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ABSTRACT

This thesis presents theoretical and experimental studies concerning active
and semi-active systems for the vibration control of the flexural response of
a thin plate using piezoelectric transducers. Concerning the active control sys-
tems, velocity feedback loops are implemented using a piezoelectric patch with
a particular shape as actuator. This piezoelectric patch is composed of 6 trian-
gular leafs disposed in such a way as to form an hexagonal patch. Single and
decentralised multiple channel configurations were studied, using the Nyquist
criteria to analyse the stability of the control loop and the kinetic energy of the
flexural response of the panel to asses the control performance.

Then, a fully coupled model of a semi-active vibration control system is pre-
sented, which uses a piezoelectric transducer connected to an electric shunt
circuit composed of an inductance and a resistance. A reduced model that ne-
glects the structural damping and considers only the first natural mode of the
plate was used to derive the optimum values for the inductance and resistance
of the shunt circuit. These values were then compared to the ones found nu-
merically using a genetic algorithm and considering an increasing amount of
natural modes of the plate. A parametric study is also presented in which the ef-
fects of the piezoelectric patch dimension on the vibration control performance
is analysed.

The last part of the thesis presents a time-varying shunted piezoelectric ab-
sorber that produces a broadband control effect of the flexural response of the
plate. Single and multiple configurations were studied, and two control laws
were proposed for the shunt: switching mode, in which the inductance and re-
sistance values cyclically change between a set of three pairs of values in order
to control iteratively the flexural response of the panel near three of its natural
frequencies; and sweeping mode, in which the shunt values are varied contin-
uously from a lower to an upper bound that match the lower and upper val-
ues of the frequency range of interest. Series and parallel operation modes are
proposed for the multiple configuration using five time-varying shunted piezo-
electric vibration absorbers. In the series mode the targeted frequency range is
divided in five sub-ranges in which only one piezoelectric vibration absorber
works and in the parallel mode all five absorbers work in the full targeted fre-

quency range but with a phase shift between each other.
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INTRODUCTION

Vibrations in mechanical systems are a response, usually an undesired one,
to excitation forces due to the operation process itself or due to external or en-
vironmental causes. Mechanical vibrations are found almost everywhere and
depending on the considered system and the type, frequency and amplitude
of the vibrations, these can be neglected in the best case and generate noise,
accuracy and other types of issues, or even damage and destroy the system
or injuring people in the worst case. Considering their effects on humans, in
the best case they are harmless or cause minor discomfort but they can also be
accounted for headaches, nausea and a wide variety of health issues, including
death in the worst case [3]. In the engineering field, vibration control of struc-
tures is of great interest in very different applications: from the manufacturing
sector, to the maritime, space, aerospace, railway and automotive industries, to
consumer goods industries as vibrations can be the source of lower produc-
tivity, material fatigue issues, or, amongst many others, user discomfort that
translates in a loss of the market share, e.g. a washing machine or a car that
are too noisy or vibrate too much [3-5]. In addition, many countries have set le-
gal regulations that industries must meet regarding workers exposure to noise
and vibration, e.g. within the European Union the regulations for noise and
vibration are the Noise at Work Directive 2003/10/EC and the Human Vibra-
tion Directive 2002/44/EC setting as limit values 87 dB(A) for average daily
noise exposure level, 2.5 m/ s? for single action hand-arm vibration, 0.5 m/ s?
for single action whole-body vibration.

The diversity of size of the structures were vibration control is needed is also
reflected in the diversity of the frequency ranges of the significant vibrations:
1 — 20 Hz for some systems, 20 — 250 Hz for others, tonal or broad band, etc
[5]. The targeted frequency range is one of the parameters to take into account
in order to choose the best vibration control strategy. Another one is the nature

of the vibration: flexural, torsional or longitudinal.
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A variety of techniques have been developed over the years to produce the
desired vibration control effect on such different applications; these techniques
are usually categorized depending on the use of external power sources in two
main categories: passive or active; with many authors also referring to a third

category usually called semi-passive or semi-active.

1.1 PASSIVE VIBRATION CONTROL

Passive treatments involves changes in the stiffness, mass and damping of
the vibrating system and in this way making it less responsive to the sources
of vibrations. These changes are usually design modifications or the addition
of masses, dampers or springs; elements that passively react in opposition to
the accelerations, velocities or deflections imposed upon them [5]. This means
that they do not require external power. In his book [5], Mead has classified the

passive vibration control approaches into four main categories:

BY STRUCTURAL DESIGN: optimizing the design of a mechanical system can
reduce its vibration levels, e.g. by shifting the system resonance frequen-

cies away from the excitation frequencies;

BY LOCALIZED ADDITIONS: alumped mass or a vibration absorber (a combi-
nation of mass, spring and damper elements) is added at a specific place
of the structure where it can neutralize the exciting force over a narrow
frequency band;

BY ADDED DAMPING: with the addition of highly damped polymeric materi-
als located in specific places of a lightly damped structure where they can

dissipate as much energy as possible; and

BY RESILIENT ISOLATION: useful when the vibration is transmitted through
few connection points, then these connections are made of soft or resilient

rubber springs that can isolate the system from the source of vibration.

Passive solutions such as localized additions or added damping work well
at high frequencies, however at lower frequencies they usually require a lot
of space and introduce significant weight to the structure while delivering a
limited control performance. Another factors to consider are the ageing of the
damping material and changes in the system working conditions that would

decrease the performance of these passive vibration control systems.
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1.2 ACTIVE VIBRATION CONTROL

In active vibration control (AVC) electromechanical, electrohydraulic or elec-
tropneumatic actuators are used to produce a vibration that counteracts the
original one produced by the exciting forces. These systems use sensors to mea-
sure the vibration of the structure, an electronic system to process the signals
and to deliver the control signal to an amplifier that drives the actuators. AVC
systems can be used in conjunction with passive treatments, which also act as
a back-up to prevent serious damages in case the AVC unit fails for some rea-
son and the feedback loop becomes unstable. Some of the drawbacks of active
systems are the need of an external supply, instability and spillover (enhanc-
ing the vibration level at some frequencies) issues. Nevertheless, they are able
to, in a wide range of operating conditions, achieve remarkable performances,
specially at low frequencies.

Active vibration control systems can be classified into two main categories:
feed-forward and feedback control. Feed-forward control is used when the dis-
turbance is deterministic or tonal or when there is a signal reference strongly
correlated with the disturbance [6]. A secondary disturbance is generated in
order to destructively interfere with the primary one. This type of control relies
in some prior knowledge of the primary disturbance, however the system can
tune or adapt to different working conditions by using a reference signal and
an adaptive filter. The reference signal (e.g. a tachometer signal for combustion
engines) is measured and passed to the adaptive filter and then to an amplifier
that drives an actuator. The performance of a feed-forward control system re-
lies on the delicate interaction between the effects of the primary and secondary
disturbances. Thus, the amplitude and phase of the controller must be carefully
adjusted [6]; for this reason it is very important to use efficient algorithms to
tune the controller in real time [7]. It is important to note here that, for adap-
tive feed-forward control systems, the reference signal measured by the sensor
is not affected by the secondary disturbance.

On the other hand, feedback control systems are implemented when the orig-
inal excitation of the structure cannot be directly observed, so no reference sig-
nal or prior information is available for the controller; e.g. when the structure
is subjected to a broadband random excitation from many sources. Feedback
control systems are widely used for controlling the vibration of lightly damped
structures that are characterised by well separated resonance peaks at low fre-
quency and for which the disturbance at each resonance peak is relatively nar-
rowband [7]. An ideal velocity feedback is equivalent to a sky-hook damper;
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so, considering that the response of a structure near low resonance frequencies
is mainly controlled by damping, then velocity feedback loops can be used to
actively increase the effective damping of the system [6].

Another type of classifying active control systems is referred to the amount of
inputs and outputs of the system. The most usual classification is single-input
single-output systems (SISO) and multiple-inputs multiple-outputs (MIMO)
systems. SISO systems use only a pair of sensor and actuator while MIMO
systems use an array of them and according to the control strategy they can be
categorised as centralised or decentralised.

In centralised MIMO control systems all the sensors provide their signal to
a centralised controller that process them and send the control signals to every
actuator. The number of sensors and actuators is not always the same and they
do not need to be collocated [6, 8, 9]. These type of control is used at low
frequencies were the response of the structure is due to a small number of
natural modes of the structure. Some disadvantages of centralised control are
the wiring (in large structures it translates in higher cost and weight), complex
control algorithms and the fact that the failure of one control channel makes
the whole system fail.

Decentralised MIMO control systems are characterised by an array of collo-
cated sensor-actuator pairs. Each pair has a dedicated controller and acts as a
SISO control system, i.e. the signal measured by one sensor is processed and
then fed to its correspondent actuator. The main advantage of this system is the
simplicity of the control loops, which are simple gains for ideal velocity sensors
and force actuators, and the fact that if one single unit fails the system continue
to work. The main disadvantage of this type of control systems is the existence
of crosstalk effects, which means that the stability of each loop is influenced by
the vibration generated by neighbouring actuators. i.e. the interaction between
single control loops, that may introduce instabilities into the control system
[10].

Active control using piezoelectric patches has been explored in many recent
studies [11-15] proposing SISO and MIMO decentralised control systems. Effi-
cient, compact and lightweight smart structures can be achieved with this type
of transducers, considering that the sensor and actuator can be embedded to
the original structure.

Another interesting possibility using piezoelectric transducers is the self-
sensing technique, developed by Dosch [16] and Anderson [17]. In this case
the same piezoelectric patch is used as sensor and actuator. The key idea is,
instead of using a sensor, to estimate the voltage induced in the piezoelectric
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patch, which is proportional to the mechanical strain in the hosting structure.
This would provide a suitable signal for a feedback compensator [18].

1.3 SEMI-PASSIVE VIBRATION CONTROL

Semi-passive vibration control systems are passive systems that can change
or update its parameters to adapt to changes in the working or environmen-
tal conditions, e.g. tensioning effects or temperature changes that change the
properties of the hosting structure.

Shunted piezoelectric vibration absorbers are usually considered in this cate-
gory, as the shunt parameters are varied or tuned to obtain the desired control
effect and also because the tension-current characteristic of certain elements
such as inductances is reproduced using virtual inductors because the needed
values lie outside the commercial ranges or because the size and weight of such
inductor would be too large.

Forward [19] was the first to experimentally introduce in 1979 the idea of
using shunted piezoelectric transducers to control mechanical vibrations. He
considered a piezoelectric patch bonded on a thin structure and connected to
an electrical shunt circuit composed of an inductance. Uchino [20], around a
decade later, investigated the effects produced by a shunt composed of a pure
resistance. Then, some years later Hagood and von Flotow [21] presented a
study showing the effects of using resistive and resistive-inductive (RL) shunts.
They showed that using only a resistor the piezoelectric transducer produces a
viscoelastic damping effect while when using the RL shunt it produces a res-
onating vibration absorption effect. They also derived, using as starting point
the work of Den Hartog [22] with mechanical vibration absorbers, the expres-
sions for the resistance and inductance to optimise the vibration absorption
effect at the resonance frequency of a specific natural mode of the structure.
References [18, 23] offer detailed reviews on vibration control using shunted
piezoelectric transducers as well as the comprehensive book by Moheimani and
Fleming [24].

Forward was also one of the first to consider a negative capacitance in the
shunt to compensate the inherent capacitive effect of the piezoelectric trans-
ducer and improve the vibration absorption effect [25]. Since then many authors
have been investigating this idea, see references [24, 26-37], who acknowledge
the fact that to implement a negative capacitance active systems must be used

with the corresponding power and stability issues.
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Other techniques using semi-passive shunted piezoelectric transducers are
the switching techniques. Most of these were developed during the late gos and
the first decade of the current century; the most popular one is the pulse switch-
ing or synchronized switch damping (SSD) [38], from which almost all the oth-
ers, such as blind switch damping (BSD) [39], synchronized switch damping
on voltage source (55DV) [40] and synchronized switch damping on inductor
(SSDI) [40], are derived. These are non-linear techniques and the basic principle
is to open and short-circuit the transducer (or connect it to a particular shunt cir-
cuit) intermittently and synchronously with the structure motion. BSD works
in a similar way but with a fixed switching period instead of synchronously
with the structure motion [39].

Another idea that has attracted a lot of attention in the previous years is the
use of periodic arrays of piezoelectric patches to form smart metamaterials with
specific vibro-acoustical properties. Metamaterials are engineered materials ar-
ranged in repeating patterns, smaller than the wavelength of interest, whose
properties come from their particular structure and not from the materials prop-
erties. In addition, using periodic arrays of shunted piezoelectric patches, it is
possible to combine the vibration absorption effects of the shunted piezoelectric

transducer and of the periodic structure, such as in references [41—43].

1.4 OBJECTIVE OF THE THESIS

The main objective of this thesis is to study and develop active and semi-
passive vibration absorbers using piezoelectric transducers for the broadband

control of the flexural response of a thin plate.

1.5 CONTRIBUTIONS OF THE THESIS

The main contributions of this thesis are:

¢ development and testing of an hexagonal transducer with an increased
loop stability for active vibration control using velocity feedback loops

(chapter 3);

¢ development of a fully coupled model for shunted piezoelectric trans-
ducers bonded on thin plates that implement time-varying control loads
(chapter 4 and 5);

e analysis of the transducer mechanical and electromechanical coupling ef-

fect on the shunt tuning and of the validity of analytical expressions for
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the optimum values of the shunt inductance and resistance obtained with
a simplified model that considers only one natural mode of the structure
and neglects its structural damping (chapter 4);

¢ general guidelines regarding the transducer dimensions and control per-

formance for shunted piezoelectric absorbers (chapter 4);

¢ development of switching and sweeping vibration absorbers, which use
piezoelectric transducers connected to time-varying RL shunts for the
broadband control of the flexural response of a thin plate (chapter 5).

1.6 STRUCTURE OF THE THESIS

Chapter two serves as an introduction to piezoelectric materials, presenting
some historical background, the piezoelectric direct and inverse effects and it
focus on the fabrication, poling and working principle of piezoceramic trans-
ducers. The constitutive equations and the coefficients that characterize piezo-
electric elements are presented here.

Chapter three presents a study on velocity feedback loops for active vibra-
tion control of a thin panel in which piezoelectric transducers, with a particular
hexagonal shape, are used as actuators. SISO and MIMO configurations were
studied, the stability of the feedback loops is analysed using the Nyquist crite-
ria and the performance is assessed through the kinetic energy of the flexural
response of the panel. Simulations and experimental results are presented.

Chapter four introduces a fully couple model to analyse the shunt tuning and
a parametric study on the dimension of the piezoelectric transducer used in a
shunted vibration absorber device. Optimum values for the shunt inductance
and resistance to maximise the vibration absorption effect are found analyti-
cally for a simplified system that considers only the first natural mode of the
panel and neglects the structural damping. These values are then compared
to the ones found numerically using the fully coupled model considering an
increasing amount of natural modes of the structure. The last section of the
chapter presents a parametric study in which the thickness and surface area of
the piezoelectric transducers are varied within certain ranges to analyse their
effect on the performance of the shunted vibration absorber, using always the
optimum values for the shunt obtained for each transducer dimension using a
genetic algorithm.

Chapter five presents time-varying shunted piezoelectric absorbers to con-

trol the flexural response of a plate over a broad frequency band. Two oper-
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ation modes are proposed for the control of the time-varying shunt: switch-
ing and sweeping modes. The switching mode, that should not be confused
with the SSD techniques discussed above, changes iteratively between three
pairs of inductance and resistance values in order to control three different res-
onance peaks of the plate. The algorithm remains in the current pair of values
for a time greater than the time constant of the RLC parallel circuit and then
changes to the next pair of values, cyclically. On the other hand, instead of
discrete changes as in the switching mode, in the sweeping operation mode a
sine function is used to continuously vary the shunt inductance and resistance
between a lower and upper value, corresponding with the lower and upper val-
ues of the frequency range of interest. Both single and multiple patch systems
are presented and compared to the results obtained using fixed tuned shunted
piezoelectric transducers. For the multiple patch configuration two control laws
are proposed: series and parallel; in the first one the targeted frequency range
is divided into sub-ranges and each absorber works in one of these sub-ranges,
and in the parallel mode all the absorbers work on the whole frequency range
but with a phase shift between them.

Chapter six presents a summary of the presented studies and suggests ideas

for future work.
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PIEZOELECTRIC TRANSDUCERS

This chapter presents a brief historical background concerning piezoelectric-
ity in general and piezoceramic materials in particular. The working principle,
fabrication and poling process are then introduced together with the material
constitutive equations and the coefficients or parameters used to characterise a

piezoelectric ceramic.
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2.1 INTRODUCTION

Certain materials, often called smart materials by some authors, exhibit par-
ticular responses to physical stimuli of different nature[2]. Table 2.1 show some
of these stimuli and the effects they produce, where the diagonal terms are the
intrinsic properties that characterise the behaviour of the material. Piezoelec-
tricity, highlighted in red in table 2.1, is a property of certain materials which
generate internal electrical charges in response to a mechanical force. Pierre
and Jacques Curie called this property the piezoelectric effect in 1880. The most
common materials that exhibit this behaviour are crystals such as quartz and
tourmaline. Later on, the Curie brothers experimentally confirmed what the
physicist Gabriel Lippmann predicted in 1881: piezoelectricity is reversible pro-
cess. This means that applying an electrical field to a piezoelectric material will

produce internal mechanical strains.

Table 2.1.: Stimulus-response relations indicating various effects in materials from ref-

erence [2].
Output ) Electric Magnetic )
Strain Temp. Light
Input change flux
S Elasticit Piezo- Magneto- Photo-
tress asticrty electricity restriction elasticity
Electric Piezo- Permittiod Electro-
field electricity ermittivity optic effect
Magnetic Magneto-  Magneto- . Magneto
tield restriction electric Permeability optic effect
Thermal Pyro- Specific
Heat . .
expansion  electricity heat
Licht Photo-  Photovoltaic Refractive
'8 striction effect index

Following these discoveries piezoelectric materials were studied for around
30 years until the first application arrived during World War I: Paul Langevin
and his colleagues built an ultrasonic submarine detector [44]. Extensive re-
search and new applications appeared before and during World War II, many
which are considered the classical applications of piezoelectric materials: res-
onators, accelerometers, microphones and other types of transducers. After the

war, the USA, Japan and the Soviet Union discovered piezoceramic materials
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while trying to improve the properties of capacitor materials. These new syn-
thetic materials exhibited dielectric constants up to 100 times the one of natu-
ral crystals; and the newly discovered piezoceramics showed similar improve-
ments in the piezoelectric capacity.

Nowadays many piezoceramic materials are industrially produced with very
interesting electromechanical properties for a wide range of applications: from
sensors to measure heat, force, traffic, etc. to linear, shear and rotor actuators,
energy harvesting, vibration and noise control, sound systems and many others.
One of the most popular of these materials is the PZT, a relatively stiff, brittle
and high density piezoceramic that was developed around 1952 in the Institute
of Technology of Tokyo. A composite material worth mentioning is the MFC,
developed by NASA around 1999, which in principle has higher performance
and durability compared to traditional monolithic ceramic devices.

2.2 STRUCTURE OF PIEZOELECTRIC CERAMICS

Perovskite is a mineral compound with formula CaTiO3 named after the Rus-
sian mineralogist Perovski. Perovskite is also used to name a group of crystals
which have the same structure. Piezoceramic materials are composed of these
perovskite crystals. Each crystal, as shown in figure 2.1, is composed of a cubic
lattice with large metal ions on the corners, a small metal ion in the central

position and oxygens in the centre of the faces [45].
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(@) T>Tcurie (b) T<Tcurie

Figure 2.1.: (a) Unit cell with symmetrical, cubic Perovskite structure, and (b) tetrago-
nally distorted unit cell [1].
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Piezoceramic materials are produced by sintering a mixture of fine powders
of metal oxides. The metal oxide powders are mixed in specific proportions,
and then heated to obtain a uniform mixture. Binders are added to the mixture
and specific shapes are formed with it, such as plates or discs. Then the sinter-
ing takes place: this shaped elements are heated at a specific temperature for
an appropriate amount of time, enabling the formation of a dense crystalline
structure, which after cooling can be cutted into particular shapes. The last
step is adding the electrode layer to the proper surfaces of the ceramic. Figure
2.2 shows the typical structure of a piezoelectric patch, where the additional
structural layer can be neglected.

Surface electrode layers

Piezoelectric material layer

Structural layer

Figure 2.2.: General structure of a piezoceramic patch.

Plot (a) of figure 2.1 shows the lattice structure of a perovskite crystal at
temperatures above the Curie temperature, in this case the crystal is symmet-
ric and there is no dipole moment and no other piezoelectric properties. But
once the material starts to cool down, below the Curie temperature, the lattice
becomes deformed and asymmetric (or tetragonal symmetric') which results
in the formation of dipoles, as shown in plot (b) where the red P indicates
the polarization direction. This type of ceramic is usually called ferroelectric
ceramic, and presents spontaneous polarization. These dipoles, when aligned
in the same orientation, create regions with a particular polarization called fer-
roelectric domain. However, no macroscopic piezoelectric behaviour is noticed

as the distribution of this domains is random, as shown in plot (a) of figure 2.3.

Then, the ceramic element is exposed to a strong DC electric field (of up to
several kV/mm) to align the ferroelectric domains. This process is called poling,
and it is usually performed after heating the ceramic just below its Curie tem-

perature. This process is analogous to the magnetizing of a permanent magnet

'Tetragonal symmetry refers to symmetric crystals that are stretched along one of its lattice
vectors, e.g. a cube of dimensions a X a x a is stretched into a prism of dimensions a x a x h.
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(a) (b) ©

Figure 2.3.: Polar domains (a) before the poling process, (b) during poling, and (c) after
poling.

[45]. During the poling process the domains are aligned, as shown in plot (b) of
figure 2.3, and those that were oriented as the electric field grow and the others
shrink. Plot (c) in the other hand shows the ceramic element polarization after
the poling process, i.e. once the electric field is removed and the material is
cooled down at normal temperature. It can be seen that the domains remain
reoriented and are now aligned. They are not perfectly aligned due to internal
mechanical stresses; however it is sufficient to produce a permanent polariza-
tion P, and an expansion S, of the ceramic element. Anyway, the length increase
is very small, within the micrometer range [44].

The remnant polarization P, can be degraded if the mechanical, thermal or
electrical limits of the material are exceeded. Figure 2.4 shows typical hystere-
sis curves for the deformation and polarization versus the applied electric field.
Plot (a) shows that as the electric field increases, so does the element deforma-
tion. Decreasing the electric field also produces a decrease of the deformation;
but when the electric field iz zero it can be seen the remnant deformation S,.
Then, applying an increasing negative electric field shrinks the element up to
a minimum and then it starts to lengthen again as the amplitude of the nega-
tive field increases. This effect is caused by the re-polarization of the domains,
once they change orientation due to the negative electric field the element stops
shrinking and starts to lengthen again. It may be also interesting to study the
hysteresis curve for an unipolar electric field, i.e. E does not changes sign. In
this case, once the electric field amplitude decreases, arrives to zero and the

13
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4

\/ 3

(@) (b)

Figure 2.4.: Typical hysteresis loop of (a) deformation and (b) polarization versus ap-
plied field [1].

remnant deformation S, is achieved, the electric field amplitude starts to rise
again describing the curve presented with the solid gray line.

Plot (b) of figure 2.4 shows the hysteresis curve of polarization versus elec-
tric field, which shows a classical hysteresis curve. Here, it can be seen that a
negative electric field will depolarize the material if it exceeds the coercivity
strength E., and if the amplitude of the negative field continues to increase the
material will be polarized in the opposite direction considering with respect to
the original one. As in plot (a), the solid gray line in plot (b) shows the curve
for an unipolar electric field.

Figures 2.5 and 2.6 show the behaviour of a poled piezoceramic element
when subjected to mechanical and electrical stimuli respectively. Plot (a) in both
figures shows a poled piezoceramic cylindrical element at rest. Plot (b) of fig-
ure 2.5 presents the same element subjected to mechanical compression along
the polarization direction, this generates a voltage of the same polarity as the
poling voltage. As shown in plot (c), if the element is subjected to a mechanical
tension along the polarization direction, or compression perpendicular to that
direction, a voltage is generated with opposite polarity to the poling voltage. In
this configuration the element is being used as a sensor, converting mechanical
energy into electrical energy.

Plot (b) of figure 2.6 shows the piezoceramic element subjected to an external
voltage with the same polarity and in the same direction as the poling voltage,
this produces internal mechanical tensions resulting in a deformation of the

element: it becomes longer and its diameter is reduced. In plot (c), the element
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R
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(a) (b) (©)

Figure 2.5.: (a) Polarized piezoelectric element (b) subjected to compression forces and
(c) to traction forces.

is subjected to a an external voltage with the same direction but opposite po-
larity as the poling voltage, this also produces internal mechanical stresses that
deform the element but in this case it shortens and its diameter increases. Op-
erating in this way, it is said the element is used as an actuator: converting the

electrical energy delivered by the power supply into mechanical energy.

f |
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Figure 2.6.: (a) Polarized piezoelectric element connected to a voltage source with (b)
the same and (c) opposite polarity as the poling voltage.

In both cases, using the piezoceramic as sensor or actuator, the relation be-
tween applied stress/voltage and the resulting voltage/strain is linearly pro-
portional up to a specific stress/voltage determined by the material properties
[44]. If operated under high electrical fields or mechanical stresses, consider-
able non linearities will be introduced. It is assumed here that the piezoelectric

materials are linear, working under low voltages and low mechanical stress.

15
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2.3 CONSTITUTIVE EQUATIONS OF A PIEZOELECTRIC TRANSDUCER

The stress/strain relations of a piezoelectric material are obtained assuming
that the total strain of the transducer is the sum of the strain induced by the
mechanical stress and the strain caused by the voltage applied to the transducer.
Figure 2.7 shows a piezoelectric transducer with the polarization direction and

the principal reference system used in the following formulation.

z,3
Y, 2
z, 1
1 1 Surface electrode layers
+ P A
v

I
I ! Piezoelectric material layer

Figure 2.7.: Piezoelectric transducer diagram.

A contracted notation, known as Voigt-Kelvin notation [46] is used, which is
presented in table 2.2 where 1,2, 3 are respectively the axes x, y,z and the shear
components around axes x,y,z are given by 4,5,6. Figure 2.7 shows that the

polarization of the transducer has the same direction as axis 3.

Table 2.2.: Contracted notation.

Axis Notation
X 1

Yy
z

Shear around x

Shear around y

N G &~ W DN

Shear around z

Then, the normal stress and shear stress components are given respectively

by equations (2.1a) and (2.1b).

T1 = T11 T4 = T23
T2 = T22 (2.1a) T5 = T31 (2.1b)
T3 = Ts3 Te = T12
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S1=5n Sy =253
Sp=S5» (2.2a) S5 = 253 (2.2b)
S3 = S33 Se = 2512

The pure extension and shear strains are given by (2.2a) and (2.2b) respec-
tively. The stresses T;; and strains S;; have the typical denotation used in theory
of elasticity [47].

Then, the constitutive equations for the piezoelectric transducer presented in
figure 2.7 are given by [2]

Dy = e} Ex + dpiT; (2.3)

S; =di,En + SET] (2.4)

where the sub-indexes i,j = 1,...,6 and m,k = 1,2,3 refer to different direc-
tions as indicated in table 2.2 and figure 2.7. Also, D is the electric displacement,
E is the electric field, T is the stress, S is the strain, ¢! is the permittivity under
constants stress, d,; is the piezoelectric strain constant and sF is the compliance
under constant electric field.

If there is sensing involved in the application, then equations (2.3) and (2.4)
are re-written into the following form [44]

Si = s2Tj + gmiDm (2.5)
E; = guiTi + BLDy (2.6)

where sP is the compliance under constant electric displacement, g,,; is the
piezoelectric voltage constant and BT is the impermittivity under constant stress.

Then, writing equations (2.3) and (2.4) in matrix form the following expres-
sions are obtained

_ . -
Tz
Dy el € 1 E4 din dip diz dia dis dis .
Dy | = | e} €3 €3 Ey | T| dn dp disz doy dos do T3
Ds e € € Es d31 dsp dsz dy dss dse T;l
L T6 J

17
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51 sh Sh 513 Sia Sis S T din dyn dn
52 S5 Shy Shy Sby Sbs Shs T, dip dyp d3 .
S3 | _ | sk sh sk osh sk sk I3 L diz dy ds El
54 Sh 55 523 Sl 555 54];:6 Ty dig dys dzs EZ
55 S5, Sk Sty S5, Sk5 Sk T5 dis dxs dss ’
| Se | [ s Sk Sk Sex Ses See | | Te | | die das das
(2.8)

Considering a transversely isotropic material, which is true for piezoceramic
materials, and assuming that it is poled along axis 3, some of the matrix co-
efficients in equations (2.7) and (2.8) will be zero. The mechanical coefficients
different than zero are:

51151 = s§2 (2.9)

5]153 = 551 = 553 = 552 (2.10)
sty = sy (2.11)

sk = 555 (2.12)

ste = 2(sT1 — s1o) (2.13)
(2.14)

While the non-zero electric coefficients are

dz1 = dsp (2.15)
dis = doy (2.16)
ds3 (2.17)
el =€)y (2.18)

£33 (2.19)
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Re-writing (2.7) and (2.8) the following simplified expressions are obtained

Ty
T
D1 8% 0 0 E] 0 0 0 0 d15 0 T
3
D2:08¥10 E2+000d1500T
4
D3 0 0 853 E3 d31 d31 d33 0 0 0
Ts
_T6_
(2.20)
51 51151 51132 51153 0 0 0 T1 0 0 d31
S> sh, sfosE 0 0 0 T> 0 0 dy E
1
S3 | |sh sk sl 0 0 0 T3+00d33 .
= 2
S4 0 0 0 sk o0 o Ty 0&1150E
3
55 0 0 0 0 S4E4 0 T5 d15 0 0
_56_ _0 0 0 0 OSEG__Te_ _0 0 O_
(2.21)

It must be noted that equations (2.20) and (2.21) are valid for piezoelectric ce-
ramic materials such as PZT. Instead, for piezoelectric polymers such as PVDF
a different set of simplified equations must be used as this material is not
isotropic on the surface plane.

For simplicity the following notation will be used in the next chapters: plain
characters will be used to indicate scalar quantities while bold characters rep-

resent matrices and vector; e.g. equations (2.7) and (2.8) can be written in the

:[:ITT 1}[:] (2.22)
s

where the super-index T indicates the transpose.

following form:
D

S

2.4 PIEZOELECTRIC MATERIAL COEFFICIENTS

This section explains some of the most important parameters that character-
ize a piezoelectric material and that will be of use in the next chapters. Some
of the piezoelectric coefficients are defined using a set of two sub-index ij and

sometimes a super-index is also needed to indicate a mechanical or electrical

19



20

PIEZOELECTRIC TRANSDUCERS

boundary. The first sub-index i is indicates the direction of action of an electric
parameter (e.g the electric field, the voltage or the charge density) while the sec-
ond sub-index j is related to the direction of action of a mechanical parameter
such as the strain or stress. The mechanical and electrical constraints indicated
by a super-index are shown in table.

Table 2.3.: Super-indexes indicating mechanical and electrical constraints.

Super-index Description

T = constant stress Transducer mechanically free
E = constant electric field Transducer in short circuit

D = constant electric displacement Transducer in open circuit

S

= constant strain Transducer mechanically clamped

2.4.1  Piezoelectric strain constants

The piezoelectric strain/charge constant is represented by d;;, where the sub-
index ij means that the electric field is applied or the charge is collected in the
i direction for a displacement or a force produced in the j direction. There are
then two interpretations of this constant:

1. it is the ratio between the produced strain and the applied electrical field

when external stresses are constant:

S.
dij = E]l [m/V] (2.23)

2. it represents the ratio between the charge density flowing through short

circuited electrodes perpendicular to the j direction and the stress applied
in the i direction:

QF

Tj

dij = [C/N] (2.24)

where QF is the charge density flowing through the electrodes in short

circuit.

Something important to note is that large d;; constants indicate large mechanical
displacements, which are usually desired for actuators.
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2.4.2  Piezoelectric voltage constants

This constant relates the electric field produced in the i direction for a me-
chanical stress applied in the j direction or the strain produced in the j direction
for a charge density applied in the i direction. Then, also here there are two in-

terpretations:

1. it is the ratio between the produced electric field with the electrodes in

open circuit and the applied mechanical stress:

EE
Sij = Tl [Vim/N]| (2.25)
]

2. it also represents the ratio between the produced strain in the j direction

and the charge density applied in the i direction under constant stress:

5;

8ii = @, [m?/C] (2.26)

where Q is the charge density applied to the electrodes.

In this case, large g;; coefficients relates to higher output voltages, which is

usually desired for sensors.

2.4.3 Piezoelectric stress constants

This constants are the inverse of the piezoelectric voltage constants, which
means they also relate the mechanical stress produced in the i direction for an
electric field applied in the j direction or the charge density produced in the j
direction for a strain applied in the i direction. Then, this two interpretations

are formulated as:

1. the ratio between the produced mechanical stress and the applied electric

field under constant strain:

ET
ejj = E—l] [Vin/N]| (2.27)

2. the ratio between the produced strain in the j direction and the charge
density applied in the i direction with the electrodes in short circuit:
5i

eij = o [mZ/C] (2.28)
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2.4.4 Elastic compliance

The elastic compliance coefficients s;; give the ratio of the strain in the i direc-
tion produced by the stress applied in the j direction assuming that the stress
along the other directions remains the same. For example, sy; indicates the
direct strain in direction 2 produced by a stress along direction 1 and ses repre-
sents the shear strain around direction 6 due to a shear stress applied around
the same axis.

As a mechanical stress produce an electrical response that can increase the
resultant strain, the elastic compliance matrix can be defined as under constant
electric field s® or constant electric displacement sP. It would be expected that
a short-circuited piezoelectric patch has a smaller Young’s modulus of elasticity

E

than when it is in open circuit, as s*¥ would be smaller than s [44].

2.4.5 Permittivity

The permittivity coefficient ¢;; indicates the charge density in the i direction
produced by an electric field applied along the j direction. This coefficient can
be expressed under constant stress s};e or constant strain elsge. Sometimes the
manufacturers provide a relative permittivity €, of the material, in this case the
absolute value is given by

€= &€ (2.29)

where ¢ is the permittivity of the free space defined as

€0 ~ 8.8542 x 10 1?F/m (2.30)

2.4.6  Capacitance

Piezoceramic patches such as the one depicted in figure 2.7 have an inher-
ent capacitance Cp.. However, unlike the permittivity, which is a property of
the material itself, C;. depends not only of the material but also of the patch
dimensions. The capacitance can be obtained analytically using the following

expression [2]
eTA pe

Cpe = hpe

(2.31)

where A, and h,, are the surface area and thickness of the piezoelectric patch.
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2.4.7  Electromechanical coupling factor

The piezoelectric electromechanical coupling coefficient k;; indicates the ef-
ficiency with which a piezoelectric material converts mechanical energy into
electrical and vice versa. It can be calculated analytically [2, 21, 44, 45] and it
can be measured experimentally in different ways involving measurements of
specific parameters with the transducer in open and short circuit [21, 44]. For
example, for a mechanically free piezoelectric ceramic that is strained along di-
rection 1 due to a voltage applied along direction 3 the ratio between the stored

mechanical energy and the applied electrical energy is represented by k3;.

2.5 CHAPTER CONCLUDING REMARKS

This chapter presented some historical facts regarding piezoelectric materials,
in particular piezoceramics. A general overview of the structure and fabrication
process of a piezoceramic was given, including the poling process. The direct
and inverse piezoelectric effect were explained showing how a piezoceramic
element could be used as an actuator or as a sensor.

Then, the piezoelectric material constitutive equations were introduced in
their general form. A simplified, reduced form was also presented for a PZT
material, one of the most common types of piezoceramic materials.

The last section of this chapter addressed the coefficients that characterise a
piezoelectric material, focusing on the parameters used in the following chap-
ters.
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VELOCITY FEEDBACK LOOP USING PIEZOELECTRIC
TRANSDUCERS

This chapter presents an active vibration control study in which decentral-
ized velocity feedback loops are implemented on a thin rectangular aluminium
panel using piezoelectric transducers with a specific shape. The stability and
control performance of the system is analysed through simulations and experi-
mentally implementing either one or five control loops.

The feedback loop is composed of a piezoelectric patch actuator with an ac-
celerometer sensor at its centre. The actuator itself is made of six triangular
anisotropic piezoelectric patches assembled into an hexagonal patch. This par-
ticular type of shaped piezoelectric patch produces bending moments along its
edges and a net transverse force at its centre, balanced by opposite point forces
at the six vertices of the hexagon.
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VELOCITY FEEDBACK LOOP USING PIEZOELECTRIC TRANSDUCERS

3.1 INTRODUCTION

Prototype smart panels with multiple velocity feedback control loops were
developed during the last two decades using inertial point force actuators
[48, 49] and piezoelectric actuators bonded on the panel [13, 50] with collocated
accelerometer sensors. Thin structures are characterised, at low frequencies, by
low flexural modal overlap, which means that their flexural response is due
to the resonances of low order modes; which are effectively controlled by con-
trol systems implementing velocity feedback loops [51]. Also, Elliot et al. [52]
showed that an array of local velocity feedback loops is unconditionally [53-
55] stable with a proper choice of actuators and sensors. The feedback loops
produce a sky-hook damping that can reduce the overall flexural response of
the panel [56]. Furthermore, the use of piezoelectric actuators to implement the
velocity feedback loop seemed quite promising due to the possibility of pro-
ducing compact sandwich structures [2, 6, 9, 57]. Nevertheless, as the velocity
feedback loop was affected by stability issues [14, 58] its practical implemen-
tation was not straightforward. This problem could be traced to two physical

phenomena:

* the piezoelectric patch produces a bending excitation field that is not col-

located with the accelerometer sensor [59], and

¢ the strength of the bending excitation field produced by the piezoelectric
patch tends to increase with frequency [60, 61].

These two concurrent phenomena produce delayed control signals components
with high amplitude at higher frequencies, which leads to instability.

This study deals with the vibration control effects produced by a single ve-
locity feedback loop located at the centre of a simply supported panel, and by
five velocity feedback loops positioned at the centre and diagonals of the panel.
Arrays of velocity feedback loops have been proven to produce large control ef-
fects [62], but a single unit can also produce good reductions if it is located in a
key position like the centroid of a thin structure, and in this way coupling with
all volumetric modes [63, 64]. In addition, velocity feedback loops using piezo-
electric patch actuators have stability drawbacks because of the non collocated
actuation effects generated at the edges of the patches. Nevertheless, several
studies have shown that the shape of the piezoelectric patch has a strong effect
on its active damping capability when implementing a velocity feedback loop
[65]. Particular shapes can improve the stability of the loop, which leads to a

better control performance [66].



3.2 VELOCITY FEEDBACK WITH MFC HEXAGONAL PATCH

The proposed hexagonal actuator is composed of six triangular macro fiber
composite (MFC) [67] leafs with their principal axis aligned along the lateral
edge of the hexagon and the radial direction. A single input-single output
(SISO) control system is considered first, in which the MFC patch [68] is lo-
cated at the centre of the panel and the error velocity sensor at the centre of
the hexagon. The open and close loop response of the control system has been
modelled and analysed. Also, a prototype was built to confirm the theoretical
predictions. The closed loop response of the prototype was assessed off-line
using the measured FRFs. This means that after these FRFs were acquired and
stored, they were used in Matlab to produce the closed loop response.

Then, a decentralized multiple inputs-multiple outputs (MIMO) control sys-
tem using five MFC hexagonal actuators is studied, following an approach sim-
ilar to the one presented in [48] for five proof mass electrodynamic actuators
and in [50] for 16 piezoelectric actuators. Also for the MIMO control system
a model was developed to assess its open and closed loop responses and a
prototype was built to confirm the results. Also here the prototype closed loop
response was analysed off-line in Matlab using measured data.

3.2 VELOCITY FEEDBACK WITH MFC HEXAGONAL PATCH

The relevant geometrical and physical properties of the simply supported

panel are summarized in table 3.1, and in table 3.2 for the MFC patch.

Table 3.1.: Dimensions and physical properties of the panel.

Parameter Value Units
Thickness h, =08 mm
Width l, =0.314 m
Length I, =0414 m
Aluminium Density pp = 2700 m®
Young’s Modulus E, =70 X 10° N/m?
Poisson’s ratio vy = 0.33

The MFC is made of rectangular ceramic rods stacked between layers of elec-
trodes, adhesive and polyimide film. The electrodes are attached to the film
using an interdigitated pattern that transfers the applied voltage to and from
the ribbon shaped rods. This type of actuators are more robust and flexible com-
pared to standard monolithic piezoelectric patches. A general arrangement of

an MFC transducer [69] is shown in figure 3.1, where the top and bottom layers
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28 VELOCITY FEEDBACK LOOP USING PIEZOELECTRIC TRANSDUCERS

Table 3.2.: Dimensions and physical properties of the actuator.

Parameter Value Units
Thickness hpe = 0.4 mm
Leafs height a = 0.0173 m
Leafs base =0.02 m
Hexagon diagonal d=0.04 m
Density Ppe = 7600 m®
Young’s Modulus Epe =90 x 10°? N/m?
Poisson’s ratio Vpe = 0.35
Strain/charge constants dz; =0 m/V
dzp = 166 x 10712 m/V
dzg =~ 0 m/V

of polyimide with the interdigitated electrode pattern can be seen; and between
these layer the structural epoxy matrix containing the rectangular piezoelectric

fibers.

Polyimide films

Interdigitated electrodes

Piezoceramic fibers

Structural epoxy matrix

Figure 3.1.: General arrangement of an MFC patch.

3.2.1  Excitation field

Figure 3.2 shows the transverse force p(x,y), flexural moments M,,, shear
moments My, and shear force t,, distributions produced by a thin orthotropic
patch bonded on a panel. For clarity only a portion of the smart panel is shown,
where also the surface () and contour I' can be seen. Figure 3.3 on the other
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hand, shows a cross section of the panel and piezoelectric transducer, where
the variable /; is the distance between the mid-planes of the panel and of the

patch and is defined as
h,+h
hs = ) - (31)

where h), is the thickness of the panel and . is the thickness of the patch.

Surface
Q

Contour Contour

Transverse
force

Piezoelectric
actuator

Panel
Midplane of  Flexural M

N —, . the panel moment My,
Shear moment

(@) (b)

Figure 3.2.: (a) Thin plate with a bonded piezoelectric transducer and (b) detailed sec-
tion with the forces and moments produced by the patch.

Piezoelectric
actuator

7 miine 37

Figure 3.3.: Cross section of the panel and piezoelectric actuator.

Then, the equations of motion for the flexural response of a thin flat panel

with a bonded piezoelectric transducer can be written as [0, 71]:

Yy hy dtw 42 otw N otw ok 82w+
12(1-v3) \oxt ~ “ox2oy*> oyt Prirap (:2)
3.2

5 ‘er 31 ox2 36 axay 32 ayz c—

where Y), v, and p, are respectively the Young’s modulus, the Poisson’s ratio
and the density of the panel, v. is the voltage applied to the transducer, w is
the transverse displacement of the panel, ., is a function whose value is equal
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to 1 or —1 depending on whether the electric field and the poling direction
have the same or opposite directions, S(x,y) is the spatial sensitivity function
which provides the spatial coupling between the structure and the piezoelectric

transducer and is given by

S(x,y) = F(x,y)Po(x,y) (3:3)

where F(x, y) is the effective surface electrode function and Py(x, y) is the poling
strength function assumed the same in directions 1, 2 and 6. Finally, the stress

constants ¢;;, defined in section 2.4.3 are given by:

es1 m>  n*>  —2mn v 1 vpe O ds
_ pe
ex | = | n*  m? 2mn T—2 | vpe 1 0 dsp (3-4)
pe 1—
€36 mn —mn m?— n? 0 O % dse

where m = cos(B), n = sin(B) and B is the angle between the axes x and y
of the main reference system and the axes 1 and 2 of the piezoelectric mate-
rial, as shown in plot (a) of figure 3.2. Also, Y, and v, are respectively the
Young’s modulus and the Poisson’s ratio of the transducer material and d;; are
the piezoelectric strain constants defined in section 2.4.1, which are provided
in table 3.2.

The equivalent distributed flexural actuation effects produced by the three
piezoelectric patches are obtained using the formulation proposed by Derae-
maeker et al. [72], they derived the following expressions for the loads pro-
duced by a piezoelectric patch bonded on a plate:

2 82 82
—p(x,y) = ﬁ(hseﬂvc) + afyz(hseszvc) + ZW(hsesevc) (3-5)
— My = (e3115 + expny + 2ezgnyiny ) hsve (3.6)

- {—a](.\;?t + tnz} = {(632 —e31) [”xny}i + 2636 [”ﬂi}hsvﬁ

d d
as{ [(832 — e31) Nty + 28361132‘] hsvc} + a(hseglvc)nx—i— (3.7)

0 0
@ (hsespve)ny + 2£(h563606)ny
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where [njzc] and [nxny] are the discontinuity jumps of n? and nyn, where n,

and n, are the x and y components of the unit vector n normal to the contour
I'. Also, d(...)/9s is the derivative with respect to the curvilinear coordinate
s along the contour I'. As shown in figure 3.2, the term p(x,y) represents a
surface pressure excitation, only present if the patch stress/charge properties
or the applied voltage have a non uniform distribution across the surface of the
electrodes. The second term M, gives the flexural moments distributed along
the contour I with vector orientation parallel to the tangent of I'. The third term
represents the shear forces occurring along the discontinuity points of I".

T