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Annotation

A theoretical and experimental study of the vibration isolation and noise shielding
systems is presented in this Thesis. The systems utilize the imbedded piezoelec-
tric transducers whose an effective elastic response is controlled by a one-port
shunt electrical network that behaves as a negative capacitor. This concept com-
bines the advantages of the fast analog circuits and both a direct and an inverse
piezoelectric effects to realize control systems with an ideal collocation of sensing
and an actuation of controlled mechanical or acoustic quantity.

The vibration isolation system is realized by a piezoelectric stack actuator,
which is shunted with a negative capacitor and placed between a source of vibra-
tions and a passive mechanical structure. The elastic response of the actuator is
controlled by the negative capacitor in order to suppress the vibration transmis-
sion, which occurs when the effective dynamic elastic stiffness of the actuator is
manifested as extremely small or, in theory, zero.

The noise shielding system is realized by a cylindrically curved piezoelectric
membrane, which is connected to the negative capacitor and fixed in an acoustic
tube between a speaker and a silenced volume. The radial motion of the membrane
in the sound field is controlled by the negative capacitor in order to reflect the
majority of incident acoustic energy. This occurs when the membrane responds
as an extremely hard acoustic element.

The described fundamental concepts suffer from high sensitivity of their effi-
ciency to variations in the operating conditions. The proper function of the sys-
tems is crucially dependent on the accuracy of matching between capacitances of
the piezoelectric transducer and the negative capacitor. Therefore, the main deal
of the presented Thesis lies in the theoretical analysis and the consequent design
of a mechanism which adapts the parameters of the system to the changes in op-
erating conditions. The adaptation is achieved by an implementation of additional
error sensors and control circuits that keep the proper adjustment of the analog
negative capacitor.

The designed adaptive systems were realized and tested in experimental ap-
paratuses and a positive effect of the implemented adaptation on the system effi-
ciency is verified at a single harmonic component of frequency spectra.

v



Anotace

Disertacni prace se vénuje teoretické a experimentdlni studii systémul pro pot-
laCovéni prenosu vibraci a hluku. Systémy vyuZivaji zabudovanych piezoelek-
trickych prevodniki jejichZ efektivni elastickd odezva je fizena elektrickym dvoj-
p6lovym bocnikem, ktery se chovd jako kondenzitor se zdpornou kapacitou.
Tato koncepce spojuje vyhody rychlého analogového obvodu a jak pfimého tak
nepiimého piezoelektrického jevu k vytvoreni fidicich systému, které umoznuji
dokonalou kolokaci mist sniméni a zasahovani do fizené veliCiny.

Systém pro potlaceni pfenosu vibraci je vytvoren pomoci piezoelektrického
vrstvového aktudtoru, ktery je paralelné spojen s kondenzatorem se zdpornou ka-
pacitou a vloZzen mezi zdroj vibraci a pasivni mechanickou konstrukci. Elasticka
odezva aktudtoru je fizena tak, aby byl potlacen pfenos vibraci ze zdroje na me-
chanickou konstrukci, coz nastane, kdyZ se efektivni dynamickd tuhost aktudtoru
jevi jako mimoradné mald, teoreticky nulova.

Systém pro potlacovani prenosu hluku je realizovdn pomoci zaktivené
piezoelektrické membrény, kterd je pripojena ke kondenzatoru se zdpornou ka-
pacitou a upevnéna ve zvukové trubici mezi reproduktor a odhlu¢fiovany prostor.
Radidlni pohyb membriany ve zvukovém poli je fizen tak, aby vétSina dopada-
jici zvukové energie byla odraZena. Toto nastane, pokud se membréna jevi jako
akusticky mimorddné tuhy prvek.

Uvedend zakladni koncepce trpi vysokou citlivosti efektivity obou systému na
zmény provoznich podminek. Spravnd funkce systému je kriticky zavisld na pres-
nosti shody velikosti a faze kapacit piezoelektrického prvku a kondenzétoru se
zapornou kapacitou. Z tohoto divodu, stézejni kol predkladané disertacni prace
spociva v teoretické analyze systémil a ndsledném ndvrhu mechanismu pfizpt-
sobovani parametra systému zméndm v provoznich podminkach. Prizptisobovani
je dosaZeno doplnénim systému o snimace chybové veli€iny a fidici obvody, které
udrzuji pozadované nastaveni analogového kondenzétoru se zdpornou kapacitou.

Navrh adaptivnich systémil byl realizovan a testovan v experimentdlni
aparatute, kde byl ovéfen piiznivy vliv navrzeného pfizptisobovani na jedné slozce
frekvencniho spektra.
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CHAPTER 1

INTRODUCTION

C ontinuously accelerating technical progress entails a number of disser-
viceable side-effects one of which is an increasing noisiness of the en-
vironment. Noise is currently perceived as an environmental pollutant due to
its negative impact on human psyche, hearing, and living comfort. On that ac-
count, a noise reduction has become a highly important parameter regarded with
the process of development mainly in civil engineering, automotive industry, and
aerospace industry. This attitude has wide-ranging economic and also legislative
consequences and means a new challenge for researchers and developers in broad
variety of scientific fields with a strong accent on the interdisciplinary interaction.
Another than the environment related demands for a high performance noise con-
trol emerge mainly from the need for an essential protection of human hearing or
high precision devices in extreme acoustic conditions such as in pilot cockpits.

An effective noise reduction is often achieved via a vibration control of the
mechanical structures that are sources of sound or interfaces in a sound prop-
agation path. For that reason, progress in the noise control has always largely
reflected current state of the vibration control technologies. The vibration control
itself is important for the essential protection of mechanical structures and devices
against damage or aging of their vibrating parts and consequently for the increase
of their reliability, safety, and prolongation of useful life. Another purpose of the
vibration control is found in providing essential or better conditions for operation
of high precision devices.

Contemporary noise and vibration control techniques are based mostly on (i)
properties of the passive elements such as massive walls and porous materials in
case of noise control and springs, mass, and viscoelastic dampers in vibration
control, or (ii) conventional active feedback and feedforward control principles.
Each of these two concepts has its own advantages in specific contexts. Gener-
ally, the passive methods are rather inexpensive, do not require an external source
of energy, but are bulky and weighty relatively to their efficiency. On the other
hand, the methods based on conventional active control principles can achieve
an excellent efficiency with a subtle device, but on the expense of high technical
complexity, the higher costs, and the lower reliability.

There is necessarily a gap between the conventional passive and active noise
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and vibration control methods which miss a set of devices effectively balancing
advantages of both conventional approaches: a high efficiency, an undemanding
technical performance, a minimal weight and size, a low cost, and a small or no
need for an external power supply.

A promising new approach came with utilization of smart materials in a novel
intelligent way based on simultaneous sensing and actuation performed by a sin-
gle monolithic smart sample which is controlled by one-port shunt circuits. This
technique is in literature commonly referred to as a piezoelectric shunt damping
(PSD). Since this Thesis works up generalized principles of PSD methods for pur-
poses in which in fact no intentional damping occurs, the term piezoelectric shunt
acoustic control (PSAC) is suggested and further used in this text as the more
general term covering also PSD methods as a subgroup.

The PSAC methods have been heralded as the dawn of a new era in the con-
struction of automotive vehicles, airplanes, and other structures that have to meet
ever more demanding performance requirements. This has largely not happened,
at least not in the commercial arena. Therefore, despite potentials of the PSAC
methods, yet most applications still remain confined to a pre-development stage in
research laboratories and both fundamental studies and interdisciplinary engineer-
ing research need to be carried out in order to bridge the gap between academic
and industrial environment. The presented Thesis intends to contribute to this
effort.

1.1 Piezoelectric Shunt Acoustic Control

Various simple one-port active and passive electric circuits significantly influence
the dynamic mechanical response of the piezoelectric elements which they are
connected to. Such elements can be profitably utilized in the noise and vibration
control systems as the parts with the desired effective mechanical or acoustical
properties. The basic idea of PSAC is shown in Fig. [[.1] (a) for the vibration
control and (b) for the noise control in a duct. This alternative approach to the
noise and vibration control emerged from the works of Forward and Swigert [1,2]].
They used a single piezoelectric element imbedded to a vibrating structure as the
electromechanical transducer mediating the interaction between the structure and
the electrical shunt circuit (a passive resistor).

Further modifications of PSAC are based on the same principle, where the
electromechanical interaction of mechanical structures or acoustic systems with
various active or passive electrical shunt circuits is provided fundamentally by a
single piezoelectric element. Various PSAC realizations differ in the form of the
emplacement of piezoelectric elements, the electrical network of shunt circuits,
and some other particular modifications.
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Figure 1.1: A fundamental concept of PSAC of (a) vibrations and (b) sound
transmission. The piezoelectric element is imbedded into the mechanical or
acoustical system, which is subjected to vibrations or acoustic pressure. Piezo-
electric element mediates the interaction between the system and the one-port
electric shunt circuit.

1.2 Shunt circuit topologies

Shunt circuits can be primarily categorized into passive and active and linear and
nonlinear. Various approaches with resonant, resistive, capacitive, and switching
shunts have been developed in the past as it is summarized in Fig. (introduced
by Niederberger [3]). The majority of the works published earlier in the field of
PSAC has focussed on the resonant shunts for the vibration control and mainly on
the vibration damping.

This Thesis studies the subset of active linear shunt circuits (negative capaci-
tors) and their utilization in vibration isolation and noise shielding systems.

Negative capacitors Recently, a generalized active PSAC method has been
developed by Date et al. [4]. It was demonstrated that by connecting the
piezoelectric element to a negative capacitor, it is possible to control the
effective elastic stiffness of the piezoelectric element to extremely large ex-
tent actively, in theory to zero or infinity, in a broad frequency range. This
method allows to realize noise shielding and vibration isolation systems.

The method of noise shielding by PSAC with a negative capacitor is based
on the principle that the sound propagation through the curved membrane
in air is controlled by the ratio of specific acoustic impedances of air and
membrane. Since the specific acoustic impedance of the curved membrane
fixed in a rigid frame is proportional to its elastic stiffness, an extremely
stiff membrane (compared to air) works as an interface with high sound
transmission loss. In this arrangement, the majority of acoustic energy is
reflected from the membrane and only a negligible amount of energy is
transmitted or absorbed.
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Figure 1.2: Categorization of shunt circuits (adopted from [3l]).
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The vibration isolation is based on an analogous principle. The vibration
transmission through the interface between two solid objects is mainly con-
trolled by the ratio of their mechanical impedances. Since the mechanical
impedance is proportional to the material stiffness, the extremely soft el-
ement placed between two other objects works as an interface with high
transmission loss of vibrations. Again, the majority of vibration energy is
reflected or, in a system with concentrated parameters, dissipated on the in-
ternal damper of the source of vibration. The negligible amount of energy
is transmitted or absorbed.

Early applications of these systems have been reported by Okubo [5] and
Kodama [6]. The theoretical analysis of these systems was performed later
by Mokry [7, 8] and various applications of an active elasticity control
technique in the noise and vibration control devices were demonstrated by
Fukada [9, [10]. Finally, Imoto [11] and Takahara [12] 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. On the other hand,
results of these papers have indicated that the crucial issue limiting the ef-
ficiency of the system is the accurate adjustment of electrical circuit com-
ponents of a negative capacitor. It results in the extreme sensitivity of the
noise shielding or vibration isolation efficiency of the systems to changing
operating conditions.

1.3 Summary of the main gaps in the state of the art
addressed by this Thesis

Practical realization of PSAC systems suffers from a high sensitivity accompanied
by a low stability and a deteriorating efficiency even in slightly varying operating
conditions. Although a research in the recent years achieved partial accomplish-
ments in laboratory conditions, mostly only fundamental principles have been ver-
ified. However, heretofore developed techniques do not offer a sufficient ground
for the realization of a robust device. The substantial deficiency of devices based
on PSAC with the negative capacitor can be marked as their inability to adapt on
variable operating conditions.

1.4 Goals of the Thesis

The general goal of this Thesis is to work up a design of PSAC-based vibration
isolation and noise shielding systems with a negative capacitor in order to achieve
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their reliable operability in variable real world conditions. The work focuses on
designing self-adaptive systems able to achieve and sustain high efficiency of a
vibration isolation and a noise shielding.

1.5 QOutline of the Thesis

The Thesis is organized in five parts:

Part I: Background An introduction and a literature review of the state of the art
in the field of active noise and vibration control are presented.

Part II: Vibration isolation system This part presents principles of the vibration
isolation by the PSAC method with the negative capacitor and the general
stability conditions are calculated.

Chapter 4: The design and optimization of the negative capacitor circuitry.
Chapter 5: The design of a mechanism of the negative capacitor adaptation.

Chapter 6: Experimental measurements of a vibration isolation efficiency.

Part I1I: Noise shielding system This part largely follows the analogy with Part
IT “Vibration isolation system”. The same steps are completed in the same
order and an adaptive noise shielding system is designed, analyzed, and
experimentally verified.

Part IV: Analysis of flexural modes of a clamped membrane motion This
part presents a detailed calculation of the response of a thin piezoelectric
membrane to acoustic pressure.

Part V: Discussion and Conclusions The closing part summarizes the results
achieved in the Thesis and points out the main achievements.

Appendices
Appendix A: Description of an apparatus for a measurement of the vibration
transmissibility.

Appendix B: Transfer-function method and a description of a measurement
apparatus for the measurement of the sound transmission loss.

Appendix C: Verification of the results achieved in Part IV by measurement
of a transmission loss of sound through the piezoelectric membrane.

Appendix D: Verification of the results achieved in Part IV by measurements
of a transmission loss of sound through a copper shell and its displacement
in the acoustic field.

Appendix E: List of my publications, preprints, and presentations.



CHAPTER 2

VIBRATION ISOLATION BY THE
PIEZOELECTRIC SHUNT
ACOUSTIC CONTROL METHOD

2.1 Transmissibility of vibrations

Vibration of a system with concentrated parameters can be quantified by displace-
ments x;(t), velocities v;(t) = #;(t), and accelerations a;(t) = &;(¢) as functions
of time ¢ in discrete locations 7 in the system. The vibration transmission between
locations 7 and j is commonly characterized by a transmissibility 7'R(jw) defined
in the frequency domain:

TRG) = [0

Here A;(jw) and A;(jw) are frequency spectra of vibrations a,(t) and a;(t) mea-
sured at two locations ¢ and j in the system.

2.2 Vibration isolation

Vibration isolation is understood by the prevention of vibration transmission be-
tween mechanically joined structures. When the stiffness IC* of the interface in the
vibrating structure is reduced to zero, i.e. K* — 0, transmissibility is necessarily
reduced to zero as well TR — 0. The important point is that it holds regardless
the properties of the rest of the system. Therefore, the interface with the zero
effective dynamic elastic stiffness ideally prevents the transmission of dynamic
forces and, hence, isolates from vibrations. Such an element can be realized, at
least in theory, by the piezoelectric actuator connected to the circuit that behaves
as a negative capacitor.
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2.3 Ideal vibration isolation system with an ideal
negative capacitor

We consider a vibrating structure with the interface realized by a piezoelectric ac-
tuator connected to the external one-port circuit (negative capacitor) as illustrated
in Fig. 2.1 If one considers the special case of the piezoelectric n-layer stack

passive
I__L] ¢ % mechanical
transmitted structure
NE f}_\{s 0 vibrations o+

) <“«— . ) _l— = :

‘ piezoelectric g+ [V negative

=i actuator ~_ [ U \L capacitor
l | _;_,7_)” o\L 0 incident B ! | C
- T vibrations —

F

—
)
-

Ii] source of
vibrations
o ®

Figure 2.1: Vibration isolation system with the piezoelectric actuator: (a)
the m-layer piezoelectric stack actuator, (b) the vibrating structure with the
interface realized by the imbedded piezoelectric actuator, which is connected

to the negative capacitor.

actuator of a cross-section area .S, which is perpendicular to the actuator length [,
and with a uniform uniaxial electrical and mechanical loading along the x5 polar
axis [see Fig. 2.1] (a)], the linear material state equations of the piezoelectric ma-
terial can be simplified to the equations for the charge () and the change of length
Al of the piezoelectric actuator in a following form:

Q = CFU+dF, (2.1a)
Al = dU+ (1/kY) F, (2.1b)

where CI is the capacitance of a free piezoelectric actuator. Symbol U stands for
the voltage on common electrodes of the actuator and the external circuit, symbols
d and kY are the piezoelectric and spring constants of the actuator, respectively.
Considering the requirement for the zero force transmitted through the piezo-
electric actuator, ' = 0, the condition which is to be satisfied by the ideal shunt

circuit can be found as follows:

4 = —cr, (2.2)
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where ng) = (*/U is the ideal capacitance of the shunt circuit, which induces
zero effective elastic stiffness of the piezoelectric element with capacitance C'I'.
At this moment, the main attention in a realization of the vibration isolation sys-
tem should be drawn to the design of an active circuit - the negative capacitor -
with parameters which satisfy the condition in Eq. (2.2).

2.4 Real vibration isolation system with a real neg-
ative capacitor

The realization of an ideally working system is fundamentally impossible and
only less or more accurate approach of the real systems to a desired ideal state can
be achieved. Therefore capacitances Cxc and CF are generally different and one

can obtain from Eqgs. (2.1]) together with equation C' NC = ()*/U a dependence of
the effective elastic stlffness KC*on Cxe :

’C* /{2 -1
= (- Trder) 2

where k2 = d?kY/(ICY) is the electromechanical coupling factor of the piezo-
electric actuator. Absolute values of the fraction given by Eq. (2.3)) are plotted in

Fig.2.2}

C _=C¢
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Figure 2.2: Dependence of the relative effective elastic stiffness of the piezo-
electric sample on the ratio of the shunt capacitance to the capacitance of the
sample. This characteristic was experimentally verified in [9]].

At this moment, the transmissibility can be conveniently expressed in terms of
capacitance difference AC' = Cyxc + CF as follows:

, (2.4)




10 CHAPTER 2. AUTOMATIC ADAPTATION OF VIB. ISOL. SYS.

where Z, is the mechanical impedance of the passive mechanical structure placed
on the piezoelectric actuator. Equation determines the transmissibility in
non-ideal state, when the capacitances of the circuit and the actuator differ, i.e.
|AC| > 0.

2.5 Vibration isolation with a piezoelectric actuator
shunted with a negative capacitor: Formulation
of the problem

The Thesis analyzes the crucial issues of the sensitivity and stability of real vibra-
tion isolation system on changes in operating conditions. On that base, demands
for the optimally adjusted real vibration isolation system composed of a piezoelec-
tric actuator and a shunt circuit are formulated as to design and realize circuit
that behaves as a negative capacitor and satisfies three conditions:

Minimal |AC| for all frequencies, which set the system close to the ideal state
on the edge of stability.

Positive real part of the impedance of the element which is created as a
parallel combination of the negative capacitor and the actuator for all
nonzero frequencies. This protects the system against oscillations.

Negative sign of static capacitances difference, i.e. AC(jw) < 0 for w = 0,
which secures a static stability of the system.

2.6 Vibration isolation system with the automatic
adaptation of the negative capacitor

The fundamental concept of the automatic adjustment proposed in this work is
shown in Fig. [2.3] The piezoelectric force sensor is placed under the piezoelectric
actuator to measure the transmitted force F'. The force sensor is connected to
the charge amplifier with a small input impedance and produces the piezoelectric
charge proportional to the transmitted force Qr = dp F', where dr is an effective
piezoelectric constant of the force sensor. The charge ()¢ is converted to a voltage
Ur = ap@Qr by the charge amplifier. Symbol a stands for the charge-voltage
conversion constant. The voltage U on the common electrodes of the actuator and
the negative capacitor is introduced to the high-input-impedance instrumentation
amplifier, which produces a voltage Ux = as U. Constant a, is the differential
gain of the amplifier.
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Figure 2.3: Basic diagram of automatic adaptation introduced to the vibration
isolation system.

The task for the control circuit is to process the voltages Up and Uy, on that
base evaluate the vibration isolation efficiency of the system, and possibly correct
an arbitrary number of parameters of the negative capacitor if the efficiency de-
teriorates. The described feedback allows the vibration isolation system to adapt
itself on unwanted changes in the operating conditions.

The specific design of the self-adaptive system realized in the Thesis evolved
in the final form with the block circuit diagram depicted in Fig. [2.4] Simplified
version of the system depicted on Fig. [2.4] was suggested and realized in the
diploma Thesis by Milo§ Kodejska (see Fig. [2.5)).

Evaluation of the vibration isolation efficiency

Transmissibility is the quantity that determines the efficiency of the vibration iso-
lation. Since the effective elastic stiffness of the actuator controls the transmissi-
bility of vibrations, we can profitably use the effective elastic stiffness as a relevant
quantity for the estimation of the transmissibility of vibrations.

If the controlled system is in the proximity of the ideal state (’,S—U < 1), we
can write the approximative relation Uy ~ (as/d)Al and estimate the effective
elastic stiffness of the piezoelectric actuator from relation:

_F e Ur
T AT apdpd Uy

Equation (2.5)) gives the essential information for the feedback control of the vi-

K (2.5)
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Figure 2.4: Schema of the vibration isolation system with the negative ca-
pacitor and the control circuit.

bration isolation system. The ratio of the measured voltages Ur/Ua can be re-
garded as an error value. Therefore, we reformulate the task for the control circuit
as the setting parameters of the negative capacitor to minimize the absolute value
of the measured error value:

Ur

A

min = optimal adjustment of the vibration isolation system. (2.6)

In order to determine the control law, we find dependence of the reciprocal
value of the error Ur /U, on the negative capacitor parameters using Eqgs. (2.3)
and (2.3) as follows:

Ua aa , CF
Ya @ (4 s ) 27
Ur ™ apdpdi¥ ( TRe @7
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Figure 2.5: Electrical scheme of the negative capacitor with a control cir-
cuit in the self-adjusting vibration isolation system. Voltage U is a converted
signal from the force sensor, which measures the transmitted force F'. Volt-
age U applied to the piezoelectric actuator is proportional to the change of
length Al of the piezoelectric actuator. The transmissibility of vibrations con-
trolled by the negative capacitor can be estimated from the phase difference of
Uo/Ur Al.

Equation determines approximately the function Uy /Ur = f(AC). How-
ever, it is clear that its value is significantly sensitive to any variation of AC' in the
proximity of AC' = 0 and changes both with whatever unpredictable variation of
system parameters and with the intentional control of circuit parameters. Conse-
quently, the suitable control of chosen parameters can compensate the unwanted
mistuning of the system caused by external effects and thereby it can minimize
the vibration transmissibility.

Adaptation of the negative capacitor parameters

Two parameters, 2, and Ry, of the circuit shown in Fig. @ are chosen to be
controlled. Their values complementarily control both resistive and capacitive
parts of the negative capacitor capacitance. Hence from Eq. (2.7)), we estimate the
relation:

Urn _ aa 4

AL TA [ 2. Ts ) 2.
Ur  apdpdk? ( o AC(Ry, RO)) i

Function (2.8)) is proportionally plotted in graphs in Fig. [2.6 for the single fre-
quency wy, and in the close proximity of the optimal adjustment [R&O), Réo)].
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Figure 2.6: Proportional dependence of (a) amplitude and (b) phase of volt-
age ratio U /U and relative elastic stiffness kY /K* onresistances R; and Ry
at single frequency. The graph is plotted without any concrete values because
these can not be evaluated without significant inaccuracy. The only relevant
information is the proportion. The point of optimal adjustment [R(()O), Rgo)} is
desired to be approached.

Control law

Value of Uy /U is the input information from which the control circuit deter-
mines whether and possibly how to change the values of resistors R; and R in
the negative capacitor. For that purpose, we define quadrants of the “R-plane”
(plane of R; and Ry) as the areas separated by lines R; = R§°) and Ry = R(()O) .
These lines are emphasized in Fig. 2.6 as the red dashed ones. The point at their
intersection [R\”, R{”] stands for the optimal adjustment.

The optimal point can not be directly evaluated from the measured value of
U /Up since the function U, /Ur = f(R;, Ry) is found only approximately for a
simple model. Moreover, as follows from the sensitivity analysis, location of the
optimal point is significantly sensitive and shifts with even small variations in the
operating conditions. The only utilizable information is the relative proportion of
the graph. For that reason, the control algorithm is proposed as iterative and we
define the step of each iteration by values of AR; and AR as follows:

Ry = Ri; + ARy,
Roiv1 = Roi + AR.

Here Ry 41, Ry and R ;41, Ry, are the “new” and “old” values of resistors R;
and IRy, respectively. Now the task for the control circuit is reduced to decide the
steps AR; and ARy from the measured value of Uy /UF.

The control law can be easily suggested if one plots the curves of the cuts
through the plane arg (Ux /Ur) = f(R1, Ro) as shown in Fig. This graphs re-
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Figure 2.7: Proportional dependence of Up /Ur on (a) resistances R; with
constant Ry and (b) resistances Ry with constant R; at constant frequency.

veal that arg (U, /Ur) can positively determine the quadrant of R-plane, in which
the point [ Ry, Ry] actually lies. Therefore, determination of the sign and length of
the control step is proposed as follows:

(

+ary g—i for arg (U—2> € (p1+ 2km, 1+ (2k+ 1) 7)

AR, = < (2.9a)
| —am g—i for arg (U—§> ¢ (p1+ 2km, 01+ (2k+ 1) m)
( +ago g—i for arg (U—A> € (wo + (2k — 1) 7, g + 2km)

ARy = (2.9b)
—ago g—i for arg <g—;§> ¢ (wo+ (2k — 1), o + 2km) .

\

Meaning of Eqs. (2.9) is graphically interpreted in Fig. [2.8] There as well as in
Egs. (2.9) and in Fig.[2.7]angles ¢, and ¢, are crucial parameters which can be ac-
curately determined only by an experimental calibration. The factors ar; |Ur /U, |
and agg |Up/U,| determine the length of the step. The parameters agr; and agg
together with the period of iteration control speed and the form of the adjustment
convergence. Their values are best determinable again only by experimental cali-
bration.
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Figure 2.8: Interpretative illustration of the readjustment step evaluation.

2.7 Vibration isolation: Experiment

Measurement of the vibration isolation efficiency follows an evaluation of the
vibration transmissibility defined as:

. A (iw
TRgg(jw) = 20logy, M

| Ai(jw)|”

where |A¢(jw)| and |A;(jw)| are amplitudes of acceleration of transmitted and
incident vibrations, respectively.

The process of transmissibility measurement is performed in four layers: sens-
ing, pre-amplification, data acquisition, and evaluation as illustrated on Fig. [2.9]

! pre- el
. 1 e 1 O 1 .
sensing i -amplification i = i evaluation
A r————————l 5
o
| o
& 1 ®©
i) Qu ®©
: |
. —o——— = I
negative o Cha.r.ge —
: o | amplifiers A/D
capacitor 8 H
—o0——————— | [

t ¢

control circuit

source of (TR W

vibrations

Figure 2.9: Vibration transmissibility measurement.
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Vibration isolation system with a control circuit realized by a
personal computer

Measurements presented in this section were carried out with the negative capaci-
tor and the control circuit with the design shown in Fig.[2.4] The time dependence
of the relative transmissibility level defined as AT Ryg(t) = T'Rag(t) — T Rag offs
where T'Rgp of 1s the transmissibility when the negative capacitor is disconnected,
is shown in Fig. 2.10] In this experiment, the negative capacitor was connected

NC on
N

control on control off control on

NC off

ATR,, [dB]

t [min]

Figure 2.10: Time dependence of the relative transmissibility level
AT Rgg(t) of harmonic vibrations at frequency f = 1kHz. Gray areas in-
dicate regions where the control circuit is turned on.

to the piezoelectric actuator at the time ¢ = 4 min in the graph. Simultaneously,
the control circuit was turned on. The transmissibility level decreased under the
control limit value —40 dB, i.e. the point where the iteration step was zero.

At the time ¢ = 18.3 min, the control circuit was turned off and the relative
transmissibility level increased quickly by 20 dB. At the time ¢ = 32.3 min, the
control circuit was turned on again and the relative transmissibility level decreased
under the value —40 dB.

Vibration isolation system with a control circuit realized by an
integrated microprocessor

Figure [2.11] shows two time-dependencies of levels of the vibration transmissibil-
ity at frequency f = 0.6 kHz through the vibration isolation system (see Fig.
exposed to heating in two situations. The black line corresponds to the situation,
when the control circuit was turned off and the initial drop in the transmissibil-
ity of vibrations by 20 dB deteriorated by 10 dB within 5 minutes. The gray line
corresponds to the situation when the control circuit was turned on. In this case,
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Figure 2.11: Effect of changing operational conditions (heating) on the
time dependencies of transmissibility of vibrations of frequency f = 0.6 kHz
through the self-adjusting vibration isolation system in two situations, when
the control circuit was turned off (black line) and turned on (gray line).

actions of the control circuit yielded the long-time sustainable value 20dB of
transmissibility of vibrations.

Figure[2.12]shows the effect of the vibration excitation frequency on the trans-

missibility of vibrations in two situations. The solid line corresponds to the sit-
uation when the negative capacitor was adjusted at 1 kHz and kept fixed during
the experiment and the dashed line corresponds to the situation when the self-
adjustment control circuit applied corrections to the negative capacitor adjust-
ment.

or ;
Sr control circuit off
10t - control circuit on
3
B -15 ¢} n
= AN A i
< 20 A TWAVEANEFON [RVAY:
ni VASFAYARTEERY \ H v
N AV WA WATACA VA N A ol ‘\ H
25 ,' I“I/ \Vl \\l/ \\ II W J I‘J,
V
-30 : :
0.5 0.6 0.7 0.8 0.9 1.0 1.1
f[kHz]

Figure 2.12: Effect of frequency change of a vibration excitation on the trans-
missibility of vibrations through the self-adjusting vibration isolation system:
first, with the fixed adjustment of negative capacitor (solid line) and, second,
with adjustment corrections applied by the control circuit (dashed line).



CHAPTER 3

NOISE SHIELDING BY THE
PIEZOELECTRIC SHUNT
ACOUSTIC CONTROL METHOD

L I \ his chapter introduces a method of the sound control based on the active

interface which is designed in order to achieve desired impact on the sound
transmission, in particular case, the noise shielding. The basic concept for the
analysis, design, realization, and measurement of the noise shielding system with
the piezoelectric curved membrane made of polyvinylidene fluoride (PVDF) is
shown in Fig.[3.1]

Acoustic tube h Electroded piezoelectric film
of effective area S

Incident sound (7)) -->
Reflected sound (p,) < - -

Transmitted
sound (p,)

AlC

Jj ’—I—I Negative capacitor |—l

Figure 3.1: The fundamental concept of noise shielding barrier used for anal-
ysis, design, and measurement in this Thesis.

3.1 Acoustic transmission loss of sound: noise
shielding

The function called the acoustic transmission loss 7'L, which is defined as

TL = —20log,, | 2], 3.1)

1

19
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is often measured to evaluate the noise shielding efficiency. Here p; and p, are
acoustic pressures of the incident and transmitted sound waves, respectively.
Meakawa [13]] published a formula for the acoustic transmission loss of sound
T'L through the barrier in terms of its acoustic impedance zy, as follows:

TL = 20logy, . (3.2)

Zm
1 -
+ 2poC

Here c is the sound velocity in air and py is the volume mass density of air. Further,
Mokry [[7] calculated a simple formula for the acoustic impedance of the curved
membrane, which has a uniform radial displacement along the whole membrane

surface:
Y*(7
Zm = Jh (wp — (Jw)) , (3.3)

wR?

where the symbol Y*(jw) denotes the complex Young’s modulus, p is the mass
volume density of the membrane, R is the radius of the membrane curvature,
and h stands for the membrane thickness as indicated in Fig. One can see
from Eqgs. (3.3)) and (3.2) how the transmission loss is controlled by the membrane
geometry, mass, and stiffness.

The desired ideal sound barrier should ideally achieve infinity transmission
loss of sound through the membrane. This can be obviously achieved using a
membrane with the infinity elastic stiffness. Then the condition for an ideal noise
reflection and hence noise shielding is simply defined as follows:

Y*(jw) — 0. (3.4)

3.2 Ideal noise shielding system with the ideal nega-
tive capacitor H

Calculation analogical to the one performed in Section [2.3] reveals the condition
for the ideal shunt negative capacitor properties in the ideal noise shielding sys-
tem, which is:

cld) = ¢ (3.5)

Here OIS?} is the capacitance of the ideal shunt negative capacitor and CY is the
capacitance of the clamped piezoelectric membrane.
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3.3 Real noise shielding system with a real negative
capacitor for hardening mode

Problematic issues concerning real noise shielding systems based on the PSAC
method are analogical to the ones introduced in the case of the vibration isola-
tion (see Section [2.4). The studied PSAC systems suffer from difficulties in their
sustainable adjustment which should ideally approach and hold the condition Eq.
(3.5) in a broad frequency band and from the fact that the ideally working system
is in principle at the edge of stability.

In a real system, capacitances —Cxc and C¢ are generally different and one
can obtain the dependence of the effective Young’s modulus Y* on the capacitance

C\c as follows:
Y+ K2
— =1+ —. 3.6
vy ( i 1+CNC/O:) 30

Here x? is the electromechanical coupling factor of the piezoelectric membrane.
Equation (3.6) describes identical effect as Eq. (2.3)) for the case of an actuator
in the vibration isolation system. Therefore the dependence of the fraction of
Young’s modulus Y*/YY vs. the fraction of capacitances Cxc/C¢ is included
in Fig. [2.2] as well, if we assume proportional relation of Young’s modulus and
elastic stiffness, i.e. kY ~ Y and K* ~ Y*. .

Another problematic issue, which is unavoidable in the noise shielding sys-
tem, emerges from the shape of the shielding element. A thin curved membrane
necessarily exhibits flexural motion with complicated dynamics. The detailed ex-
tensive study of the membrane dynamics, is presented in separate Part IV of the
Thesis. The only resulting formula for the transmission loss is introduced herein
in the terms of acoustic impedances and capacitance difference AC, = C¢ 4 Cnc
as follows:

z 2© e
TL =201 1+ Mo p22m s | 3.7
%810 1 F 2z, T 2z, AC, S

In this formula

z,=cp, and z, = é (28 4+ 28)
are the acoustic impedances of air and the membrane, respectively. The sym-
bol G, is a dimensionless coefficient expressed and comprehensively analyzed in
Chapter 11 of the Thesis. Here, it is worth mentioning that this dimensionless
coefficient introduces the modal membrane manifestation into the resulting me-
chanical impedance z,,. In the approximation of the uniform membrane motion,
the coefficient G reaches 1.
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Mechanical impedance of the membrane equals to the sum of two parts where
2™ = jwhp is the contribution to mechanical impedance of the membrane con-
trolled by its mass and 2© = —jhcl /(R?w) is the contribution to mechanical
impedance of the membrane controlled by its elastic stiffness. The symbol c¥ is
the elastic stiffness proportional to the Young’s modulus.

The aforementioned formula for the acoustic transmission loss was verified by
a comparison with experimental data published by Fukada [10]. This verification
is presented in Appendix C of the Thesis. Furthermore, the shape of a membrane
displacement was analytically calculated from the theoretical analysis and a result
was verified by an experimental measurement of a displacement of the curved cop-
per membrane in a sound field. The copper membrane was used as relatively hard
material with a small mechanical loss factor which markedly exhibits a flexural
motion. This verification is presented in Appendix D of the Thesis.

3.4 Noise shielding with a piezoelectric curved
membrane shunted with the negative capacitor:
Formulation of the problem

The basic analysis performed above and the stability and sensitivity analysis pre-
sented comprehensively in the Thesis result in the following three crucial condi-
tions imposed on the shunt negative capacitor which are to be addressed during
the design of the noise shielding system. When we introduce AC, = Cx¢ + C
the real system needs to satisfy:

Minimal |AC,| for all frequencies, which set the system close to the ideal state
on the edge of stability.

Positive real part of the impedance of the element which is created as a
parallel combination of the negative capacitor and the membrane for
all nonzero frequencies. This protects the system against oscillations.

Positive sign of static capacitances difference, i.e. AC,(jw) > 0 for w = 0,
which secures a static stability of the system.

3.5 Noise shielding system with the automatic adap-
tation of the negative capacitor

Mechanism of the automatic adjustment of the negative capacitor in the noise
shielding system is analogical with the mechanism developed for the vibration
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isolation system studied in Section[2.6] The arrangement of the noise barrier with
two PVDF membranes and a “self-adaptive” negative capacitor is schematically
shown in Fig.[3.2] The concept of a system adaptivity is based on sensing an error

PVDF membrane 1
~ - PVDF membrane 2

transmitted sound
—_—

error microphone
EESSSSSSSSSSSSSS

4

E I: amplifier

incident sound
—_—

reflected sound
-~ —

wqRa
negative AN control |D /|«
capacitor R, circuit LA
I

Figure 3.2: Block diagram of self-adaptive noise shielding system.

quantity - transmitted sound level - and a possible readjustment of two resistors
of the negative capacitor in order to minimize the transmitted sound. The detailed
arrangement of the negative capacitor with the additional amplifier and the per-
sonal computer, which represents a control circuit, is shown in Fig.[3.3] The main
part of the negative capacitor is a passive capacitor made of PVDF. This capacitor
is prepared by the same technique and with the same dimensions as each of the
membranes placed in the duct. Finally, this capacitor is reinforced by silicone,
which prevents the motion of the PVDF capacitor. The reinforcement is intro-
duced to keep the dielectric properties of the PVDF capacitor close to properties
of the clamped sample as it is required for the proper characteristic of the negative
capacitor.

Control algorithm

The control algorithm for the noise shielding system is almost identical with the
algorithm for the vibration isolation system described in Section 2.6] The dif-
ference between them lies only in experimentally determined constants and their
signs.

The main principle of the control algorithm can be described as follows. The
acoustic transmission loss of sound through the curved piezoelectric membrane
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Figure 3.3: Electrical scheme of the self-adaptive noise shielding system.

can be estimated from voltages Uy, and U, . Firstly, the measured voltage Uy,
proportionally corresponds to the transmitted acoustic pressure p;. Since the value
of py is proportional to the amplitude of the membrane vibration in the radial
direction, it is also proportional to the in-plane membrane elongation Al. Hence,
the voltage Uy, provides information on the in-plane elongation of the piezoelectric
membrane, i.e. Al o< Uyp. In the situation, when the voltage-induced strain nearly
cancels the force induced strain, the membrane elongation approaches zero and we
can approximately write dU =~ (1/Y)F. Therefore, as the sensed voltage U, is
proportional to voltage U on a PVDF membrane 1, it provides information on the
in-plane mechanical force applied to the piezoelectric membrane, i.e. ' o< YoUy .
Now it is convenient to denote the contribution to the acoustic transmission loss of
the noise shielding system, which is controlled by the action of the piezoelectric
membrane and the negative capacitor:

ATLyc = TL(Y*) = TL(Y,) = 201og,(Y*/Yy). (3.8)
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When one considers that the effective Young’s modulus of the membrane is
given by the ratio of the in-plane force applied to the membrane over the to-
tal in-plane elongation of the membrane, i.e. Y* = F/Al, it is immediately
obvious that the acoustic transmission loss controlled by the negative capaci-
tor can be estimated from the signals introduced into the control circuit, i.e.
AT Lyc o« 201ogyo(Ua/UL). In order to keep considerably high values of func-
tion AT Ly, the control circuit processes the amplitude of the ratio U, /Uy, and
the phase difference between signals U, and Ui, and applies corrections to the
digital potentiometers R4g and Ry; in the negative capacitor.

The rules for the estimation of resistor corrections are determined experimen-
tally using a manual adjustment of the negative capacitor. If the phase difference
between signals Uy, and Uy belongs to the experimentally determined range (see
illustration on Fig. 2.§), values of Rq49 and Rq; are increased or decreased in order
to maximize the ratio U, /Uy, and, consequently, the estimated value of acoustic
transmission loss AT Lyc.

3.6 Noise shielding: Experiment

This section presents results of measurement and experimental verification of
functionality of the self-adaptive noise shielding system. The measurement of the
acoustic transmission loss is carried out by a four-microphone transfer-function
method modified for the use with two microphones (see Fig. [3.4).

Results of the measurement of the transmission loss through the
noise shielding system

The frequency characteristics of transmission loss through the noise shielding bar-
rier with circuitry shown in Fig. were measured under two adjustments:

1. The negative capacitor was adjusted to suppress the sound transmission in a
broad frequency band. The results of the measurement of the system which
was set to suppress sound transmission maximally at the frequency f =
3 kHz is shown in Fig.

2. The negative capacitor was adjusted to suppress the sound transmission in
a narrow frequency band. The results of the measurement of the system
with maximal sound transmission loss over 40 dB at frequency f = 2kHz
is shown on Fig. [3.6]
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Figure 3.4: The Four-microphone method of a transfer-function measurement
for a transmission loss evaluation. The method is adopted for two moving
microphones. An acoustic pressures p are measured at least in four locations.

Measurement of a noise shielding efficiency in time

For purposes of the system adaptivity verification, the adjustment which results
in the sound shielding in a narrow frequency band around frequency 1.6 kHz has
been chosen. The measurement of an evolution of a noise shielding efficiency in
time has been carried out with the measurement apparatus arranged as shown in
Fig. For the purposes of a transmission loss evaluation from the transmitted
sound level measurement, the transmission loss difference is defined as
AT Ly = L3 — LYY, (3.9)
where L7t and L;ﬁf are sound levels measured when the negative capacitor is con-
nected and disconnected, respectively.
Figure [3.8 shows measurements of the acoustic transmission loss through the
adaptive noise shielding system. The measurement evaluates transmission loss of
a single harmonic component of the sound of frequency f=1.6 kHz. The black



27

—— negative capacitor on
-10 F | — negative capacitor off

15 f | — difference of —and —
_20 1 I 1 I 1 I 1 I 1 I 1 I 1

1000 1500 2000 2500 3000 3500 4000 4500
f[Hz]

Figure 3.5: Broadband transmission loss achieved by the noise shielding
system. The blue curve stands for the sound transmission loss through the
membrane when the negative capacitor was disconnected. The black curve
represents sound transmission loss when the negative capacitor was connected
and adjusted and the red line stands for their difference.
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Figure 3.6: High transmission loss achieved by the noise shielding system
on a narrow frequency band. The blue curve stands for the sound transmission
loss through the membrane when the negative capacitor was disconnected.
The black line represents sound transmission loss when the negative capacitor
was connected and adjusted and the red line stands for their difference.

parts of the curve indicate the sound level measured when the control circuit was
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Figure 3.7: Measurement setup for measurement of time stability of the noise
shielding system.
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Figure 3.8: Measurement of the acoustic transmission loss through the adap-
tive noise shielding system. The black parts of the curve indicate the acoustic
pressure level measured, when the control circuit was turned on. The gray
parts of the curve indicate the acoustic pressure level measured, when the con-
trol circuit was turned off.

turned on and adjusts the system to maximally suppress the frequency f=1.6 kHz.
The gray parts of the curve indicate the sound level measured, when the control
circuit was turned off. The measurements have shown that when the negative
capacitor was connected to the piezoelectric membrane and manually adjusted,
an increase in the acoustic transmission loss by an additional 45 dB has been
achieved resulting in the total acoustic transmission loss of about 65 dB. When
the control circuit was turned on, we have demonstrated the long-term sustainable
increase of the acoustic transmission loss by about 45 dB.
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CONCLUSIONS

The method of piezoelectric shunt acoustic control with the negative capacitor
was studied and worked up in the presented Thesis. It was shown that electric
circuits which behave as negative capacitors can substantially affect an elastic
response of the piezoelectric elements to which they are connected. Such piezo-
electric elements imbedded into mechanical and acoustic systems were utilized as
the principal components for a vibration isolation and a noise shielding.

Although the fundamentals of the studied methods have been well-developed
and published in the past, the main achievement of the presented work lies in the
analysis, design, and realization of the self-adaptive mechanism and its imple-
mentation to the real vibration isolation and the noise shielding systems. It was
experimentally verified that the proposed ideas secure the sustainable high effi-
ciency of the vibration isolation and the noise shielding, contrary to the situation,
when no adaptation is employed. Although the developed adaptation mechanism
was successfully verified only on a single harmonic component of the transmitted
vibration and sound, the principle is essentially extensible to a broader frequency
range.

The advantage of the developed approach to the construction of vibration iso-
lation and sound shielding systems lies in the combination of a fast and simple
analog negative capacitor, which can realize the active elasticity control of piezo-
electric elements up to ultrasound frequencies [11} [12]], with a digital control cir-
cuit, which just secures the proper adjustment of the electronic components in the
negative capacitor. In this arrangement, there are almost no requirements on the
minimum speed of the digital control circuit resulting in extreme simplicity and
low cost of the electronic part of noise and vibration control systems. However,
the control can also be theoretically performed by an analog circuit.

When this method is further extended to control the vibration transmissibility
of the sound transmission in the broad frequency range, it will represent an alter-
native technique with potentials to supersede contemporary noise and vibration
control systems in their numerous applications.
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