for an entirely random search would have been 5.5. Therefore,
average number of solutions obtained on the real front is 2.4 times better

according to entirely random search approach.

Table 3.36. Number of total Pareto points found for each run (ST1). First run is compared
with the results of full combination in Figure 3.45.

# of total Pareto | # of Pareto points
Run # -

points on the actual front
Full Combination 21 21
1 14 9
2 12 11
3 19 19
Average of 3 runs 15.00 13.00
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Actual Pareto frontal points, also obtained by MC-MOSA

Actual Pareto frontal points, not obtained by MC-MOSA

Other Pareto frontal solutions, obtained by MC-MOSA (not on the actual front)
Solutions, also obtained by MC-MOSA

* B @ |

Sl

08 0g
w1o?

7

Figure 3.45. Pareto frontal solutions and other solution in objective space. Frontal
solutions, obtained by MC-MOSA Method with ST1 (Table 3.35), are compared with the
actual front (P1, Run 1). Maximization of the first objective and minimization of the second
objective are aimed.
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0 Solutions on the actual front, also obtained by MC-MOSA
2 Solutions on the actual front, not obtained by MC-MOSA
O Pareto solutions obtained by MC-MQOSA, not on the actual front

0.06

0.oaf

0.04F

o

003} 0]

0.02 ¢

0.atf o}

e

Figure 3.46. Comparison of the Pareto frontal solutions (P1, ST1, Run 1). Maximization of
the first objective and minimization of the second objective are aimed.

On the other hand, when ST2 (Table 3.35) is used, the success of the
method to find the actual frontal points is improved as seen in Table 3.37. In this
case average number of solutions obtained on the real front is 2.7 times better

compared with an entirely random search approach.

Table 3.37. Number of total Pareto points found for each run (ST2).

# of total Pareto | # of Pareto points
Run # .

points on the actual front
Full Combination 21 21
1 17 15
2 17 17
3 13 12
Average of 3 runs 15.67 14.67
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In the second part of this example, effects of adding more residual modes
on Pareto solutions are investigated. In other words, frontal solutions of Problems
P1 and P2 are compared. For comparison purposes, solutions are normalized
with respect to their maximums and plotted in Figure 3.47. Fronts obtained for
dimensional results are also given in Figure 3.48. Since all combinations are
considered for both problems, Pareto solutions presented in these figures are on
the actual fronts. As seen in the graphs, not only the front obtained from
dimensional solutions, but also the front obtained for non-dimensional results is
affected when number of the residual modes is increased. Since, the sum of the
diagonal elements of the controllability Grammian is directly used to measure the
spillover, the effect of the modes having higher frequencies are generally higher.
In other words, since all weights are assumed as ‘1’ in Equation (3.40),
importance of the higher frequency modes is automatically increased. Therefore,
added residual modes for Problem P2, sixth and seventh modes have the most
significance on the results and Pareto fronts. As seen in Figure 3.47 and Figure
3.48, their contributions on the frontal solutions are not negligible. It may be also
noted that, number of the Pareto points are also changed. For Problem P1,
number of Pareto solutions on the actual front is 21, whereas it reduces to 17 for
Problem P2.
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Figure 3.47. Comparison of the non-dimensional Pareto frontal solutions (P1 and P2).
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Figure 3.48. Comparison of the Pareto frontal solutions (P1 and P2).
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3.7. MAXIMIZATION OF THE ACTUATION EFFECT OF PIEZOELECTRIC
LAYER BY A PROPER BONDING GEOMETRY

3.7.1. Introduction

Instead of bonding the entire contact surface of the actuator, introducing a
proper bonding geometry may be quite advantageous in some cases. Especially
when;

o Stiffness of the actuator(s) is comparable with substrate;

¢ Many actuators mean a multi input — multi output system, with complicated
control algorithms;

e Actuator already covers whole substrate and location is not a design
variable;

e Re-distribution of actuation forces due to unbonding increases the control
effectiveness. Then the desired control may be achieved by a single input

— single output system.

Since it needs more effort to control a stiffer structure, when stiffness of the
actuator is comparable with the rest of the structure, it may introduce an extra
difficulty because of the actuator itself. However, by creating a proper debonding
region between the actuator and substrate, stiffness of the whole system may be
decreased substantially. For multi objective placement problems, some Pareto
solutions may be one of the worst solutions for one or more objectives. In those
cases, introducing a debonding region may improve the value(s) of the worst
objective(s) an important amount without deteriorating the value(s) of the best
objective(s). For example, to control first bending mode of a narrow cantilever
plate, best actuator position is shown as Configuration-A in Figure 3.49. Having
any actuation effect to control first torsional mode with this configuration is not
possible. However, creating a debonding region between the patch and substrate
makes this mode controllable without diminishing the controllability of the first
bending mode.

For better demonstration of these ideas two case studies are presented in
sections 3.7.2 and 3.7.3 It may be noted that contribution of the actuator to the
stiffness of the whole system is quite high in these examples. Furthermore, since

whole top layer is an actuator, location is not a design variable.
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Configuration-A
Best Configuration to Control First Bending Mode 1 mm Thick 500x100mm

Aluminium Substrate

1 mm Thick 100x100mm
PZT Patch

Configuration-B ¥
+ Possible to Control First Torsional Mode
* %96.6 Effective According to Configuartion-A, to Control First Bending Mode

X

- Bonded Region
[ | Delaminated Region

Figure 3.49. Introducing a proper debonding region between the piezoelectric patch and
substrate, it is possible to control previously uncontrolled first torsional mode, without
loosing an important amount of actuation effect on first bending mode.

3.7.2. Case Study I: Maximization Of Tip Displacement Of Square Cantilever
Plate With Defining Proper Bonding Region

Maximization of static transverse displacement at the center of free edge,
Point A on midplane of the substrate shown in Figure 3.50, is considered as
design objective. Material properties of the layers are given in Table 3.38.

Optimization problem may be defined as;

Objective: Maximize transverse displacement at point A (Figure 3.50).

Design Variables: Discrete (element-wise) size and location of the rectangular

unbonded region (Figure 3.51)

Deformed shape when potential difference is applied on actuator for fully
bonded case is given in Figure 3.52. Best sixteen configurations are found as
shown in Figure 3.53 after examining all 3025 possible configurations. It should
be also noted that, among all configurations, fully bonded actuator is the 275"
best solution. Percentage of improvement when compared to the fully bonded
case is given in Figure 3.53 for first eight best cases. From the results, it is clear

that the amount of improvement is quite small.
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Cantilevered Side
(only from the edge of the substrate)

PZT Layer h=095
Adhesive Layer h=0.1

Aluminium Layer h=0.95

Dimesions are in 'mm’

Figure 3.50. Geometry of the problem.

Table 3.38. Material properties of the layers.

Layer Property Value
Modulus of Elasticity 70,000 Mpa
Base Plate Poisson’s Ratio 0.3
Density 7.8 10” ton/mm°
Modulus of Elasticity 63,000 Mpa
Poisson’s Ratio 0.3
PZT Density 7.64 10” ton/mm°
Trangv_erse piezoelectric 0.01134 N/Vmm
coefficient (e3/)
. Modulus of Elasticity 4000 Mpa
Adhesive Shear Modulus 1400 Mpa
}7 el 4{
| L
bdel X
Ydel — L.
|:| Bonded Region
- Unhbonded Region

Xdel

Figure 3.51. Design variables.
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To verify the above results, MSC.NASTRAN model of best configuration
(Figure 3.54) is created and its top layer is thermally loaded to simulate the
behavior of the piezoelectric material. 3D brick elements are used to model
aluminum substrate, adhesive layer and PZT layer separately. Coefficient of
thermal expansion for substrate and adhesive layers are selected to be zero. The
only difference between applied loading and potential difference loading is the
existing strain in the transverse direction due to thermal expansion. However,

since top layer is very thin, its effect on displacements was negligible.

s 0

Figure 3.52 Deformed shape when potential difference is applied on PZT layer for fully
bonded cases. Displacements are normalized with respect to transverse displacement of
Point A.
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Figure 3.53. First sixteen best configurations (symmetric solutions are not shown). Percent
values shows that how much that configuration is better than the fully bonded case which
is 275" best solution out of 3025 possible configurations.
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Undeformed Geometry

Adhesive Layer

Figure 3.54. Deformed shape of MSC.NASTRAN model. 3D brick elements are used to
model aluminum substrate, adhesive layer and PZT layer separately. Instead of applying
potential difference on PZT layer, thermal loading analogy is used.

Comparison of MLP-FAB model and MSC.NASTRAN model is given in

Table 3.39. Although improvement estimated with the solid model is better, it is

still not an important amount. It is also seen that, with increasing mesh density,

the difference between the MLP-FAB and solid model becomes smaller.

Table 3.39 Percent improvement of the transverse displacement according to fully bonded

case

Model

Percent difference of transverse displacement at
point A of the Configuration-(a)* and fully bonded
case

Model

10x10 MLP-FAB 0.4392
20x20 MLP-FAB 0.5343
100x100x3 Solid 0.6933

* see Figure 3.53 (a).

Here only a single rectangular unbonded region is allowed. However,

there may be other possible solutions, which further improves objective function.

For example, configuration shown in Figure 3.55 creates extra 0.2266 %
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transverse displacement as compared to Configuration-(a) when 10x10 mesh size
is used. In total 0.6758 % improvement according to fully bonded case is
obtained. However, acquired benefit associated with the unbonding is still quite

small for the selected objective.
500

Y
400
300

200

¥

|:| Bonded Region
|:| Unbonded Region

100

Figure 3.55. Configuration shown above creates extra 0.2266 % transverse displacement
according to Configuration I. Totally 0.6758 % improvement according to fully bonded
case is obtained.

3.7.3. Case Study Il: Combined Maximization of Three Modal Displacements

of Square Cantilever Plate

Maximization of modal displacements of first bending, first torsional and
second bending modes are objectives. Mode shapes of these three modes for a
fully bonded case are given in Figure 3.56. Material properties and geometry are
same with the properties of the example given in Section 3.7.2. Optimization

problem may be defined as;

Objectives: Maximizing the modal displacements of first bending, first torsional
and second bending modes.

Design Variables: Size and location of the rectangular unbonded region (Figure
3.51).

Constraints: Unbonding of the layers in the regions, shown in Figure 3.57, are not

allowed.
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Figure 3.56. Mode shapes and modal frequencies with full bonding.
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Figure 3.57. Debonding is not allowed along the elements located near the edges.

Because of the imposed constraint, number of possible configurations
reduces from 3025 to 1981. In fact, it is not meaningful to have an edge
delamination, since instead one may employ a smaller actuator patch. One other
reason to have such constraint is easiness of handling the solutions. When edge
delamination is allowed, there may be low frequency local modes associated with
the vibration of the unbonded portion of the actuator (antisymmetric modes). This
behavior may cause a change in the frequency wise ordering of the modes. For
example, although for fully bonded case, first three modes are first bending, first

torsional and second bending modes respectively, when there is an edge
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delamination as shown in Figure 3.58, three other modes having smaller
frequencies exist and change the order. Even for constrained cases, best
solutions must be checked if their first three modes are desired modes. It may be
also noted that effect of contact between the layers, which is ignored in this study,

may be very important for some of these antisymmetric modes.

1st Bending 1st Torsional

3.859 Hz

7.889 Hz

17.97 Hz 2nd Bending

[ 1 Bonded Region
[ 1 Unbonded Region

Figure 3.58. Mode shapes of the substrate for 2-layered plate when the unbonded region
is at the edge.

In Table 3.40, first three modal frequencies are compared for two separate
configurations in Figure 3.59 and Figure 3.60 respectively. The configuration
(Figure 3.59) is best solution for maximizing modal displacements of first and
second bending modes. On the other hand, the configuration (Figure 3.60) is best

solution for second objective, modal displacement of first torsional mode. As seen
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in Figure 3.59 and Figure 3.60, although mode shapes of first three modes are not
exactly same with the mode shapes of fully bonded case, they are still similar to
first bending, first torsional and second bending modes. However, as seen in
Table 3.40, modal frequencies are lower than the fully bonded case, which
indicates a reduction in the stiffness of the structure as expected. In addition,
application surfaces of actuation forces changes because of unbonding.
Combined effect of these makes the modal displacements much higher as
compared with the fully bonded case as seen in Table 3.41. Unlike the previous
example, static displacement of a particular point, modal displacements are very
sensitive to design variables. Therefore, improvements in the values of objectives

are quite satisfactory when compared with the fully covered case.

Table 3.40 Percent improvement in the values of the objectives with respect to fully
bonded case.

Modal Frequency (Hz)
Mode Configuration given | Configuration given
Fully covered in Figure 3.59 in Figure 3.60
1 (1°' Bending) 4.788 3.737 4.222
2 (1% Torsional) 11.95 8.026 9.783
3 (2" Bending) 29.72 18.85 21.49
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First Bending: 3.737 Hz

Second Bending: 18.85 Hz

First Torsional: 8.026 Hz
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Figure 3.59. First three mode shapes of best configuration of first and third objectives.
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Figure 3.60. First three mode shapes of best configuration of second objective.
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Table 3.41. Obtained improvements with respect to fully bonded case. Since fully bonded
case has no control on first torsional mode, improvement due to configuration given in
Figure 3.60 can not be given.

L . Percent improvement for | Percent Improvement for
Objective Function Configuration given in Configuration given in
Figure 3.59 Figure 3.60
1 (1°' Bending) 55.37 25.30
2 (1St Torsional) No Improvement Not Applicable
3 (2" Bending) 4914 235.9

Whole set of Pareto solutions can be presented, since results were
already obtained for all possible configurations. However, the configuration of
each Pareto solution must be checked if their first three modes are first bending,
first torsional and second bending modes respectively. Then it is possible to

obtain correct Pareto frontal surface by eliminating those unaccepted solutions.

3.7.4. Summary of the Chapter

A new set of design variables, which are related to geometry of the
geometry of the debonding area, is introduced to maximize the effect of the
actuation of piezoelectric patches. Two case studies are considered. Although,
improvement due to unbonding for objective considered in the first case study is
very small, for the second case study, where modal displacements of first three
modes of fully bonded cases are selected as objectives, substantial improvement
is obtained. Therefore, in addition to placement of actuators, placement of
unbonded region between the actuator and substrate is also a good design

challenge for maximizing the actuator effectiveness.
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CHAPTER 4

SUMMARY AND CONCLUSIONS

4.1. MODELING STUDIES

In this study, a consistent finite element model, which includes the
adhesive layer flexibility for piezolaminated plates, was developed. This model,
MLP-FAB, is also suitable for modeling multiple delamination regions between the
layers. Excluding adhesive layers, each layer is modeled individually using
Classical Plate Theory. Then special adhesive layer elements are used to attach
the elements representing these layers. Results found for developed model were
verified with the analytical and numeric results found in the literature.
Furthermore, for comparison purposes, several FE models consisting of solid
elements were also developed using MSC.NASTRAN, commercial FE package
program. After considering static deformations and modal analyses, good
agreement between the results was demonstrated. It was also shown that,
estimated stresses in adhesive layer for delaminated or undelaminated cases
were very close with the stresses existed in solid model.

Static displacements of models having hard and soft adhesives were
compared. It was observed that, stiffness or thickness of the adhesive layer has
an important effect on these results. Effects of delamination on the adhesive
stresses were also investigated. It was seen that, although deformed shapes are
quite similar, local stresses near the delamination edge differ an important amount
in adhesive layer. High stress gradients in those regions were observed as

expected.

4.2. OPTIMIZATION STUDIES

In the second part of the study, maximization of actuation effect was

addressed. For this purpose, either actuator locations or parameters related to
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unbonded region geometry were employed as design variables. The latter
technique is easily applicable for most practical engineering problems. It is
demonstrated that by finding best bonding geometry, an important amount of
increase in objective function values were obtained especially when modal
displacements are selected as design variables. If the stiffness of the actuators is
comparable with the stiffness of the substrate, creating an unbonded region
decrease the stiffness of the whole structure an important amount and makes the
system more controllable with a less effort. Furthermore, re-distribution of
actuation forces due to selective bonding may increase the control effectiveness.

For both placement of actuators and optimization of debonding region
cases, design variables were considered as discrete parameters since already
existing FE mesh is used for every iteration step. It may be noted that, changing
mesh for each one of iterations may not be suitable since there may be different
level of FE modeling errors for different mesh configurations.

Full combinations were obtained; in addition a simulated annealing
optimization method, ‘Hide and Seek’ [55] was used to find optimum
configurations. Single and multi-objective optimization problems were solved
considering different objectives related to static and dynamic response of the
structure. Pareto solutions for multi-objective cases were identified considering all
combinations. Since modal displacements of different vibration modes are
generally very conflicting design objectives, non-convex 2D and 3D Pareto frontal
surfaces were obtained. For simulated annealing method, different search
techniques were considered and compared. Furthermore, a multi-objective SA
method (MC-MOSA) [58] is also used in some placement problems. For these
problems, maximization of the diagonal elements or eigenvalues of the
controllability grammian of some selected modes, and minimization of the
controllability for the selected spillover modes were the objectives.

Since objective function values of full combinations of possible
configurations is obtained for some case studies, it is compared with results found
using simulated annealing method to examine the effectiveness of the
optimization method. In view of the fact that different search and cooling
techniques are employed, different optimization parameters are needed to run the
method appropriately. As seen in Section 3.5, although some of these methods

with same parameters were successful in others, they were not successful.
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Examining the results of selected case studies, following suggestions may be

made;

For multiple actuator placement problems, it is advisable to change the
position of a randomly selected single patch in every iteration step instead of
changing location of all patches.

When ‘Random Walk’ method is used as search technique, randomness
associated with the search method increases. Although, it is favorable to seek
distant global optima, for selected case studies, this technique decreases the
effectiveness of the optimization method. Therefore it is not suggested
especially for single objective cases

Adaptive search, which changes step size according to the temperature,
which is control parameter of optimization method, is recommended. A coarse
global search at the beginning, when temperature is high, and a fine-tuning
search around the global optimum, when temperature is low, increases the
efficiency of the optimization method.

In the studied multi-objective examples, linear combinations of the objective
functions are used to construct the fitness functions used in MC-MOSA
optimization method. Higher order fithness functions may also be used.
However, the results obtained using linear type of fitness functions, are quite

good to get solutions, which are very close to the actual Pareto front.

4.3. RECOMMENDED FUTURE STUDIES

The following items should be addressed in future studies;

Instead of using Classical Plate Theory assumptions, a different set of
assumptions can be used when modeling individual layers. Namely, first or
higher order shear deformation theories may be used.

Actuator placement and debonding area optimization problems were
considered separately in this study. All design variables related to these
problems may be employed simultaneously.

Continuous design variables such as applied voltages on different
piezoelectric patches may be employed in addition to the previous discrete
design variables. In that case, an optimization method, which is capable of

handling continuous and discrete variables at the same time, shall be used.

140



For multi-objective cases, obtained Pareto solutions are candidates for best
solution. However, choosing best solution for a specific practical problem
generally requires a good engineering experience on the area of that problem.
Therefore, some case studies may be conducted to discuss the selection of

best solution from the set of all Pareto solutions.
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APPENDIX A

‘HIDE AND SEEK’ SIMULATED ANNEALING METHOD

There is an analogy between the annealing process, metal cools and
freezes into a minimum energy crystalline structure, and the search for a global
optimum in a more general system by implementing a cooling algorithm.
Therefore the method is called as simulated annealing algorithm. The algorithm
employs a random search, which not only accepts changes that decrease the
objective function, but also some changes that increase it. Major advantage of the
method over other methods is the ability of avoiding to be trapped at local optima.
Method does not need any gradient information and easily applicable to discrete
problems. However, it generally requires large number of function evaluations
according to gradient-based algorithms.

In order to find optimum location of piezoelectric patches on a given plate
structure, having a pre-defined FE mesh, we have to solve a combinatorial
optimization problem. For this purpose, a discrete simulated annealing
optimization algorithm, which is capable of using different search techniques, is
studied in this section. Comparison between these search algorithms is also
conducted to find the method, which suits our problems best. Another purpose of
this study is to develop a robust optimization algorithm, which does not need fine-
tuning of optimization parameters for different problems. The flowchart of the

proposed algorithm is given in Figure A.1.
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Figure A.1. Flowchart of optimization method used.

Calculation of the Temperature and Acceptance Criterion

Control parameter of the ‘Hide and Seek’ SA optimization method,

temperature may be found from [55];

115 =24 221 (A1)
X,(d)
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where Zf_p(d) is equal to value of cumulative density function of chi-square

distribution with d degrees of freedom and probability of ‘1-p’, f(x) is value of the

objective for current solution and f* is estimated best which is found from;

fl_fz

=S
) (1-p) -1

(A.2)

where f; and f; are best and second best values of objective functions found so
far, p corresponds to probability that the real best is better than estimated value.
However, our problems may have symmetric configurations for design variables.
In order to discard these solutions when updating f; and £, solutions that are very
close to f; or f; are not taken into account.

Then using the calculated temperature, acceptance probability of the new

solution as new starting point for maximization problem is;

I~fy
p=min(lLe T ) (A.3)

where f,, is value of the objective function at the last accepted point which is used

as starting point of the search for each iteration step.
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APPENDIX B

MULTIPLE COOLING — MULTI OBJECTIVE SIMULATED ANNEALING
METHOD (MODIFIED FOR DISCRETE PROBLEMS)

A discrete multi-objective problem may be defined as;

maximize or minimize { f; (x)} i=1..,n

subject to gi(x)SO i=lL.,p
h(x)=0 i=1,..r (B.1)
xf <x; <xU i=1,.,s
x.eN i=1,.,n

However, studied problems do not have functional constraints. The limit
constraints on the design variables are existed for the placement problems. Since
the search technique is responsible to find a solution in the feasible region, only
the objective functions are critical for modified MC-MOSA algorithm.

Unlike single objective case, values of the fitness functions are utilized
when deciding the acceptance of the last solution. For linear case, these fitness

functions are set of weighted sums of the objective functions;
ze=> w, fi(x) k=1..m (B.2)
i=1
Where, the weight sets are;

Dowe =1 k=1..m (B.3)
i=1
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Alternatively, nonlinear fitness functions may also be employed. However, in this
study, only linear type of these functions is used.

Normalizing the values of the objective functions may eliminate the main
disadvantages of this method. Without any normalization, different objective
functions may have values of different order of magnitudes. Therefore the values
of the fitness functions may be insensitive for some objective functions. In this
study current maximum or current minimum values of the objective functions are

used for non-dimensionalization. Therefore fithess functions are;

Z, =Y w, fi(x) k=1.,m (B.4)

where

J_(i(x)_ ﬁ(xcurrem) . =1,..,n (Bs)

= 1
max{fi (X 07X1 5eees X current—1 )}

It may be noted that, Equation (B.5) is used for objective functions always having
positive values. Selected objective functions, in the examples, satisfy this
condition. Since current maximum may change during the iterations, past values
of the non-dimensional objective functions must be updated. Otherwise, best
value estimator used in ‘Hide and Seek’ method does not work properly.

Since values of the fitness functions are used to accept or reject the test
points, different temperatures associated with each of these functions, are
employed. If any of the fitness functions is improved, related temperature is also
updated. In addition, estimated best of this fithess function is also changed.

It should be noted that, suggested non-dimensionalization may not be
suitable if constraint are converted to penalty functions and added to the objective

function.
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Algorithm of Modified MC-MOSA Method

Step 0: Chose a starting point x, in the feasible region. Set initial temperatures

as sufficiently high. Set iteration number k£ =0. Choose a weight set for fithess

functions.

Step 1: Set k =k +1. Find a search direction 6, and determine the step length 4,

to find a new test point in the feasible region. One of the search techniques,
suggested for single objective problems may be used. Rounding off is used to get

integer values. Then find the new test point;

Vi =X HO A4,

Step 2: Find the values of objective functions and non-dimensionalize them. If any
record found for the objective functions, also non-dimensionalize past values of
the objective functions. Calculate the values of the fithess functions. Find which
fitness function improves most. Update the temperatures and estimated bests of
the fitness functions, which have new records. Accept the test point as new
search starting point. If none of the fithess functions improves, set the acceptance
probability as highest probability among the probabilities of all fitness functions.

Accept or reject the test point using this probability.

Step 3: Check if any of the stopping criteria is met. Total number of allowed
iterations, number of consequent iterations having low probability or number of
consequent iterations without any new record of fithess functions may be

employed as stopping criteria. If none of them is satisfied, go to Step 1.
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