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Abstract

This dissertation thesis (Thesis) deals with the study of possibilities to ac-
tively control the static and dynamic mechanical response of planar struc-
tures by means of attached piezoelectric actuators. The considered planar
structures have a form of flat or curved piezoelectric composite shells. It
will be shown that such piezoelectric composite shells can provide efficient
and rather simple mechatronic systems that can be profitably used in ap-
plications to acoustics and adaptive optics.

In acoustics, the piezoelectric composite shells represent an interface
between two acoustic media. Existence of such an interface affects tremen-
dously the sound wave propagation through it. It is known that, when the
incident sound wave hits the shell, it makes the shell vibrate. The shell
vibration causes that a part of the incident sound wave is reflected and a
part is transmitted. It will be shown that by controlling the amplitude of
the shell vibration, it is possible to control the amplitudes of the reflected
and transmitted waves. Such a principle offers a simple approach for a
construction of noise control systems.

A physical parameter, which expresses the sound shielding efficiency of
noise control systems, is called the acoustic transmission loss. Therefore, a
considerable part of the Thesis is devoted to the analytical calculation or
numerical computation of the acoustic transmission loss of several systems
with piezoelectric composite shells. It will be demonstrated that by con-
necting the piezoelectric composite shell to an active electric (shunt) circuit,
it is possible to control the acoustic transmission loss of the shell. Such an
effect can be easily explained by considering the effective elastic properties
of the piezoelectric composite shell shunted by an active electric circuit.
It will be shown that acoustic transmission loss of the shell is increased,
when the effective Young’s modulus or the bending stiffness coefficient of
the shell are increased. Such an increase in the elastic parameters of the
piezoelectric composite shell can be achieved by the proper construction
and adjustment of the shunt circuit connected to the piezoelectric actuators
in the piezoelectric composite shell.

The numerical computation of the acoustic transmission loss can be di-
vided into two steps. In the first step, it is necessary to investigate the effect
of the shunt circuit on the elastic properties of the piezoelectric actuator,
which is attached to the glass shell. In the second step, the effect of the
elastic parameters of the piezoelectric actuator on the acoustic transmission
loss of the piezoelectric composite shell is analyzed. In the presented work,
the utilization of so called the Macro-Fiber-Composite (MFC) actuator is
considered, since it is suitable for easy attachment to flat or curved glass
shells. In accord with the aforementioned approach and due to geometrical
complexity of the MFC actuator, the numerical model of the MFC actu-
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ator based on the finite element method (FEM) is developed. The FEM
model of the MFC actuator has been used for the numerical computation
of effective elastic parameters, macroscopic piezoelectric constants, and the
capacitance per unit area of the MFC actuator. The effect of the shunt elec-
tric circuit on the macroscopic properties of the MFC actuator is analyzed
and the method for the determination of optimal shunt circuit parame-
ters that yield maximum values of effective Young’s moduli is presented.
Then, a detailed analysis of the particular geometry of the glass plate and
the arrangement of MFC actuators on the glass plate is performed using a
FEM model. Finally, the functionality of the approach and the developed
numerical models are verified using acoustic experiments.

In the last part of the Thesis, an application of electronic control of the
shape of planar structures in adaptive optics is introduced. An optimiza-
tion of several geometric parameters of a deformable mirror that consists of
a nickel reflective layer deposited on top of a thin piezoelectric PZT disk to
get the maximum actuator stroke is presented using the FEM simulations
of the layered composite structure.

Keywords:

Acoustics, Adaptive optics, Planar structure, Glass window, Macro
Fiber Composite piezoelectric actuator, Noise transmission control, Elastic
properties control, Active circuit, Negative capacitor, FEM simulations.
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Chapter 1

Introduction

1.1 Motivation

It is known that the vibration of large planar structures (e.g. airplane
wings, large windows, glass facades or various flexible panels) results in a
serious material fatigue, weakening joints, increase in skin friction, or an
unpleasant noise produced directly by vibrating structures. All these both-
ering effects represent a stimulation for a research of sophisticated methods
for the suppression of vibration and noise transmission through large planar
structures. Realization of such methods has become a big contemporary
challenge for scientists and researchers in the fields of mechanical engi-
neering and acoustics. Therefore, the objective of the dissertation thesis
(Thesis) is to develop methods for the noise suppression through planar
structures.

Nowadays, the noise suppression became an environmental problem be-
cause people in cities are exposed to many harmful influences on their
health caused by the unpleasant noise. In the quest of prevention the hear-
ing illnesses, it seems to be reasonable to suppress the noise at places where
people live and work. It is a quite hard task, because the intensity of the
noise in cities is becoming permanently bigger and passive noise suppres-
sion methods are not sufficient, especially in the low frequency range (up to
1 kHz). On the other hand, active noise suppression methods work well in
a low frequency range (up to 1 kHz) but they require complicated control
algorithms and very fast electronics.

The new approach of modern noise suppression methods should be
based on the sound transmission control. Besides other things, the most
important requirements for these methods is the noise suppression sys-
tem effectiveness in wide frequency range, especially between 2 and 5 kHz,
where the human hearing is inclined to be easily harmed [1, 2].
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1.2 Problem Statement

The key objective of the Thesis is the study of possibilities of a precise
active control of static and dynamic mechanical response of planar struc-
tures. Two possible areas of applications, where the controlled planar
structures can be used, are, first, structural acoustics, where the planar
structures (windows or glazed facades) represent major paths of noise trans-
mission into a building interior. They can be actively controlled by means
of their acoustic impedance. Second application area, where the tuned
planar structures can be used, is adaptive optics, where the most com-
monly used planar structures as wavefront correctors are large diameter
deformable mirrors, which require a fast response time and a strong actu-
ation stroke. In order to achieve large deflections over the surface of the
planar structures, devices based on piezoelectric layer composite structures
actively controlled by the electric field are designed. The basic principles
of the vibrational control of planar structures are explained and demon-
strated on a simple example of a sound transmission through a glass plate
window.

Today, there exist several passive noise control techniques, which are
based on the application of elements, such as massive walls, rubber layers,
porous materials, etc. Such methods are relatively cheap and efficient
in high frequency range. However, it is clear that they can be hardly
applicable to large glass windows or facades. At the same time, there exist
conventional active noise control techniques. These methods are efficient
in the low frequency range, but it is difficult to find their implementation
that would be both efficient in a broad frequency range and financially
acceptable. The third category of noise suppression methods is based on
the semi-active control approach, which profitably balances the advantages
of both passive and active approaches: a high efficiency, a simple technical
implementation, a minimal weight and size, a low cost, and small external
power supply. This technique is in literature commonly referred to as
a piezoelectric shunt damping (PSD). It uses the piezoelectric actuator
mechanically attached to the structure and electrically shunted by passive
or active electrical networks. This promising approach is characterized
by utilization of piezoelectric materials in an alternative way based on a
simultaneous sensing and actuation performed by a single either monolithic
or composite piezoelectric actuator, which is connected to a one-port shunt
circuit.
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1.3 Contributions of the Thesis

A relevance of the problem solved in the Thesis can be measured in terms
of approach originality, global social benefits, and potential commercial
profits. The approach presented in the Thesis offers a promising method for
the control of the static and dynamic deformations of planar structures. In
Thesis, there is analyzed and verified the functionality of the method on a
system for the suppression of noise transmission through the glass windows
using the active control of the acoustic impedance of the glass plate with
attached piezoelectric actuators shunted by an active electric circuit. The
advantages of this method stem from its generality and simplicity, offering
an efficient tool for the control of the noise transmission through glass
windows, especially in the low-frequency range, in which passive methods
are inefficient.

The social benefits can be found in the contribution to reduction of
the urban and traffic noisiness in buildings and consequently to living and
working comfort increase.

From the commercial point of view, the noise control method based on
the piezoelectric shunt damping can bring an affordable higher comfort of
services such as transport or accommodation thanks to an inexpensive and
effective noise reduction. Potential success of the applied technology would
lead to a higher competitiveness of the final services and products on the
world markets thanks to its low costs and the efficiency in a wide range of
frequencies.

1.4 Structure of the Thesis

The Thesis is organized into 6 chapters as follows:

e Chapter 1. Introduction describes the motivation behind the work
efforts together with the goals. There is also a list of contributions
of this Thesis and briefly indicated the outline.

e Chapter 2. Background and State-of-the-Art introduces the reader to
the necessary theoretical background and surveys the current state-
of-the-art. The theoretical background presents basics about smart
materials and puts emphasis on piezoelectric materials. Also, there
is defined the acoustic transmission loss (TL) as the main physical
quantity evaluating the sound shielding efficiency of the interface be-
tween two acoustic media. The literature review is focused on the
noise transmission control using smart, especially piezoelectric mate-
rials.
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e Chapter 3. Theoretical modelling of the acoustic impedance of a
curved glass shell and the principles of active elasticity control method
determines the most important features of the noise transmission
through planar structures using the approximative analytical model
of the specific acoustic impedance of the curved shell. It is demon-
strated that by an active piezoelectric layer attached to the planar
structure it is possible to control the effective elastic properties of the
whole structure. Also, the basic theoretical aspects of active control
of effective elastic properties of piezoelectric materials are explained.

o Chapter 4. Active elasticity control of macro fiber composite actuator
introduces a macro fiber composite (MFC) actuator such as active
piezoelectric layer which could be attached to a vibrating structure
without cracking. The static and dynamic response of the MFC ac-
tuator is analyzed in detail using finite element method (FEM) simu-
lations. Computation of its effective material properties and demon-
stration of tuning its effective elastic constants by means of a shunt
electric circuit is presented in this Chapter. Particularly, it is solved
the effect of the shunt circuit with a negative capacitance (NC) on
the effective elastic properties of the MFC actuator.

o Chapter 5. Glass plate noise transmission suppression by means of
distributed MFC' actuators shunted by the negative capacitance cir-
cuit: The objective of the study presented in this Chapter is to an-
alyze the most efficient ways for suppression of noise transmission
through the glass plates using active elasticity control of attached
piezoelectric MFC actuators. A detailed analysis of the FEM model
implementation of the particular arrangement of MFC actuators on
the glass plate is performed. A simple experimental setup for the
approximative measurements of the acoustic transmission loss is de-
scribed. Results of the FEM model simulations and their comparison
with experimental data are presented.

o Chapter 6. Application of the active shape control of the planar struc-
ture to adaptive optics introduces the deformable mirrors as the most
commonly used wavefront correctors in adaptive optics systems. An
optimization of several geometric parameters of a deformable mirror
that consists of a nickel reflective layer deposited on top of a thin
piezoelectric PZT disk to get the maximum actuator stroke is pre-
sented using the FEM simulations of the layered composite structure.

e (Conclusions: Summarizes the results of the research presented in the
Thesis.



Chapter 2

Theoretical Background

This Chapter introduces the reader to the necessary theoretical background
about piezoelectric materials. The mathematical description of the piezo-
electric effect is introduced to an extent, which is necessary for understand-
ing its applications to the noise control through planar structures presented
in the Thesis. For more extensive information, the reader should consult
literature dedicated to the field of piezoelectrics such as in [3] or [4]. Useful
information can be found in the IEEE Standard on Piezoelectricity [5] and
more popular reading with recent aspects of the field of piezoelectricity is
published in [6].

In addition, the acoustic transmission loss (TL) as the main physical
quantity that measures/expresses the sound shielding efficiency of the de-
vice will be introduced.

2.1 Piezoelectric materials

In the wide range of the group of so called smart materials the most com-
monly used electro - mechanical transducers are piezoelectric materials.
They provide excellent actuation and sensing capabilities, which are very
valuable, e.g., in structural vibration control applications.

Nowadays, piezoelectric transducers are of many types and available in
many forms and shapes. Piezoelectric effect can be observed in various
types of materials, such as single crystals (e.g. quartz, barium titanate,
lithium niobate), ceramics (e.g. lead zirconate titanate (PZT)), thin epi-
taxial films (e.g. the layer of PZT of the thickness of the order of pm and
mm), polymers (e.g. polyvinylidene fluoride (PVDF)), or various compos-
ite structures. For more detailed overview of these types of materials, the
reader should take a look at the recent publication edited by Safari and
Akdogan ([7]).

Piezoelectric ceramics is the most commonly used piezoelectric mate-
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rial. Currently, the search for new technologies has resulted in advanced
composites from PZT that are light in weight, shape flexible and high in
strength and stiffness compared to more conventional material systems.
The possibility to use these piezoelectric composite structures contributed
to being of the motivation of the Thesis.

The relationship between mechanic and electric energy conversion can
be described by basic electromechanical equations. Their interpretation of
the piezoelectric state equations is based on the IEEE standard for piezo-
electricity [5]. The mathematical description of the electromechanical in-
teraction in piezoelectrics combines the piezoelectric effect, the electrical
behavior of the material and the Hooke’s law. These physical phenomena
are coupled in the set of two summation equations, where the first one
describes the direct piezoelectric effect and the second one describes the
inverse piezoelectric effect. In the constitutive equations, it is assumed that
the total strain in the transducer is the sum of mechanical strain induced
by the mechanical stress and the induced strain caused by the applied elec-
tric voltage. Assuming the simplified situation, i.e. the thermodynamic
state when the temperature © or the entropy o are constant values, the
basic relationships between the electrical and elastic properties in piezo-
electric materials are expressed in Einstein notation (introduced by Albert
Einstein in 1916 [8]) as follows:

T = CiEjlekl — eiji Ly
D; = eiaSu + €5, E; (2.1a)

T = cZlekl — hiji Dy,
E; = —hiwSw + B D; (2.1b)

Sij = stTa + diju Ex
D; = diwTi + €5 E; (2.1c)

Sij = Sgszkz + Gijx Dy
E; = —giTw + 85 D;, (2.1d)

where ¢, 7, k, [ are indexes of the material properties and state variables
tensors from 1 to 3. Symbols Tj;, S;;, E; and D; refer to the state variables,
i.e. the components of the mechanical stress tensor, mechanical strain
tensor, electric field vector and dielectric displacement vector, respectively.

Symbols €;; and 3;; stand for the electrical permittivity and impermit-

tivity tensor components. The permittivity determines the charge per unit
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area in the ¢-axis due to an electric field applied in the j-axis. In this
notation, it is assumed that the permittivity is a product of the relative
permittivity €, and the vacuum permittivity (permittivity of free space)
o ~ 8.854187817 F-m~!. Furthermore, the superscript 7' or S refers to
the permittivity € or €%, when the material is under constant mechanical
stress or strain influence.

Elastic material parameters are expressed by the tensors of elastic com-
pliance coefficients s;j;; and elastic stiffness coefficients ¢;;;. Elastic com-
pliance is the ratio of the strain the in 7j-direction to the stress in the
kl-direction, given that there is no change of stress along the other two
directions. Elastic stiffness tensor is the inverse matrix to the elastic com-
pliance tensor. A superscript F is used to state that the elastic compliance

5“ is measured with the electrodes short-circuited. Similarly, the su-
perscript D in s” i denotes that the measurements were taken when the
electrodes were left open-circuited.

And last, dixi, €k, 9iji and h;ji, are the symbols indicating the piezoelec-
tric coefficients which differ in terms which state variables are involved in
the energy transformation. There are 4 possible combinations of the state
variables during the mechanical into the electrical energy and vice versa
transformation, so the four piezoelectric coefficients exist. E.g. the piezo-
electric coefficient d;j;, is the ratio of the induced strain S;; in jk-direction
to the electric field E; applied along the ¢-axis, when all external stresses
are held constant.

One of the most important factors, which denote the efficiency of the
conversion of the electrical energy into the mechanical energy, or vice versa,
is the electromechanical coupling factor k;;,. In Voigt notation it can be
simplified to the k;y, where X index ranges from 1 to 6. The indexes indicate
that the stress, or strain are applied or developed in the direction A, and the
electrodes of the piezoelectric element are perpendicular to the i-axis. The
electromechanical coupling factor measures the square root of converted
over input energy fraction [9].

Lets assume that electric field E; is applied to a piezoelectric material.
Taking into account the relation of the electrical energy per unit volume,

1 1
Ue == §D1Ej == 2€Z]E2 (22)

and the stored mechanical mechanical energy per unit volume under zero
external stress,

152
U, = —SAT - 5@ (2.3)

the relationship for the electromechanical factor can be expressed in terms
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Figure 2.1: Noise transmission paths between an environment and adjacent
building/room. Here, the major noise transmission path to buildings is the
window.

of material constants. In particular,

U d2
k2, = -2 = 2.4
i\ Ue 5)\;163;’ ( )

where for the induced strain in piezoelectric materials holds the relationship
Sy = djzEj. As it could be seen from the Eq. (2.4), the electromechanical
coupling factor is a unitless number from 0 to 1.

The electromechanical coupling factor is a very important parame-
ter, because it characterizes the performance efficiency of the piezoelectric
transducer. It has also a direct impact on the device bandwidth. For many
applications, such as noise or vibration control, the electromechanical cou-
pling factor is a crucial parameter for the design of the shunt electronics.

2.2 Acoustic transmission loss

Many environmental noise sources cause vibrations of various structures by
the incident acoustic pressure waves. Due to their physical nature, struc-
ture vibrations are accompanied with the flow of mechanical or acoustic
energy. In Fig. 2.1, it is pictured how the noise can transmit into buildings.
The vibrations spread to adjacent structures, whose vibrations can cause
the structure-born noise. So, the vibrating structures can be considered as
secondary noise sources. If it is succeeded the suppression of this secondary
structure-born noise, one does not have to pay attention to the sound fields
generated by primary noise sources from outside.
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Figure 2.2: (a) Scheme of the considered sound transmission system, which
consists of the glass plate fixed in a rigid frame at its edges. (b) Scheme
of the noise suppression principle: When the vibration amplitude normal
to the surface of the glass plate is reduced (e.g. due to being thicker), the
greater part of the incident sound wave energy is reflected than transmitted.

As mentioned in the Introduction, large planar structures (flexible
plates or panels), which vibrate, represent a substantial secondary noise
source. The reason for this is that they usually do not represent an effec-
tive noise barrier due to their low flexural rigidity. Therefore, it is very
easy to make them vibrate by the action of incident acoustic waves. Then,
non-negligible part of the wave is transmitted through the window to the
building interior.

In order to quantify the acoustic waves propagation in an acoustic
medium and the reflection of the sound at the interface of two different
media, we define a physical property called the acoustic impedance z (in
Pa-sm™3). It is a frequency-dependent parameter defined as an acous-
tic sound pressure p divided by particle velocity v and a surface area S,
through which an acoustic wave propagates:

_ P
vS’

z (2.5)
When dealing with planar structures, it is often convenient to express the
acoustic impedance per unit area of the structure, which is made using a
physical property called specific acoustic impedance Z (in Pa-sm™1),

p

7 ==. 2.6

! (26)
If a sound wave propagates through a medium, its wave motion is charac-
terized by a physical property called characteristic acoustic impedance (in

Pa-ssm™1):
Zy = \/pB, (2.7)

where symbols p and B stand for the mass density and the bulk modulus
of the medium, respectively.
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The role of the acoustic impedance in noise and vibration suppression
devices can be easily demonstrated on the case of simple glass plate shown
in Fig 2.2(a). Let us consider a sound transmission system, which consists
of the glass plate fixed in a rigid frame at its edges. The plate creates an
interface between two acoustic media of air. The interface is characterized
by a specific acoustic impedance of the window Z,. The sound source
located underneath the glass plate generates an incident sound wave of the
acoustic pressure p; that strikes the glass plate. It makes the glass plate
vibrate and a part of the sound wave is reflected and a part is transmitted
with the values of the acoustic pressures p, and p;, respectively. Then, the
specific acoustic impedance of the glass plate is defined as

:pi+pr_pt
v 3

L (2.8)
which satisfies the equation of motion. Considering that the acoustic
impedance is a frequency dependent property, one can work only with
the amplitudes of the acoustic pressures, i.e. P;,, P,., P, and the ampli-
tude of the vibrations, i.e. W. The frequency dependent specific acoustic
impedance is expressed as follows, considering the simple assumption of a
harmonic vibration response of the plate:

P(w) + P (w) — Pi(w)

Zulw) = iwW (w) ’

(2.9)

where w is the angular frequency, where w = 27 f, where f is the ordinary
frequency in Hz. Assuming that by tuning the acoustic impedance of the
planar structure at the interface of acoustic media can be changed the
absorbing or reflecting capabilities of the interface, one can achieve devices
such as perfectly absorbing surfaces or perfect sound shields.

In practice, the absorbing or reflecting capabilities of the structure are
usually evaluated using the physical property called acoustic transmission
loss (TL). In noise suppression applications, the acoustic TL denotes the
sound shielding efficiency of the interface structure. The value of acoustic
TL is defined as a ratio, usually expressed in units of decibels, of the acous-
tic powers of the incident and transmitted acoustic waves, respectively:

Pi

t

Knowing the value of the specific acoustic impedance of the glass window
Zw, which is defined by Eq. (2.9), it is possible to derive the acoustic TL
as follows: Let us use the simplified picture in Fig. 2.2(a) where the sound
wave propagates through the glass shell from the acoustic medium below
the shell to the acoustic medium above the glass shell along the z direction.
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It is true that membrane velocity equals to (i) the particle velocity in the
acoustic medium on the bottom side of the shell equals to the membrane
velocity and (ii) the particle velocity in the acoustic medium in the upper
side of the shell. This fact can be expressed by the following equation of

motion:
LBy (2.11)
twp 0z
where the acoustic pressure p and the medium density p (i) at the bottom
side of the shell are expressed as

p = Piei(wtf%z)_’_PTei(thr%z)’ (2.12a)
p = po (2.12b)

where the symbol ¢; is the velocity of the sound in the acoustic medium
below the shell, and (ii) at the upper side of the shell, the pressure is
expressed as

i(wt—-L2)
p = Pe " v, (2.13a)
o = m, (2.13D)

where the symbol ¢; is the velocity of the sound in the acoustic medium
above the shell. Using Egs. (2.9), (2.11), (2.12a) and (2.13a), it is possible
to obtain the following relations for the amplitudes of reflected acoustic
pressure P,, transmitted acoustic pressure P, and the membrane velocity

V:

—Pi(Z, _
Pr — _ ( + COpO Clp1)7 (214)
Zy + copo + C1p1

2c1F;
P = abtipe (2.15)
Zyw + Ccopo + c1p1
2F;
Vo= . (2.16)
Zyw + Copo + c1p1

Then from Egs. (2.6) and (2.11), it is possible to express the characteristic
acoustic impedances Zy and Z;, of the medium below and above the glass
shell, respectively:

ZO = CppPo (217&)
Zl = C(C1pP1- (217b)

One can notice that it is possible to express the transmitted acoustic
pressure amplitude, i.e. Eq. (2.15), in terms of characteristic acoustic
impedance of the media and specific acoustic impedance of the shell:

2Rz
Do+ T+ 7y

t

(2.18)
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And finally, when we substitute Eq. (2.18) into the definition formula
for the acoustic TL, Eq. (2.10), assuming that the characteristic acous-
tic impedances of the media below and above the shell are equal, i.e.
Zy = Z1 = Z,, where Z, is the characteristic acoustic impedance of air,
and ¢y = ¢; = ¢, where c is the sound velocity in air, and py = p1 = po,
where py is the density of air, we derive in the formula which was presented
in [1]:

Z’LU
1+ E
where the acoustic TL is expressed only in terms of specific acoustic
impedance of the glass shell/window Z,,.

Since the acoustic TL describes the sound shielding efficiency of the
interface structure, it is clear that its value has to be increased in order to
decrease the sound transmission through the interface. It can be seen from
Eq. (2.19) that the acoustic TL will increase, when the specific acoustic
impedance of the window increases. Fig. 2.2(b) presents a scheme of the
noise suppression principle that follows from Egs. (2.8) and (2.19), i.e., the
values of specific acoustic impedance Z,, and acoustic TL increase with a
decrease in the amplitude of the window vibration velocity v. The window
is indicated to be thicker, so the amplitude of the vibrations W is smaller.
As a result, the greater part of the incident sound wave energy is reflected
than transmitted. In the most of applications, it is not possible or even
desirable to make the planar structures, especially windows, thicker. One
of the objective of the Thesis is to increase the acoustic TL without rising
of the amount of material.

In order to optimize the system and to achieve maximum values of the
acoustic TL, it is necessary to understand the dynamics and vibrational
response of the glass plate. It is made using mathematical numerical simu-
lations using the finite element method (FEM), which is presented further
in next Chapters.




Chapter 3

Theoretical modelling of the
acoustic impedance of a
curved glass shell and the
principles of active elasticity
control method

In this Chapter, the possibilities in the active control of acoustic transmis-
sion loss (TL) of planar structures using the active elasticity control (AEC)
method are analyzed. In the first step of the analysis, the most important
parameters of the noise transmission system, which have an influence on
the acoustic TL, are determined. In our particular case, an approximative
analytical model of the vibration of curved glass shell is developed (see
Sec. 3.1). Then, the specific acoustic impedance of the curved glass shell is
calculated within the developed model. In the second step of the analysis,
it is demonstrated that it is possible to control the elastic properties of the
planar structure using an active piezoelectric layer attached to the planar
structure (see Sec. 3.2). Finally, the basic theoretical aspects of the AEC
method are explained (see Sec. 3.3).

3.1 Analytical estimation of the acoustic
impedance of a curved glass shell

For simplicity, consider a rectangular-like glass shell of a constant thickness

h and with the dimensions denoted by symbols a and b, which is shown

in Fig. 3.1. Consider a curvilinear orthogonal coordinates x and y, that
define the position on the curved surface of the shell. Consider that the

13
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shell has constant radii of curvature along the x and y coordinates denoted
by symbols R, and R,, respectively. It is convenient to introduce the sym-
bols §, = 1/R, and &, = 1/R, for local curvatures of the shell along the
x and y directions, respectively. Symbols u, and u, stand for tangential
components of the displacement of the infinitesimal shell element with the
volume hdx dy. The symbol w stands for the normal component of the
displacement of the shell element. Using the fundamental equations pre-
sented in basic textbooks [10, 11, 12], one can derive to the equations of
motion of the curved glass shell:

vh 1 0%u, N 1 82ux_
2(1 —v?) 022 2(1+4v) 0y?

1 u, &+ Ow 0%u,
20 —v)dzdy  2(1— u?)%] = e (3.12)
2 2
vh 1 0%u, n 1 0 Uy
2(14+v) 022 2(1 —v?) Oy?
1 Pu,  v&+E Ow 0*u,
21 —v)0zdy  2(1—1?) 8_3/] = o o2’ (3.1b)
ou ou
—GA? e Ty
G w+1_y2 {(gx‘i‘yfy) O +(V£z+€y) By
2 | 2 0%w
Y ot
where o o 54
A = 0 w = (3.2)

Ox4 + 283:20y2 + oy*
is the biharmonic operator. The symbols g, Y, v and G stand for the mass
density, Young’s modulus, Poisson’s ratio and the bending stiffness coeffi-
cient of the material of the shell, respectively, the symbol Ap stands for the
difference of the acoustic pressures at the opposite sides of the curved shell
and represents the “driving force” of the system. It is seen that the first
and second equations in Eqs. (3.1) represent the equations of motion for
the tangential components u, and u, of the shell displacement. These are
coupled with the normal component of the shell displacement w and the
driving force Ap via the nonzero values of curvatures &, and &,. It can be
shown that for relatively small numerical values of curvatures considered in
this work, the values of all terms, which contain the tangential components
u, and u, in Eq. (3.1c), are much smaller than the remaining terms with
the normal component w of the displacement. Under this consideration,
the system of Egs. (3.1) can be further reduced down to a single partial
differential equation in a form:

2

(Sz + 55 + 2V§I§y) w+ Ap = gha—w (3.3)

2
— GA*w + EToR

1—v2
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Figure 3.1: Geometry of the rectangular-like curved glass shell of constant
thickness h. Symbols x and y stand for curvilinear orthogonal coordinates.
The shell dimensions are denoted by symbols a and b. The shell has con-
stant radii of curvatures along the z and y coordinates denoted by symbols
R, =1/¢ and R, = 1/§,. Symbols u, and u, stand for tangential compo-
nents of the displacement of the infinitesimal shell element. The symbol w
stands for the normal component of the displacement of the shell element.

When one considers a simple situation: (i) the shell is formed by a
rectangular part of a spherical shell, ie. {, = § = &, (ii) the steady
state, when the shell is driven by the pure tone of angular frequency w, i.e.
Ap(t) = Pe™' and w(z, y, t) = w(x, y)e™!, and (iii) the boundary con-
ditions of the simple supported shell, i.e. w(0, y) = w(a, y) = we(0, y) =
Wyz(a, y) = 0 and w(z, 0) = w(z, b) = wy,(x, 0) = wy,(z, b) =0, the
solution of the partial differential equation Eq. (3.3) can be easily found in
the form of Fourier series:

R 16P(1 —v)sin[(2n — )7z /al
W@yt = ) G e e VR 1 (1= 7)
y sin [(2m — 1)my/b] ™"
(Gl{@m — 12/ + (n— 12 /a) — p]}

n,m=1

(3.4)

Now, according to the Eq. (2.8), the effective value of the specific acous-
tic impedance z,, of the glass shell can be expressed in the following form:

-1

Zw(w) = Ap(0) iw\/é/ dx/b w(z,y,0)2dy| . (3.5)
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When we substitute the expression for the normal displacement of the
spherical shell w from Eq. (3.4), one can arrive at the following formula for
the effective specific acoustic impedance:

Zp(w) &
~ { i { 8iwab?(1 — v) r}”z
~ = (2m —1)(2n — 1)72 (G Cun + 2Y RE2 — (1 — 1) phw?) ,
| (3.6)
where

Com = T (1 =02 (1+v) [2m—1)2/6® + (20— 1)%/a?].

It is clear that Eq. (3.4) describes the displacement of the rectangu-
lar part of a spherical shell in a special situation without much practical
interest. On the other hand, the presented analytical solution serves a pos-
sibility to trace the key features of the system that can be used for the
suppression of the noise transmission.

First, it is seen that with an increase of the glass shell curvature &,
the term 2Yh&? in the denominator of Eq. (3.4) increases. This yields
the decrease of the amplitude of the shell displacement and, therefore, the
decrease of the normal velocity of vibrations. As a result, the value of the
specific acoustic impedance of the glass shell Z,, increases with an increase
in its curvature £ as it can be seen in Eq. 3.6. The reason for this curvature
effect is that the normal displacement of the curved shell is controlled by
the in-plane stiffness, in addition to the bending flexural rigidity. Second,
the specific acoustic impedance Z,, of the curved shell, i.e. £ > 0, increases
with an increase in the Young’s modulus Y. Third, the value of Z,, of the
plane plate, i.e. £ = 0, increases with an increase in the bending stiffness
coefficient G.

Now, it is clear, that the active control of the Young’s modulus Y and
the bending stiffness coefficient G would influence the vibrational response
of the glass shell. Next section of the Thesis explains the basic principle
how to do that by means of the attached piezoelectric layer to the planar
structure.

3.2 Composite structure of the glass plate
and piezoelectric element

Generally, bending piezoelectric devices consists of several piezoelectric and
non-piezoelectric layers laminated together. Each layer has different mate-
rial and geometric parameters. The motion of multilayer composite struc-
tures is described by equations of motion, see e.g. the Eqs. 3.1, where the
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Figure 3.2: General multilayer structure with a rectangular cross-section
placed in the system of coordinates. The structure has N layers of width
b with different height h;. The total thickness of the structure is denoted
by the symbol h.

material and geometric parameters are replaced by their average values.
These average values can be calculated by the integration of the partial
parameters of the sublayers over the total cross-section [13].

Imagine a general multilayer structure with a rectangular cross-section
area S = bh according to Fig. 3.2. The structure has N layers of width b
with different height h;, cross-section area S; = bh;, density p; and Young’s
modulus Y;. The total thickness of the structure is denoted by the symbol
h. The position of the neutral axis, which passes through the centroid of
the cross-section, is denoted by hy. Then, the average density pgg, average
Young’s modulus Ygg and the position of the neutral axis hg can be solved
using following relations:

1 SN pihi
= — d = —7'_1 v .
PEf S/SP S h (3.7)
1 SN Yih
Yeg = — | YdS ===1L""" )
Eff S/s S h (3.8)

Vih? + Zj\fﬂyj {( 7 hk>2 _ (Zi;i hk>2]
Zij\il Yih .

1 1
ho = Y2dS = -
0 Ymsl i 9

(3.9)
The average bending stiffness Ggg is calculated with respect to the position
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piezoelectric layer (Y pigzo)
'hpiezo

\’

A

hglass
/ Y

glass plate (Ygjass)

Figure 3.3: Cross-section of the layered composite structure, which con-
sists of a glass plate of thickness h and Young’s modulus Y. and an
attached piezoelectric layer of thickness hpieso and Young’s modulus Yiiezo-

of the neutral axis as

h—ho
G = / Yz*dS = b/ Y22dS = %5{3/1 [(h1 = ho)” = (=ho)*] +
S

—ho
N j 3 j—1 3
+>Y] (th - h0> - (th - h0>
=2 k=1 k=1
(3.10)

Following the [13], let us consider a one of the typical layered con-
figurations, simple bender with just two layers of different material and
thicknesses, i.e. composite structure of the glass plate and the attached
piezoelectric layer, with a cross-section shown in Fig. 3.3. The average (ef-
fective) Young’s modulus of the whole structure Ygg is given by weighted
average of the Young’s moduli of the glass and the piezoelectric layer, ac-
cording to the formula originated from Eq. (3.8):

ifglass hglass + Ypiezo hpiezo

Yer =
hglass + hpiezo

, (3.11)

where the symbols Y. and Yiieso stand for the Young’s moduli of the
glass and the piezoelectric material of the piezoelectric layer, respectively.
The symbols hglass and hypie,o stand for the thickness of the glass plate and
the piezoelectric layer, respectively. Let us substitute the symbols Y and h
for the symbols Yjass and Agiass, for simplicity. Now, the average (effective)
value of the bending stiffness coefficient Ggg of the composite sandwich
structure is given by the formula which originates from Egs. (3.9) and
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(3.10):

Y2ht +Y2

GEff — piezoh4 + 2YYpieZOhhpieZ0 (2h2 + thpjezo + 2h2 )

piezo piezo
12 (1 - VQ) (Yh + }/piezohpiezo> 7
(3.12)

where v is Poisson’s ratio of the material.

It is clearly seen that if Young’s modulus of the piezoelectric layer is in-
creased, both effective values of the Young’s modulus Ygg and the bending
stiffness coefficient Ggg of the composite sandwich structure are increased
as well. And, it is seen from Egs. (3.4) and (3.6) that with an increase of the
effective Young’s modulus of the piezoelectric layer, the specific acoustic
impedance of the curved glass shell increases.

Now, it was demonstrated that by the piezoelectric layer attached to the
planar structure it is possible to control the elastic properties of the whole
system, so, the next section presents a principle and an implementation of
a method for the active control of the Young’s modulus of the piezoelectric
material which can me attached as a control layer to the planar structure.

3.3 Active elasticity control of piezoelectric
materials

The role of electromechanical interaction on the effective elastic properties
can be amplified if an active shunt circuit is connected to the piezoelectric
actuator. Such an approach was introduced by Date et al. [14] and is called
the active elasticity control (AEC) method. When the method is adopted
in vibration or noise transmission control applications, then thanks to the
fact that the shunt circuit is by nature active, it belongs to the group of
active piezoelectric shunt damping (APSD) methods.

The basic idea of the method is based on the superposition of direct
and converse piezoelectric effects with Hooke’s law. Let us explain the
basic principle on the case when the piezoelectric element is exposed to the
influence of incoming acoustic pressure as it could be seen in Fig. 3.5(a).
That means, the external mechanical force is applied to the piezoelectric
element. According to the Hooke’s law the mechanical strain S is produced
in the piezoelectric actuator and, the external force generates a charge @)
on the electrodes due to the direct piezoelectric effect (see Fig. 3.5(b)).
The generated charge is introduced to the electronic shunt circuit, which
controls the electric voltage V' on the electrodes of the piezoelectric element
which is then deformed according to the inverse piezoelectric effect (see
Fig. 3.5(c)). The total strain S of the piezoelectric actuator is then equal
to the sum of both: the stress-induced strain (due to Hooke’s law) and the
voltage-induced strain (due to the converse piezoelectric effect). When the



20 CHAPTER 3. THEORETICAL MODELLING AND AEC

voltage-induced strain cancels the stress-induced strain, the total strain
of the piezoelectric actuator equals zero even if nonzero external stress is
applied. This actually means that the effective Young’s modulus of the
piezoelectric actuator reaches infinity. This fact could be successfully used
in the noise transmission control applications because when the acoustic
wave strikes the element with infinite Young’s modulus, the all acoustic
energy is reflected from the surface and nothing is transmitted to the other
side (Fig. 3.5(d)).

The shunt circuit, which implements the control of effective elastic prop-
erties of the piezoelectric actuator is the active negative capacitance (NC)
shunt circuit. The key parameter, which controls the value of the effective
Young’s modulus of the piezoelectric actuator, is the capacitance of the
circuit C'. This fact can be derived, when the equations of state for the
mechanical strain S;; and the electric displacement D; in the piezoelec-
tric actuator, i.e. Egs. (2.1d) are appended by the formula for the voltage
V = E;h applied back to the electrodes of the piezoelectric element from
the external capacitor of capacitance C:

V=-Q/C, (3.13)

where () = D;A is the charge generated on the electrodes of the piezoelec-
tric actuator of electrodes area A.

Combining Eqgs. (2.1d) and (3.13), it is possible to obtain the formula
for the effective Young’s modulus of the piezoelectric actuator shunted by
the external capacitor [14]:

T 1 ki
Y;Z' shunted — & — 1+—J s 3.14
Hished = 8 Sk ( 1=kl +a (814

where k;j; is the electromechanical coupling factor of the piezoelectric ac-
tuator (0 < k;jx < 1), as introduced in Chap. 2, and a = C'/Cy is the ratio
of the shunt circuit capacitance C' over the piezoelectric element static ca-
pacitance Cg at a constant mechanical stress T;;, where Cig = eg;A/ Npiezo-
It can be seen from Eq. (3.14) that large values of the effective Young’s
modulus of the piezoelectric element can be achieved only when the capac-
itance of the external circuit C' is negative. It follows from the Eq. (3.14)

that, when
C=—(1-k};)Cs, (3.15)

the effective Young’s modulus reaches infinity.

This method allows to realize noise shielding and vibration isolation
systems. Early applications of this system have been reported by Okubo
et al. [15] and Kodama et al. [16]. The theoretical analysis of these
systems was performed later by Mokry [17, 18] and various applications
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Figure 3.4: Scheme of the noise transmission suppression principle (cf.
Fig. 2.2). The acoustic impedance of the plate is controlled using a piezo-
electric actuator shunted by an active circuit. Vibration amplitude W nor-
mal to the glass surface is reduced by the action of the shunted piezoelectric
actuator. In this way of damping, the greater part of the amplitude of the
incident acoustic pressure wave is reflected from the plate than transmitted
through the plate to the other side.

of an active elasticity control technique in the noise and vibration control
devices were demonstrated by Fukada et al. [19, 20]. Imoto et al. [21] and
Tahara [22] demonstrated the great potential of this method on a system
for suppressing vibrations by 20 dB in the broad frequency range from 1
to 100 kHz. The low energy consumption was proved by Vaclavik and
Mokry [23]. The noise shielding principle using the NC circuit was further
theoretically analyzed by Sluka et al. [24]. Based on the theory introduced
here and the already performed experiments by Okubo et al. and Kodama
et al. and calculations by Mokry et al. and Sluka et al, the principle
of AEC method could be profitably used when one needs to suppress the
noise through the planar structure, e.g. the glass plate. Fig. 3.4 shows the
scheme of the noise transmission suppression principle using a piezoelectric
actuator shunted by an active circuit with negative capacitance. Following
the Egs. (3.4), (3.6), (3.11), (3.12) and (3.14), vibration amplitude W
normal to the glass surface is reduced and subsequently the specific acoustic
impedance is increased by the action of the shunted piezoelectric actuator.
So, the greater part of the amplitude of the incident acoustic pressure wave
is reflected from the plate than transmitted through the plate to the other
side without the glass being thicker (cf. Fig. 2.2).

In the next Chapter, there will be introduced a piezoelectric actuator
suitable for applications, which involves the potential problems of fragile
vibrating structures such as glass plates. Using the finite element method
simulations, it will be shown the effect of NC circuit on the average elastic
properties of this piezoelectric actuator.
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Figure 3.5: (a) The piezoelectric element is exposed to the influence of
incoming acoustic pressure p;. That means, the external mechanical force
is applied to the piezoelectric element. It is deformed according to the
Hooke’s law (red); (b) The external force generates a charge ) on the piezo-
electric element’s electrodes due to the direct piezoelectric effect, the charge
@ is introduced to the shunt electronic circuit (blue); (c) The electronic
circuit controls the electric voltage V' on the electrodes of the piezoelec-
tric element which is deformed according to the inverse piezoelectric effect
(green); (d) The total strain (the stress-induced strain (due to Hooke’s law)
and the voltage-induced strain (due to the converse piezoelectric effect))
of the piezoelectric actuator equals zero. This means that the effective
Young’s modulus of the piezoelectric actuator reaches infinity. Then, the
all incoming acoustic energy is reflected from the surface and nothing is
transmitted to the other side.



Chapter 4

Active elasticity control of
macro fiber composite
actuator

The flexible piezoelectric actuator, macro fiber composite (MFC) actuator,
is introduced in this Chapter. Computation of its effective material prop-
erties and demonstration of tuning its effective elastic constants by means
of a shunt electric circuit using FEM are presented here.

4.1 Introduction

Common PZT transducers are extremely brittle and they require extra
attention during the handling and bonding procedures. They can easily
crack, when they are exposed to large mechanical stresses or deforma-
tions. In addition, their conformability to curved surfaces is extremely
poor [25]. Therefore, the concept of active piezoceramic composite trans-
ducers (PCT), which would contain PZT and some flexible adhesive to
eliminate the aforementioned drawbacks has been explored. The new type
of fiber reinforced PCT actuator, called macro fiber composite (MFC) ac-
tuator was developed at NASA Langley Research Center to eliminate many
of the manufacturing and performance disadvantages [26]. Nowadays, both
of these types of actuators are produced by Smart Materials Corp. [27].
MFC actuator is a layered planar actuation device that employs rect-
angular cross-section, unidirectional piezoceramic fibers from PZT-5A lead
zirconate-titanate material embedded in an epoxy matrix which, first, in-
hibits crack propagation in a ceramic and, second, bonds the actuator
together. This active fiber-reinforced layer is sandwiched between copper-
clad polyimid film layers that have an etched IDE pattern. Nowadays, the
MFC actuator retains the most advantageous features of the early PCT

23
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actuators, namely, high strain energy density, directional actuation, con-
formability to all kind of surfaces and long durability. The fabrication
process is uniform and repeatable so the actuator is financially accessible.

4.2 FEM model of the MFC actuator and
the computation method

Composite materials, such as MFC, belong to the group of orthotropic
materials. Therefore, the effective elastic properties of the MFC actuator
can be represented by a matrix of elastic stiffness, introduced in Chap. 2,
curc in a general form:

ci1 ¢z ¢z 0 0
ci2 cp ci3 0 0
eape = | 3 G138 G 0 0
0 0 0 Cy4 0
0 0 0 0 Cqq
0 0 0 0 0 Ce6

0
0
0
0
0

The inverse of the elastic stiffness matrix is the symmetric matrix of elastic
compliances syrc which could be defined in a form of Young’s and shear
moduli of the orthotropic MFC actuator:

_Yl}1 _322 Y%a
el | v e w0 0 0 4.9
SMRCTEMEC T 0 0 0 5 0 0 | (42)
0 0 0 0 55 O
0 0 0 0 0 5o

where Y71, Yoo, Y33 are the Young’s moduli, G2, Ga3, G13 are the shear
moduli and vy9, V91, 13, V31, Va3, V30 are the Poisson’s ratios of the MFC
actuator, whereas v;;/Y;; = v;;/Y};.

The aforementioned elastic properties are considered as effective pa-
rameters of a large-scale/macroscopic structure. A common approach for
numerical calculation of macroscopic properties of 3D piezoelectric fiber
composites is to define a representative volume element (RVE) or a unit cell
that captures the major features of the underlying microstructure. Fig. 4.1
shows the geometry of the RVE of the MFC actuator. It is placed in the
coordinate system in such a way that the RVE center of mass is in the
origin of the coordinate system and the PZT fibers are oriented along the
x axis. The length of the cell, [ = 1000 pum, contains two pitches of IDEs.
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kapton

Figure 4.1: Geometry of the representative volume element model of the
MFC actuator.

Width and thickness of the piezo-ceramic fiber are equal w; = 350 ym and
hy = 180 pum, respectively. Fiber fill factor equals 83%, which, according
to total dimensions of MFC actuators [27], gives the width of the epoxy
gap between two PZT fibers, w, = 73 um. The total thickness of the MFC
actuator is equal to hyrc = 300 pum. IDE copper electrodes are embedded
in a kapton layer. The electrode finger and their width pitch are equal to
80 pum and 500 pm, respectively. In this Thesis, d3; effect MFC actuator
is analyzed (it is called MFC of P2-type at Smart Material Corp. [27]).
It means that piezoelectric fibers are polarized in the z axis direction and
the actuator has an additional thin metal layer on each of the PZT fiber
surface.

Fundamental equations that govern the electromechanical response of
the MFC actuator are, first, the equation expressing the equilibrium of
forces in the composite body, which is excited by external stimulus (i.e.
mechanical force or electric field) of a harmonic time dependence with
angular frequency w:

— pwu—V- T =0, (4.3)

where p is the density of a material, u is the displacement vector distribu-
tion, and T is the mechanical stress tensor, and, second, Maxwell equation
for the zero flow of electric displacement in the composite body:

V-D=0, (4.4)
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where D is electric displacement vector. In the case of static analyses, the
angular frequency is equal to zero, i.e. w = 0.

In order to calculate the spatial distribution of electrostatic potential
V' and a deformation given by the displacement vector u, it is necessary to
introduce the complementary state quantities: the elastic strain tensor S:

S — %[(Vu)T + vyl (4.5)

and the electric field E:
E=-VV. (4.6)

In the isotropic non-piezoelectric material (i.e. epoxy, polyimide and
copper), the relation between the above state quantities are given by con-
stitutive equations that express the Hooke’s law and the linear relationship
between electric displacement and electric field,

1 v
S = ?T — ?(tr(T) I-T), (4.7)
D = ee (1-jn)E, (4.8)

where Y and v are Young’s modulus and Poisson’s ratio of an isotropic
material, respectively. The symbol I stands for the second-order identity
matrix. Symbols ¢y and ¢, are the permittivity of a vacuum and dielectric
constant of the material, respectively. Symbol 7 is the dielectric loss factor.

Material parameters of all isotropic composite constituents and piezo-
electric PZT-5A adopted in the numerical model are listed in the Thesis.

In the piezoelectric material, the constitutive equations are given by
the set of Eqgs. 2.1, rewritten in the following matrix form:

D = ['](I- ) E+[dT,
S = [dE +[s"]T, (4.9)
where [s¥] are the elastic coefficients matrix for constant electric field, [d]

is the piezoelectric coefficients matrix, [e!] is the dielectric permittivity
matrix at constant mechanical stress, and 7 is the dielectric loss factor.

In order to extent the validity of material parameters that were com-
puted for the RVE of the MFC actuator to the full-size MFC actuator,
several boundary conditions must be carefully specified.

In all the simulations, we consider a defined voltage on IDE electrodes
of the MFC actuator. The bottom IDE electrode is grounded in all simula-
tions. The top IDE electrode is considered grounded in the simulations of
elastic parameters Y;;, G;;, and v;;. The applied testing voltage V5 = 100V
to the top IDE electrode is considered in the simulations of static capaci-
tance per unit area of the MFC actuator and the piezoelectric coefficients

ds;.
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The charge generated on the top IDE electrode is computed using a
standard formula of electrostatics:

Qo= — Din;dS, (4.10)
Sg

where n; is the outer normal vector of the electrode.

It is assumed that the average mechanical and electrical properties of
a RVE are equal to the average properties of the particular composite.
The average stresses T;; and strains S;; in the RVE are calculated using
formulas:

— 1

Ti; = _/Tijdva (4.11a)
Vv
1
Vv

where V' is the RVE volume. Then, the effective Young’s moduli Y;;, shear
moduli G;;, and Poisson ratios v;; can be expressed as:

}/;i = ==, 4.12a

3 (4.12a)
T..

Gy = —L (4.12b)
251']‘

Vi = — . 4.12¢

- (1.12¢)

In a similar way, our FEM model of the MFC actuator allows a simple
method for the computation of the effective piezoelectric constants and
static capacitance of the MFC actuator. In this case, a specific testing
voltage Vj is applied to the MFC actuator top electrodes and the average
strain in the RVE is computed. Then the average piezoelectric moduli are
calculated according to following formula:
Sii hwmrc

dsii =
’ Vo

(4.13)

The static capacitance is given by the fundamental formula of electrostatics:

Cso = Qo/ Vo, (4.14)

Using the developed FEM model and adopting the sets of Eqgs. (4.11)
and (4.12) and specifying the boundary conditions, effective elastic con-
stants were computed and compared with data obtained using analytical
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Material FEM model Deraemaeker Williams Producer’s
parameter (this work) et al. [2§] et al. [29] datasheet [27]
Y11 (107 Pa) 32.58 27.27 29.4 30.34
Yao (109 Pa) 15.33 14.76 15.2 15.86
Y33 (10° Pa) 9.37 - - -

G12 (10° Pa) 5.26 4.13 6.06 5.52
G23 (109 Pa) 2.47 - - -

G13 (109 Pa) 2.76 - - -

v12 (1) 0.313 0.303 0.312 0.310
var (1) 0.147 - 0.161 0.160
vz (1) 0.405 - - -

V31 (1) 0.116 - - -

V23 (1) 0.334 - - -

V39 (1) 0.188 - - -

Table 4.1: Comparison of elastic parameters of the MFC (P2-type) ac-
tuator computed using FEM model (this work), analytical mixing rules,
experimental measurements and MFC producer’s datasheet values.

Material parameter FEM model Producer’s
(this work)  datasheet [27]

S11/Vo (ppm/V) -0.89 -1.1
S22/Vo (ppm/V) -0.65 -
S33/Vo (ppm/V) 1.45 -

ds1 (pm/V) -267 -330

d32 (pm/V) -196 -

d33 (pm/V) 425 -

Table 4.2: Comparison of free strain values S;; and effective piezoelectric
moduli ds;; computed in this work with MFC’s producer data sheet.

mixing rules and classical laminate theory by Deraemaeker [28], with re-
sults of experimental measurements by Williams at al. [29], and with val-
ues from the producer’s datasheet [27]. The comparison is presented in
Table 4.1. Results of computed piezoelectric coefficients are listed in Ta-
ble 4.2 in comparison with the producer’s datasheet [27]. The computed
value of static capacitance is listed in Table 4.3, first, it is compared with
the value calculated from producer’s datasheet [27], and, second, with a
rough estimate of the static capacitance per unit area of a capacitor, which
is formed by in-parallel connection of two capacitors of the same thickness
but with different dielectric constants. The two dielectrics are in this case
PZT-5A and the epoxy material.

We can see an acceptable agreement of all the results computed in this
work with the producer’s values and with values obtained using another
computational method.
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Material FEM model Analytical = Producer’s
parameter (this work)  formula  datasheet [27]
Cso = Cyg 6.78 6.92 6.63
(107° F-m™2)

ns (1) 0.010 - -

Table 4.3: Results of the computed capacitance per unit area of the MFC
(P2-type) actuator and the dielectric loss factor of the MFC (P2-type)
actuator. Computed values are compared with rough estimate values using
the formula for the capacitance of a capacitor with different dielectrics
placed next to each other, and with the value obtained from the producer’s
datasheet.

Electromechanical coupling FEM model Williams Producer’s

factor (1) (This work) et al. [29] datasheet [27]
k31 0.339 0.357 0.362

k32 0.177 0.213 0.218

ks 0.286 - -

Table 4.4: Comparison of computed values of the electromechanical cou-
pling factors of the MFC (P2-type) actuator with a rough estimate calcu-
lated from the datasheet values.

4.3 Electromechanical interaction and the
principle of AEC method adapted to
MFC actuator elasticity control

As introduced before (see Chap. 3, Sec. 3.3), the electrical boundary condi-
tions of piezoelectric actuators greatly affect their effective elastic proper-
ties. Using the FEM simulations electromechanical interaction of the MFC
actuator with a NC shunt circuit could be analyzed in more complex way.

It is possible to implement the effect of the NC circuit into the FEM
model as an electric circuit boundary condition on the top electrode while
the bottom IDE electrode remains grounded.

The normalized values of Young moduli of the reference values presented
in Table 4.1 are plotted as functions of the parameter « in Fig 4.2. It is
seen that the values of the Young’s moduli of MFC actuator are strongly
influenced by the shunt circuit capacitance.

The curve of the normalized Young’s moduli can be compared with
theoretical formula Eq. 3.14. Using curves presented in Fig. 4.2, the values
of effective electromechanical coupling factors can be obtained. Table 4.4
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Figure 4.2: Normalized effective value of Young’s moduli Y7, Yoo and Y33
of MFC actuator dependent on the various adjustment of NC circuit.

presents the values of electromechanical coupling factors ks;;, which were
calculated using the least squares method.

The electrical scheme of a system, where the piezoelectric MFC actuator
is shunted by a circuit that realizes negative values of capacitance, is shown
in Fig. 4.3. The NC shunt circuit is realized as a negative impedance
converter circuit (i.e. a one port circuit with an operational amplifier),
where the reference impedance is realized as a capacitor Cy connected in-
series to the resistor Ry. The effective value of the shunt circuit capacitance
is given by the formula:

Co ) Ry

Clw)=—(—2 )22
(W) (1 + ja)R()CO R1

By proper adjustment of tunable resistors Ry and R, the real and imagi-
nary part of the shunt circuit effective capacitance can be adjusted in such
a way that the condition given by Eq. (3.15) is satisfied and the effective
Young’s modulus of the MFC actuator is increased by several orders of
magnitude.

In order to demonstrate the sensitivity of the NC circuit adjustment,
it is convenient to rewrite the frequency dependence of the NC circuit into
following parametrized form:

1+ j¢(w/wo)ns
where £ = Ry opt/ Ry and ¢ = Ro/Rp opt-

(4.15)

(4.16)
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el AW
""" C Co Ro C

Figure 4.3: Electrical scheme of the piezoelectric MFC actuator shunted
by the circuit that realizes negative values of effective capacitance.

To demonstrate that phenomenon, the sensitivity of the Young’s mod-
ulus Y7, effective value to parameters £ and ( at the fixed critical frequency
fo = 850 Hz was performed. The effective real part of Young’s modulus
Y11 is shown in Fig. 4.4. It is seen that the Young’s modulus reaches the
greatest values for ( = 1.2 and £ = 1.0081.

Using the computed parameters £ and ¢ of the tuned NC circuit the
frequency dependence of the effective orthotropic Young’s modulus of the
MFC actuator could be performed (Fig. 4.5), where real parts and the loss
factors of the normalized effective Young’s moduli are plotted for each Y7y,
Y5, and Y33. It can be seen that the theoretical dependence acceptably cor-
responds to computed data. Performed simulations show that it is possible
to increase the effective Young’s modulus Yi; by the factor of 1000 at the
critical frequency (850 Hz).
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Chapter 5

Glass plate noise transmission
suppression by means of
distributed MFC actuators
shunted by the negative
capacitance circuit

Using the theoretical formula for the acoustic transmission loss calculated
in Chap. 2, using the principles of the active elasticity control (AEC)
method introduced in Chap. 3, and using the numerical results of the ac-
tively controlled Young’s modulus of the macro fiber composite (MFC)
actuator obtained in previous Chap. 4, the possibility of increasing the
acoustic transmission loss of sound transmitted through planar or curved
glass plates using attached piezoelectric MFC actuators shunted by the NC
circuits is analyzed here using FEM and approximative experiments.

5.1 FEM model of the glass plate with
attached MFC actuators

In order to analyze the noise transmission through the glass plate with
attached MFC actuators it is convenient to develop a realistic FEM model
which would be robust enough to see all the aspects of the vibrational
response of the plate to the incoming pressure wave.

Figure 5.1 shows the geometry of the FEM model of a planar or curved
glass plate of thickness A and dimensions a and b with 5 attached MFC
actuators, placed in the system of coordinates. In the case of the curved
geometry it is considered a glass plate, which could be fabricated by thermal

33
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Glass plate
(h=4 mm)
- isotropic material
MFC
(Pyec = 0.3 mm)

- orthotropic material
epoxy
- isotropic
material

200

Boundary
condition
(fixed or flexible)

Figure 5.1:  Geometry of the finite element method (FEM) model of a
plane or curved glass plate of thickness with attached macro fiber composite
(MFC) actuators.

bulging of the originally planar glass plate. The presented configuration of
MFC actuators is selected in order to allow the suppression of majority of
low-frequency vibrational modes.

The coupled analysis of the piezoelectric domain of the MFC actuator
with the linear solid domain requires the same equations as it was intro-
duced in the previous Chapter when the piezoelectric domain of the PZT
fibers was coupled with an epoxy and polyimide material representing the
linear elastic solid domain. Therefore, to check the governing equations,
the reader is referred to see the Eqs. (4.3)-(4.9). Here, the piezoelectric
domains the plates of the thickness hypc with some macroscopic values of
elastic and piezoelectric coefficients representing the active part of MFC
actuators and, the linear elastic domains are the glass plate with an epoxy
embedding the active part of MFC actuators.

In the case of static analysis, a direct testing voltage is applied to the
top electrode of the MFC actuator and the angular frequency is equal to
zero, i.e. w = 0 and, in the case of dynamic analysis, a harmonic voltage
of angular frequency w = 27 f is applied to the top electrode of the MFC
actuator, where the frequency f ranges from 10 Hz to 2 MHz. In both
analyses, the bottom electrode is supposed to be grounded, i.e. the electric
potential V =0 V.

In the case of a coupled system of the flexible planar structure and the
acoustic media, the effect of the flexible glass plate on the sound field below
and above the plate as well as the effect of sound field on the flexible glass
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Perfectly Matched Layers
Linear elastic domain
(glass plate with
MFC actuators)
Perfectly Matched Layers Air domain
Linear elastic domain -
(glass plate with
MFC actuators)
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2trm<mm@cl

(a) (b)

Figure 5.2: Geometry and mesh of the considered linear elastic and air
domains in the FEM model; (a) The incoming wave, which strikes the
plate, goes from infinity; (b) The acoustic wave has a source in the bottom
of the acoustic box.

plate must be considered together. First, the governing equation for each
type of physics and second, the coupling variables should be introduced,
respectively.

The vibrational response of the planar or curved glass plate and also
the plates representing the MFC actuators is expressed by the displacement
vector u; is governed by the equations of motion in the form:

(92ui

QQW — Vj [Cijkl (Vkul + Vluk)] =0, (5.1)
where p is the mass density of glass, ¢;j; are the components of elastic
stiffness tensor, and V; = 0/0x; is the i-th component of the gradient
operator. Since we are interested in the steady-state vibrational response
of the plane/curved glass plate, we consider the harmonic time dependence
of the displacement vector, i.e. wu;(z, vy, 2z, t) = u;(wz, y, 2) e™?, and the
equations of motion Eq. (5.1) can be written in the form:

2w2g U; + Vj [Cijkl (Vkul + Vluk)] =0, (52)

The effect of the shunt circuit can be introduced by means of frequency
dependent values of the components of elastic stiffness tensor of the MFC
actuator (see Chap. 4, Fig. 4.5).

Further, we consider that the glass plate with MFC actuators interacts
with the acoustic field in the air above and below the plate. Fig. 5.2
sketches the acoustic air domains surrounding the linear elastic domain of
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the glass plate. Two different cases are considered. First, the incoming
wave, which strikes the plate, goes from infinity (Fig. 5.2(a)), second, the
acoustic wave has a source in the bottom of the acoustic box which is
supposed to simulate the real situation of the experiment performed to
verify the simulations (Fig. 5.2(b)). In both analyses we consider a sound
source that produces a plane incident wave below the glass plate:

pi(z,t) = Py el@t=k2), (5.3)

where k is the wave number of the incident sound wave, which is oriented
along the z-axis. The acoustic pressure p distribution in the air above and
below the glass plate is governed by the following equation:

1 02 1
——9£+w<—;vm>:a (5.4)
0

where gy and ¢ stand for the mass density and the sound speed in the air.
Again, we are interested in the steady-state distribution of the acoustic
pressure, i.e. p(z, y, z, t) = p(z, y, 2) €', and the equation above reduces
down to the form:

2
S 2 (—ivip) —0. (5.5)
Po

It should be noted that below the glass plate the acoustic pressure is
given by the sum of the acoustic pressures of the incident and reflected
sound waves, i.e. p = p; + p,. Above the glass plate, the acoustic pressure
is equal to the acoustic pressure of the transmitted sound wave, i.e. p = p;.

The boundary problem for partial differential equations given by Eqgs.
(5.2), (5.5) was solved using COMSOL Multiphysics software. The solution
yields spatial distributions of the acoustic pressure p and the glass plate
displacements u;. Then, the specific acoustic impedance of the glass plate
Z,, was estimated for every frequency w of the incident sound wave using
the following approximative formula:

_ AP(w)

%ww%mwm, (5.6)
where AP is the amplitude of the acoustic pressure difference above and
below the middle point of the glass plate, W is the amplitude of the normal
displacement at the middle point of the glass plate. The acoustic TL was
obtained using Eq. (2.19).

The governing equations should be appended by the numerical values
of the material parameter and input variables which are clearly listed in
the Thesis. Material parameters of the orthotropic MFC actuator are com-
puted using the developed FEM model presented in previous Chapter. The
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effective values are listed in Table 4.1. These parameters are suitable for
the acoustic-structural analysis without the influence of the NC circuit.
When the NC circuit is connected to the MFC actuators, the effect of the
negative capacitance is introduced as a frequency dependent orthotropic
Young’s modulus according to the Fig. 4.5.

Numerical predictions of the FEM models should be compared with
experimental data. The next Section presents a simple setup for obtaining
experimental data.

5.2 Experimental setup for the FEM model
verification

In this Section, a brief description of two different experimental setups that
were used for the verification of FEM model predictions will be given.

First, the measurement of the surface displacement of the glass plate
using the digital holographic interferometry (DHI) method and, second, the
approximative acoustic measurements of the acoustic transmission loss.

The predictions of the numerical FEM simulations were verified by the
digital holographic interferometry (DHI) measurements performed by the
research group under the supervision of Dr. Vit Lédl, a specialist in optics
and optical measurements.

DHI method is a possible way how to detect the distribution of surface
vibration displacement of the planar structure. Fig. 5.3(a) shows a scheme
of the setup for the measurement of the surface displacement distribution
of the glass plate placed on the acoustic box. The laser beam is split into
two beams by the polarizing beam splitter 1. Both beams are then spa-
tially filtered and collimated. The object beam, the first beam, illuminates
the sample — the glass plate — and the light scattered from its surface im-
pinges on the beam splitter 2, where the reference and the object waves
are recombined. The both waves interfere and a digital hologram is cap-
tured. The realization of the experimental setup of the glass plate surface
displacement distribution measurement using the DHI method could be
seen in Fig. 5.3(b). The glass plate is fixed in a wooden frame and placed
on the acoustic box. Inside the acoustic box, the loudspeaker is used as
a sound source. The acoustic waves generated by the loudspeaker strike
the window plate making it vibrate. Using the DHI method, first, mode
shapes of the glass plate are measured, and second, the static displacement
of the glass plate with two attached MFC actuators connected to the direct
voltage source is measured.

Second, Fig. 5.4 shows the experimental setup for the approxima-
tive measurements of the specific acoustic impedance. The glass plate
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Figure 5.3: Digital holographic interferometry (DHI) measurement setup
and realization; (a) Scheme of the glass plate surface displacement mea-
surement using the DHI method.; (b) The photograph of a realization of
the experimental setup of the glass plate surface displacement distribution
measurement using the DHI method.
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Figure 5.4: Experimental setup for the approximative measurements of
the specific acoustic impedance; (a) Scheme of the measurement; (b) The
photograph of a realization of the experimental setup of the approximative
measurements of the specific acoustic impedance.
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is clamped in a wooden or steel frame of the inner dimensions a x b. This
structure forms a lid of the soundproof box with a loudspeaker that pro-
duces the source of the incident sound wave. According to the scheme in
Fig. 5.4(a), the microphone IN inside the box and the microphone OUT out
of the wooden box measures the difference of acoustic pressures amplitudes
AP at the opposite sides of the glass plate. They are placed approximately
1 cm above and below the middle point of the glass plate. Laser Doppler
vibrometer measures the amplitude of the vibration velocity V of the glass
plate middle point. The specific acoustic impedance Z,, is then approxi-
mated by the ratio AP/V and the value of the acoustic TL is estimated
using Eq. (2.19). The realization of the experimental setup of the TL mea-
surement could be seen in Fig. 5.4(b). The NC circuit is connected to the
MFC actuators. Both cases, when the NC circuit is turned on and off, are
measured. The acoustic transmission loss was measured for two cases, (i)
when the MFC actuators are not connected to the NC circuit and (ii) when
MFC actuators are shunted by the NC circuit. The next section presents
the numerical results of our FEM model simulations and their comparison
with the approximative experimental data.

5.3 Results of the FEM model simulations
and the experimental verification

At first, results of FEM model simulations and DHI measurements of the
surface displacement distribution will be presented. Second, the results
of FEM model simulations and approximative measurements of the acous-
tic transmission loss frequency dependences will be shown appended by
the graphical representations of the acoustic pressure distribution at the
treated glass plate resonant mode.

Fig. 5.5 shows the static bending of the glass plate when the direct
voltage of 300 V was applied on the electrodes of the MFC actuators. For
this particular measurement a configuration setup with two MFC actuators
was used. A photograph of the measured glass window with the MFC
actuators clamped in a wooden frame could be seen in Fig. 5.5(a), the
picture of the surface displacement of the glass plate captured by the DHI
method is in Fig. 5.5(b) and last, for the result of FEM simulation of the
glass plate displacement distribution stands Fig. 5.5(c). The white arrows
locate the places where the MFC actuators were attached. It is evident
that an acceptable agreement between the experimental values and the
FEM simulations could be observed.

The dynamic response of the coupled system with attached MFC ac-
tuators on the harmonic voltage of the amplitude of 1 V could be seen in
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Figure 5.5: Static bending of the glass plate due to the action of electrical
voltage. DHI experiment with FEM model analysis comparison; (a) A
photograph of the measured glass window with the MFC actuators clamped
in a wooden frame; (b) Surface displacement distribution of the glass plate
measured by the DHI method; (¢) The result of FEM simulation of the
glass plate displacement distribution.
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Figure 5.6: Dynamic response of the coupled system with attached MFC
actuators on the harmonic voltage. The experiment data (blue solid) are
compared with the FEM model ones (red dashed).

Fig. 5.6. The vibrations amplitude was measured in the middle point of
the glass plate. The frequency range is limited from 10 Hz to 2 kHz. The
experiment data (blue solid) are compared with the FEM model ones (red
dashed). In the FEM model, the geometry with the steel frame which is
put into the model as a additional mass is used. At the low frequency
modes the acceptable agreement between the experiment and the FEM
model is observed. On the other hand, at modes ensuing after 1 kHz value,
the frequency dependence is shifted. One of the reason for this discrepancy
could be the fact that in real situation of the experiment the steel frame is
not ideally fixed. At higher frequencies the mass density and the Young’s
modulus of the glass are not the only dominant parameters which affect
the resonant frequencies. It would be desirable to perform some additional
FEM simulations to see how the boundary conditions of the frame affect
the frequency dependence of the vibration amplitude of the glass plate,
especially at the higher frequencies.

Figure 5.7 shows frequency dependence of the acoustic TL obtained
from FEM model simulations considering the case of the acoustic wave,
which strikes the glass plate incoming from infinity (Fig. 5.7(a)) and the
case of the acoustic box with the sound source at the bottom (Fig. 5.7(b)).
Four situations with different curvatures of the glass plate and the elec-
trical conditions of the piezoelectric MFC actuators were considered: (i)
Planar glass plate with opened MFC actuator (solid thick), (ii) bulged
glass plate with opened MFC actuator (solid thin), (iii) planar glass plate
with the MFC actuator shunted by NC circuit (dashed thick), and (iv)
bulged glass plate with the MFC actuator shunted by NC circuit (dashed
thin). The fixed boundary conditions at the edges of the glass plate are
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Figure 5.7: Frequency dependencies of the acoustic TL obtained from the
FEM model simulations: Planar glass plate with opened MFC actuator
(solid thick), bulged glass plate with opened MFC actuator (solid thin),
planar glass plate with the MFC actuator shunted by NC circuit (dashed
thick), and bulged glass plate with the MFC actuator shunted by NC cir-
cuit (dashed thin); (a) The acoustic wave which strikes the glass plate
is incoming from infinity; (b) Acoustic box with the sound source at the
bottom.

considered, i.e. u; = 0. The bulged shape of the glass plate was approxi-
mated using the displacement function in the z-axis direction in the form
Zmax Sin(mz/a) sin(my/b), where zpax = 5 mm.

Fig. 5.7 shows that an increase in the effective value of the Young’s
modulus of the MFC actuators has an appreciable effect on the frequency
dependence of the acoustic TL through the glass plate. The numerical
predictions of the FEM model indicate that it is possible to achieve the
appreciable increase in the acoustic TL by about 10—25 dB in the frequency
range below 400 Hz due to the small increase in the curvature of the glass
plate. In addition, it is noticeable that due to the effect of the NC circuit
the the acoustic TL could be increased by about 25 dB at the second
vibrational mode of the glass plate (850 Hz), what the NC circuit was
tuned for. And finally, using the both effects, the curved shape of the glass
plate and the NC circuit, the maximal increase of the acoustic TL can be
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Figure 5.8: Results of the approximative measurements of the acoustic TL
of the glass plate with attached MFC actuators which are opened (blue
solid) and shunted by the NC circuit which is tuned at the frequency of
the first vibrational mode of the glass plate (red solid).

achieved, particularly by about 10 — 30 dB in the frequency range below
500 Hz and by about 25 dB at the second vibrational mode (850 Hz).

Finally, Fig. 5.8 shows the results of the approximative measurements
of the acoustic TL of the glass plate with attached MFC actuators which
are (1) opened, i.e. not connected to the NC circuit (blue solid), and (ii)
shunted by the NC circuit which is tuned at the frequency of the first
vibrational mode of the glass plate, i.e. the value of 276 Hz (red solid). It
is possible to distinguish that at the frequency where the NC circuit was
tuned the acoustic TL is increased by about 5 dB. The results without the
NC circuit are compared with the FEM model simulations of the acoustic
TL of the glass plate with the added steel frame (black dashed). The
acceptable agreement of the experiment with the FEM model is observed.

The Chapter presents a promising approach for the suppression of the
noise transmission through glass plates and shells using piezoelectric MFC
actuators and negative capacitance circuits. As a result, the appreciable
increase in the acoustic transmission loss through the glass plate composite
can be observed.

A developed FEM model of the layered system of the planar structure
with the piezoelectric layer can be used not only in structural-acoustic
applications but also in structural-optic applications. The piezoelectric
element attached to the planar structure can control its shape due to an
applied electric voltage. In adaptive optics systems such deformable mirrors
are the most commonly used wavefront correctors. A brief description of
a deformable mirror that consists of a nickel reflective layer deposited on
top of a thin PZT piezoelectric disk follows in the next Chapter.



Chapter 6

Application of the active shape
control of the planar structure
to adaptive optics

Deformable mirrors are the most commonly used wavefront correctors in
adaptive optics systems. Nowadays, many applications of adaptive optics
to astronomical telescopes, high power laser systems, and similar fast re-
sponse optical devices require large diameter deformable mirrors with a fast
response time and high actuator stroke. In this Chapter, an optimization
of several geometric parameters of a deformable mirror that consists of a
nickel reflective layer deposited on top of a thin piezoelectric PZT disk to
get the maximum actuator stroke is presented using the FEM model of the
layered structure.

Generally, the deformable mirror consists of a layered sandwich compos-
ite structure, where the reflective layer is bonded on a piezoelectric layer.
The reflective layer is usually made of a conductive metallic material and
forms an equipotential surface. On the opposite side of the piezoelectric
layer a system of electrodes is deposited using conventional techniques such
as lithographic sputtering. By applying a voltage to a particular electrode,
the piezoelectric layer is deformed due to the inverse piezoelectric effect
in the in-plane directions. This produces bending moments in the reflec-
tive layer of the particular segment of a deformable mirror and yield its
out-of-plane deformation (see Fig. 6.1).

Geometry of the deformable mirror is presented in Figure 6.2. It con-
sists of a double-layer sandwich composite structure in a shape of a disk
of the radius R. In this study, the reflective layer of thickness hy; is made
of nickel. The reflective nickel layer is bonded on a piezoelectric layer of
thickness hpzr. The reflective layer forms an equipotential at the bottom
surface of the piezoelectric layer.

On the top surface of the piezoelectric layer, a system of honeycomb

45
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Figure 6.1: Principle of a deformable mirror. Incoming wavefront, which is
distorted by atmospheric turbulence, is reflected from a deformable mirror,
which corrects the shape of the wavefront to be planar again. In this study
the deformable mirror is designed as a composite structure, where the
reflective layer is bonded on the active piezoelectric layer.

golden electrodes is deposited using lithographic sputtering. It is con-
sidered that arbitrary external voltage can be applied at each particular
electrode.

The equations which rule the analysis are the same as for the coupled
analysis of the isotropic solid with the piezoelectrics, i.e. the Egs. (4.3)-
(4.9). Here, the piezoelectric domain is the thin PZT layer of the thickness
hpzt and, the isotropic linear solid domain is the reflective nickel layer of
the thickness hy;.

As an example, Fig. 6.3 shows the graphical presentation of a result of
the FEM numerical simulation of the deformable mirror. In the presented
simulation, the off-centered honeycomb electrode is connected to the elec-
tric potential of 200 V, the remaining electrodes are short circuited. The
surface boundary between the PZT and nickel layer is taken as a ground-
ing electrode. Using the developed FEM model of the coupled structure
of the two layers of isotropic with piezoelectric material, displacements of
the deformable mirror are calculated and presented. Fig. 6.3(a) presents
the 2D surface plot in the plane (xy) of the displacement of the mirror.
Fig. 6.3(b) presents the plot along the line which goes along the diameter
of the mirror through the all three honeycomb electrodes. Fig. 6.3(c) shows
the 3D graphical interpretation of the displacement of the mirror which is
shown using the iso-surfaces and slices.

In order to find the optimal ratio of the thicknesses of the nickel and
PZT layers, a series of numerical FEM simulations has been performed. At
the first step of each simulation, the geometry of the FEM model was mod-
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Figure 6.2: Geometry of the FEM model of the deformable mirror.

ified and the thicknesses of the nickel and PZT layers were set to particular
values. In the second step, the displacement of the deformable mirror was
calculated. In the third step, the value of the maximum deflection above
the activated electrode was determined.

Figure 6.4 shows the result of the series of simulations, where the max-
imal values of the mirror deflection is plotted as a function of the nickel
layer thickness hy; (0.02 — 0.6 mm). The parameter of each curve is the
PZT layer thickness hpzr (0.2 — 0.8 mm). All the combinations of the
different thicknesses of the PZT and nickel layer were used for the FEM
model. It can be seen that the thiner layers of both nickel and PZT are
the larger displacement of the mirror can be achieved.

Brief description of the the obtained results indicates that the developed
FEM model of the layered structure could be used across the research fields.
In adaptive optics applications, it can provide an efficient and simple tool
for the design of deformable mirrors with piezoelectric materials.
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Figure 6.3: Graphical presentation of the deformable mirror displacement;
(a) The 2D surface plot in the plane (zy) of the displacement of the mirror;
(b) Plot along the line which goes along the diameter of the mirror through
the all three honeycomb electrodes; (¢) The 3D graphical interpretation of
the displacement of the mirror, it is shown using the iso-surfaces and slices.
The color legends mean the mechanical displacement value.
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PZT layer thickness.



Chapter 7

Conclusions

The Thesis was focused on the study of possibilities to actively control
the static and dynamic mechanical response of planar structures by means
of attached piezoelectric actuators. It was shown that piezoelectric lay-
ered planar composite structures can offer an attractive approach for the
reduction of amplitude of vibrations or for the electronic shape control.
Therefore, these kind of controlled structures can provide an efficient tool
with the use in applications of acoustics and adaptive optics.

In acoustics, the planar structure represents the interface between two
acoustic media through, which the acoustic wave is propagating. It was
shown that it is possible to control the amplitudes of the reflected and
transmitted waves by controlling the amplitude of the planar structure
vibration. A physical parameter, which expresses the sound shielding ef-
ficiency of the structure, is called the acoustic transmission loss. Its def-
inition formula was presented in Chap. 2. The acoustic transmission loss
was then expressed by means of the specific acoustic impedance Z of the
interface between two acoustic media, i.e. of the planar structure.

In Chap. 3 the key parameters that control the acoustic transmission
loss of the planar structure were determined using the analytical approxi-
mative model of the glass shell, which was considered of a plane or curved
geometry. The basic conclusions from the theoretical model are the follow-
ings. With an increase of the glass shell curvature the amplitude of the
shell displacement and subsequently the normal velocity of vibrations can
be decreased. As a result, the values of the specific acoustic impedance Z,,
and subsequently the acoustic transmission loss of the glass shell increase.
Moreover, the specific acoustic impedance Z,, of the curved shell increases
with an increase in the Young’s modulus Y and the bending stiffness coef-
ficient G of the glass shell and the value of Z,, of the plane plate, increases
with an increase in the bending stiffness coefficient GG of the plate.

Using the theoretical model of motion of the composite layered struc-
ture of the glass plate and the piezoelectric layer, it was shown that by
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the piezoelectric layer attached to the planar structure it is possible to
control the elastic properties of the whole system (see the Egs. (3.11) and
(3.12) for the effective Young’s modulus and the bending stiffness coeffi-
cient, respectively, of the layered composite structure of the glass plate and
piezoelectric actuator).

In Chap. 3, it was introduced the active elasticity control method that
offers an alternative technique for the suppression of the noise transmission
through piezoelectric structures or a technique for active suppression of
vibrations of mechanical structures by attaching the piezoelectric elements
to them. The idea is that by connecting a piezoelectric layer to the active
shunt circuit with a negative capacitance the effective elastic properties of
the piezoelectric element can be enhanced.

A suitable piezoelectric actuator, which can be simply attached to the
various kind of surfaces (such as glass plate) and which is resistant to
the cracking is the flexible macro fiber composite actuator. Its geometry,
structure and fundamental properties were introduced in Chap. 4. In ac-
cord with the aforementioned approach and due to geometrical complexity
of the macro fiber composite actuator, the numerical model of the macro
fiber composite actuator based on the finite element method was developed
to compute the effective material properties and to analyze the electrome-
chanical interaction of the MFC actuator with the external electric negative
capacitance circuit.

In Chap. 5, using the theoretical basics about the acoustic transmis-
sion loss stated in Chap. 2 and the findings about the active elasticity
control method introduced in Chap. 3 and the results of the simulations
of the actively controlled orthotropic Young’s modulus of the macro fiber
composite actuator obtained in Chap. 4, the possibility of increasing the
acoustic transmission loss of sound transmitted through planar or curved
glass plates using attached piezoelectric macro fiber composite actuators
shunted by the negative capacitance circuits was analyzed using the finite
element method numerical simulations and experimental measurements of
the acoustic transmission loss.

First, the applicability and functionality of the macro fiber composite
actuators attached to the glass plate was verified by the measurement of
the static bending of the glass plate when the direct voltage was applied on
the electrodes of the macro fiber composite actuators. The surface displace-
ment of the glass plate captured by the digital holographic interferometry
method is compared with the result of finite element simulation of the
glass plate displacement distribution. An acceptable agreement between
the experimental values and the simulations could be observed. Then, the
dynamic response of the coupled system with attached macro fiber compos-
ite actuators on the harmonic voltage was performed. The experimental
data are again compared with the finite element method model ones. At
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low frequency modes the acceptable agreement between the experiment
and the numerical model is observed.

In order to find the most effective way how to increase the acoustic
transmission loss of the glass plate, the frequency dependencies of the
acoustic transmission loss were computed using the finite element model
simulations, which are based on the acoustic-structure interaction. The
simulations compare the four situations with different curvatures of the
glass plate and the electrical conditions of the piezoelectric macro fiber
composite actuators: (i) Planar glass plate with opened macro fiber com-
posite actuator, (ii) bulged glass plate with opened macro fiber composite
actuator, (iii) planar glass plate with the macro fiber composite actuator
shunted by negative capacitance circuit, and (iv) bulged glass plate with
the macro fiber composite actuator shunted by negative capacitance cir-
cuit. It is shown that an increase in the effective value of the Young’s
modulus of the macro fiber composite actuators has an appreciable effect
on the frequency dependence of the acoustic transmission loss through the
glass plate.

According to the approximative acoustic measurement, the frequency
dependencies of the acoustic transmission loss of the glass plate with at-
tached macro fiber composite actuators which are (i) opened, i.e. mnot
connected to the negative capacitance circuit, and (ii) shunted by the NC
circuit which is tuned at the frequency of the first vibrational mode of the
glass plate, i.e. the value of 276 Hz, show, that it is possible to distinguish
that at the frequency where the negative capacitance circuit was tuned the
acoustic transmission loss is increased by about 5 dB.

A developed finite element method model of the layered system of
the planar structure with the piezoelectric layer can be used not only in
structural-acoustic applications but also in structural-optic applications.
The piezoelectric element attached to the planar structure can control its
shape due to an applied electric voltage. In adaptive optics systems such
deformable mirrors are the most commonly used wavefront correctors. A
brief description of a deformable mirror that consists of a nickel reflective
layer deposited on top of a thin PZT piezoelectric disk is presented in
Chap. 6. A series of finite element method simulations were performed, in
order to find optimal thickness ratio of the reflective and active layers to
get the maximum out-of-plane deflections at minimum applied voltages to
the piezoelectric structure. The linear regression of optimal values of the
thicknesses of the nickel and PZT layers was determined.

The Thesis presents a promising approach for the suppression of the
noise transmission through the plates and for the shape control of the
plates using piezoelectric flexible composite piezoelectric actuators and ac-
tive electronic circuits. The method starts from the vibrational analysis
focusing on the effects of the elastic properties of the composite structures
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with piezoelectric layers. Then, optimization of the parameters of the ac-
tive electronic circuit has to be done to achieve the best performance of
the actuator. The advantages of this method stem from its generality and
simplicity offering an efficient tool for the control of the noise transmission
through glass windows especially in the low-frequency range where the pas-
sive methods are ineffective and a simple and efficient tool for the shape
control of large planar optical elements.
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